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Abstract

Psychological stress can have devastating and lasting effects on a variety of behaviors, especially
those associated with mental illnesses such as anxiety and depression. Animal models of chronic
stress are frequently used to elucidate the mechanisms underlying the relationship between stress
and mental health disorders and to develop improved treatment options. The current study expands
upon a novel chronic stress paradigm for mice: predatory stress. The predatory stress model
incorporates the natural predator-prey relationship that exists among rats and mice and allows for
greater interaction between the animals, in turn increasing the extent of the stressful experience. In
this study, we evaluated the behavioral effects of exposure to 15 days of predatory stress on an
array of behavioral indices. Up to 2 weeks after the end of stress, adult male mice showed an
increase of anxiety-like behaviors as measured by the open field and social interaction tests.
Animals also expressed an increase in depressive-like behavior in the sucrose preference test.
Notably, performance on the novel object recognition task, a memory test, improved after
predatory stress. Taken as a whole, our results indicate that 15 exposures to this innovative
predatory stress paradigm are sufficient to elicit robust anxiety-like behaviors with evidence of co-
morbid depressive-like behavior, as well as changes in cognitive behavior in male mice.
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1. Introduction

Anxiety and depression impact the lives of an estimated 5.2% and 13.3% of adults,
respectively [1]. Chronic stress has been implicated in the development and severity of
anxiety disorders, as evident in post-traumatic stress disorder [4,5]. In addition, a major
stressful life event of an acute nature often precedes a depressive episode and chronic stress
increases the overall lifetime risk for developing depression [2,3]. Given the relationship

"Corresponding author at: Department of Physiology, Emory University, 615 Michael Street, Atlanta, GA 30322, USA. Tel.: +1 404
727 0922; fax: +1 404 727 2648.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Burgado et al.

Page 2

among stress, anxiety, and depression, and the need for additional therapeutic options,
chronic stress models are often used to study anxiety-like and depressive-like behaviors in a
variety of rodent species, including mice.

Chronic stress paradigms that precipitate lasting effects are limited in adult male animals
[6,7]. In addition to behavioral changes, standard effects of chronic stress include changes in
corticosterone levels, vasculature, hippocampal volume, amygdaloid plasticity, body weight,
and neurochemistry [5,8-12]. A commonly used chronic stress paradigm is chronic mild
unpredictable stress, which has both face validity in producing symptoms and predictive
validity for response to antidepressants in rats [13]; however, the effects of this paradigm in
mice have been less consistent [6,7]. Social defeat is another commonly used stress
paradigm in rats [11], but a percentage of mice are resistant to the negative effects of chronic
social defeat [14-16]. An alternative chronic stress paradigm is the use of predatory stress,
which is more potent than exposure to chronic mild unpredictable stress in mice [17].

Predatory aggression, a type of psychological stressor, can be used to test the effects of
stress on anxiety-like and depressive-like behaviors in rodents. Predatory scents such as cat
odor have been presented to experimental mice as part of the stress paradigm [18]. An
alternative source of predatory stress is the use of live predators, usually cats or snakes [19].
Barriers that curb the interaction of the predator with the prey are essential for the safety of
the animals, but these safeguards limit the level of stress induced by exposure to a predator
the predatory—prey experience. Furthermore, it may not be feasible to bring certain types of
predator animals into the laboratory because of the need for specialized facilities that may
not be readily available in many settings and potential inadvertent sensory contamination.
Rats are natural predators of mice and these species already frequently share colony
facilities (although in separate housing rooms). The accessibility of rats in the research
setting, paired with the aggression that rats naturally express toward mice, led to the
development of a rat-on-mouse predatory chronic stress paradigm [17]. This paradigm
protects the mouse from injury by placing it in an activity ball which allows the rat to move
the mouse around the cage but prevents direct physical contact. This design exposes the
mouse to the sight, sound, smell, and physical effects of one of its natural predators, the rat,
in a controlled laboratory environment. Previous use of the predatory stress model
demonstrated that a 28-day period initiated during adolescence elicited anxiety-like and
depressive-like behaviors in adult mice one week after the end of stress [17].

Here we expand the use of this predatory stress model to determine if the robust behavioral
effects previously reported can be produced in adult male mice with a shorter duration of
exposure to the stress paradigm (15 days). In addition, we assessed the behavioral effects of
the paradigm as much as two weeks after the conclusion of the stress exposure and
demonstrate lasting effects of the predatory stress exposure on behavior. Collectively, the
data presented here demonstrate that the rat-on-mouse predatory stress paradigm causes
lasting changes in behavior of adult male mice following a 15 day exposure to the chronic
stress paradigm.
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2. Materials and methods

2.1. Animals

Adult male C57/BI6 mice (Stress n = 10; Controls n= 8) were single-housed and maintained
on a reverse 12:12 h light:dark cycle in a temperature and humidity controlled environment
in an AAALAC-approved facility. Mice were given ad /ibitum food and water throughout
the experiment, and were housed in a room separate from the rats. Twenty adult Long Evans
rats were used as the predatory animals. These rats were pair-housed and maintained on a
12:12 h light:dark cycle. Rats had access to ad /ibitum water throughout the experiment. All
experiments were performed in accordance with the Institutional Animal Care and Use
Committee of Emory University and the National Institutes of Health Guide for the Care and
Use of Laboratory Animals.

2.2. Predatory stress

The predatory stress paradigm consisted of placing a mouse in a5” diameter plastic hamster
ball (Super Pet, Elk Grove Village, IL; material # 1000079348). Each ball was then placed in
the cage of two Long Evans predator rats that were fed a restricted diet of 8 standard lab
chow pellets per day. For 30 min on 15 consecutive days, the rats were allowed to freely
agitate the hamster balls. To ensure the safety of the mice, the lids were secured for the
duration of the stress period. Mice in the control condition were exposed to daily cage
transport and handling for 15 consecutive days.

2.3. Behavioral tests

We used a variety of established behavioral tests to measure patterns in anxiety-like and
depressive-like behaviors in these mice. Behavioral tests were performed in the following
order before and after stress: sucrose preference, open field, novel object, marble burying,
and social interaction (see Fig. 1). Control mice were exposed to the same sequence of
behavioral tests with a 21-day break between exposures to control for the duration of the
stress exposure and waiting period.

2.3.1. Affective-like behaviors—Open field: The open field test is used as a measure for
anxiety-like behavior and general locomotor activity [20-22]. Mice were placed in the center
of a 45 cm x 45 cm square box and allowed to explore for 10 min. Mice were videotaped
and scored using Cleversys, Inc. behavioral tracking software (Reston, VA). Social
Interaction. The social interaction test is a measure of anxiety-like behavior in mice [23,24].
Mice were placed in the open field box for 5 min along with a stimulus male mouse of
similar size. The total time the experimental mouse spent in active contact with the stimulus
animal was measured using Cleversys, Inc. behavioral tracking software. Marble burying:
The marble burying test is used as a measure of anxiety-like behavior [25]. Mice were
placed in a standard rat cage containing 5 inches of bedding and 20 black marbles arranged
in 4 columns, and allowed to roam freely for 30 min. A marble was considered buried if
50% or less of the marble was visible after 30 min. Sucrose preference: The sucrose
preference test is traditionally an assessment of anhedonia, a central symptom of depression
in humans [26,27]. We used a highly palatable food paradigm in this study, in which mice
were exposed to sucrose enriched pellets and their standard diet for 1 h on two consecutive
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days [28]. Pellets were weighed before and after the 1-h testing period and the weights were
averaged together. The mice were also weighed in order to control for body mass.

2.3.2. Novel object recognition task—The novel object recognition task assesses
learning and memory in rats and mice [29,30]. Mice were placed in the center of a 45 cm x
45 cm open field box. Two identical objects were placed diagonally from each other and
animals were allowed to explore for 10 min. During the no-delay task, one object was
removed and replaced by a different object that was novel to the animal. During the hour-
and 24-h-delay tasks, the mice were returned to their home cage for 1 or 24 h, respectively,
after the initial exposure to the objects. Time spent with each object was recorded and
assessed using Cleversys, Inc. behavioral tracking software.

2.4. Statistics

3. Results

All statistical analyses were computed and graphed in Graph Pad 6.0. Change scores were
calculated by subtracting the first round of scores from the second round. Unpaired two-
tailed t-tests were used to assess differences in change scores between the control and stress
groups. The alpha value was set to p < 0.05.

3.1. Predatory stress increases negative affective-like behaviors in the open field, social
interaction, and sucrose preference tests

3.1.1. Open field—Control and stress mice behaved differently after repeated testing in
the open field. Control mice travelled a greater distance during the second round of open
field test, whereas the mice exposed to predatory stress traveled similar distances during the
pre- and post-stress rounds, resulting in a between-group difference (45 = 3.263; p=
0.0052). Additionally, stressed mice travelled significantly less distance in the center after
predatory stress compared to controls (45 = 3.161; p=0.0065; Fig. 2a, b).

3.1.2. Social interaction—There were no differences in social contact between the first
and second exposure for the control group of mice. In contrast, predatory stress decreased
the total time spent in social contact with a novel conspecific (45 = 3.004; p= 0.0089; Fig.
2c).

3.1.3. Marble burying—Marble burying is used as a measure of anxiety-like behavior in
mice. The number of marbles buried between the first and second exposures to the task was
not influenced by chronic stress as compared to mice from the control condition (g =
0.1521; p=0.8829; data not shown).

3.1.4. Sucrose preference—After chronic predatory stress, adult males increased
consumption of sucrose on the second day of post-stress testing when compared to the
control group (45 = 4.798; p=0.0002; Fig. 2d).
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3.2. Predatory stress alters behavior in the 24-h delay novel object test

During the no-delay and hour-delay tasks, predatory stress did not affect percent time spent
with the novel object (o> 0.05; Fig. 3a, b). In the 24-h delay trial, stress increased the
percentage of time the mice spent with the novel object as compared to the control group
(45 =2.184; p=0.0453; Fig. 3c).

4. Discussion

Given the ubiquitous nature of stress and its impact on numerous diseases, most notably
mental health disorders such as anxiety and depression, the search for effective, reliable, and
valid mouse models of stress have received significant attention. The present study
demonstrated that predatory stress has face validity and reliability in producing anxiety- and
depressive-like behaviors in mice. Moreover, we demonstrate here that 15 days of stress is
sufficient to produce changes in behavior that last up to two weeks after stress. This extends
previous findings by demonstrating that a shorter exposure to stress (15 vs. 28 days)
produces robust behavioral changes for weeks following the conclusion of the stress
exposure. Numerous previous studies have shown behavioral changes after chronic stress
paradigms lasting between 5 and 21 days [17,31-34]. Collectively, these data demonstrate
that the predatory stress paradigm produces robust and sustained increases in anxiety-like
and depressive-like behaviors in adult male mice, as well as changes in memory retention.

Stress and anxiety are behaviorally as well as biologically linked in both humans and rodents
[35,36]. In mice, anxiety-like behaviors can be assessed by examining behavioral change in
the open field test, the social interaction test, and the marble-burying test [20-25,37-40]. In
this study we show that adult mice travelled similar distances in the open field before and
after predatory stress (Fig. 2a). In contrast, control mice that were not exposed to chronic
stress travelled more in the second round of open field testing, as illustrated by the large
change score (Fig. 2a). These data indicate that whereas control mice increased their
exploration of the open field box on the second exposure, stressed mice did not increase
their exploration of the environment, suggesting an anxiety-like phenotype. Similarly, mice
after predatory stress travelled less distance in the center of the open field and this change
was not observed in the controls, again indicative of anxiety-like behavior (Fig. 2b).
Predatory stress additionally altered behavior in the social interaction test. The change in
total time spent interacting between the first and second round of the test was significantly
different in the two groups, with stress reducing the duration of social interaction (Fig. 2c).
Because the social interaction test is an established measure of anxiety-like behaviors in
mice, the changes observed in this study are evidence for an anxiety-like phenotype in mice
after 15 days of predatory stress [23].

All together, these results indicate that chronic predatory stress elicited anxiety-like
behaviors in mice up to 2 weeks after the conclusion of the stress exposure and these
changes were not accounted for by repeated exposure. These data are consistent with the
previous report investigating the effects of predatory stress that demonstrated an increase in
anxiety-like behavior; however, the stress paradigm lasted 28 consecutive days and
behavioral assessment concluded one week following stress [17]. This prior study showed
that predatory stress, like chronic unpredictable stress, produced anxiety-like behavior in the
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marble-burying test [17]. Interestingly, this was the only test out of the battery of tests of
anxiety-like behavior conducted in the current study that did not produce a significant
finding. However, it is possible that a ceiling effect influenced the results of the current
study, because before stress exposure the mice were already burying over 50% of the
marbles. An alternative explanation for this inconsistency is that the mice in the previous
study of this predatory stress paradigm were adolescents, and adolescent and adult rodent
behavior has been shown to differ in multiple facets [41,42]. Notably, however, the overall
effects remain the same, in that the paradigm produced anxiety-like behaviors in both cases.

Other chronic stress paradigms have produced increases in anxiety-like behavior to varying
degrees and of varying durations. Similar to the data presented here, chronic unpredictable
stress has been shown to elicit changes in open field behavior [6] and social interaction [43].
In contrast, the majority of the chronic unpredictable stress studies used paradigms lasting at
least three weeks, and tested animals during or immediately after the stress paradigm
[6,13,43]. Inescapable foot shock has been shown to produce long lasting effects on open
field behavior and fecal boli production for 14-21 days, respectively [40], but this type of
stressor lacks the ethological validity of predatory stress [44]. In this study, we demonstrate
the ability for a shorter stress period (15 days) and an ethologically relevant stressor to
produce robust anxiety-like behaviors.

In addition to the role stress plays in anxiety disorders, stress is implicated in the onset and
severity of depressive symptoms [45]. Importantly, 50% of individuals with generalized
anxiety display signs of depression, illustrating the correlation between anxiety and
depression, as well as stress [46,47]. Chronic stress induces several behavioral changes in
mice, many of which are interpreted as depressive-like [6]. In this study, we used sucrose
preference to assess depressive-like behaviors. Anhedonia is cited as a key symptom of
depression in humans and provides a model for measuring depressive-like behaviors in
rodents [13]; however, either a decrease or an increase in appetite is part of the criteria for
diagnosis of major depressive disorder in humans [48]. Recent studies have found that
chronic stress increases consumption of palatable foods, potentially mediated by
glucocorticoids and/or ghrelin [34,49-51]. In our study, we found that predatory stress
increased consumption of the sucrose-enriched pellets, indicating the ability of predatory
stress to induce feeding of a highly palatable food (Fig. 2d). Control mice did not increase
their consumption of sucrose pellets to the same degree as the stressed animals (Fig. 2d).
Because our study examines consumption of sucrose-enriched pellets over the course of two
days and not throughout the entire experiment, the results presented here demonstrate a
novel effect of stress on consumption of palatable foods.

Cognitive changes can be coincident with mood disorders [52,53] and cognitive performance
in general may be affected by stress [54]. Generally, an inverted U-shaped curve has been
thought to describe the relationship between stress intensity and memory formation [54]. In
this study we used the novel object recognition task to measure memory formation and
retention before and after chronic stress. In the no-delay and hour-delay tasks, mice spent
similar amounts of time exploring the novel object both before and after stress, indicating
that the animals recognized the familiar object and stress did not impact short-term memory.
In contrast, predatory stress increased time spent with the novel object after the 24-h delay
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(Fig. 3), suggesting that the chronic stress enhanced recognition memory at this time point.
These data contradict another study that demonstrated a detrimental effect of predatory
stress on recognition memory in mice [55]. However, this previous study used a different
predatory stress paradigm that consisted of a single acute exposure to a pair of rats
underneath the novel object apparatus during the acquisition phase of the task [55].
Importantly, several other studies of chronic stress in mice and rats have either failed to elicit
memory impairments or have shown improvements in memory after chronic stress
[10,33,56].

One limitation of the current study is the use of only male mice. Previous studies from our
lab [31,32,57-59] and others [10,60-62] have demonstrated distinct sex differences in the
effects chronic stress on both physiology and behavior; therefore, the current results cannot
be generalized to females. Given the prevalence of depression among women [63], an
important future direction for this line of research will be to establish the effects of predatory
stress in female mice. Despite this limitation, the current data set extends previous findings
to establish predatory stress as a valid model of chronic stress exposure in adult male mice.

Taken together, these data demonstrate that predatory stress is able to elicit anxiety- and
depressive-like behaviors after only 15-days of stress, behavioral changes that are observed
up to 2 weeks after the end of stress. The wide range of behavioral changes shown in this
study indicates that this relatively new predatory stress paradigm can reliably induce
sustained anxiety- and depressive-like behaviors in adult male mice. With the high
prevalence of anxiety and depression in society, mouse models of chronic stress that result in
anxiety-like and depressive-like phenotypes are critical in advancing our understanding of
the mechanisms of these disorders and in finding effective treatments. Given its potent and
long-lasting effects, the predatory stress model has the potential to be a powerful tool in
advancing the field of stress physiology.
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HIGHLIGHTS
. Predatory stress elicits anxiety-like and depressive-like behaviors in male
mice.
. Two-weeks of predatory stress induce sustained alterations in behavior.
. Predatory stress is a validated chronic stress paradigm in mice.
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Predatory Stress
or Daily Handling

Day 1-2: Sucrose Preference
Day 10-11: Social Interaction
Day 1-2: Sucrose Preference
Day 10-11: Social Interaction

Day 3: OpenField
Day 5-8: Novel Object
Day 9: Marble Burying
Day 3: OpenField
Day 5-8: Novel Object
Day 9: Marble Burying

Behavioral Testing Behavioral Testing

Day1 Day14 Day22 Day36 Day37 Day
51

Fig. 1.
Timeline of behavioral testing and predatory stress. Behavioral testing was conducted prior

and following chronic stress in order to measure the effects of the stress paradigm on
anxiety- and depressive-like behaviors, as well as on cognition. Behaviors were completed in
the following order before and after stress: sucrose preference, open field, novel object,
marble burying, and social interaction. Predatory stress lasted 15 days and post-behavioral
testing began the day after the end of stress.
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Predatory stress increased affective behaviors. (a) Control mice travelled a greater distance
in the open field during the second round. However, mice exposed to predatory stress did not
alter the distance travelled between the two rounds of testing. (b) Stressed mice travelled
significantly less distance in the center after predatory stress. (c) Total time spent in social
contact was decreased by predatory stress but unaltered by repeated testing. (d) When
compared to the control group, mice exposed to stress significantly increased their
consumption of sucrose. Data shown are mean + SEM; asterisk indicates significance at p <
0.05 in an unpaired two-tailed #test.
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Fig. 3.
Behavior in the novel object test after the 24-h delay was altered by predatory stress. (a)

Percentage of time spent with the novel object was unaltered by predatory stress during the
no-delay task (o> 0.05). (b) Percentage of time spent with the novel object was unaltered by
predatory stress during the hour-delay task (p> 0.05). (c) Chronic predatory stress increased
the percentage of time spent with novel object in the 24-h delay task. Data shown are mean
+ SEM,; asterisk indicates significance at £ < 0.05 in a paired two-tailed #test.
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