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ORIGINAL RESEARCH REPORT

Behavioral and physiological responses of female prairie voles (Microtus
ochrogaster) to various stressful conditions

Adam S. Smith, Claudia Lieberwirth, and Zuoxin Wang

Department of Psychology and Program in Neuroscience, Florida State University, Tallahassee, FL, USA

Abstract Keywords

Stressful life events elicit hypothalamic-pituitary-adrenal (HPA) axis activation, which may alter  Corticosterone, elevated plus maze,
psychological states or behavioral routines. Therefore, the current study focused on the HPA habituation, HPA axis, immobilization
axis response to better understand such manifestations in female prairie voles (Microtus stress, psychological stress, social defeat,
ochrogaster). In Experiment 1, females were stressed for 1h via one of the four stressors: social stress, unpredictable stress

exposure to a novel environment, immobilization (“plastic mesh”), brief social defeat, or
prolonged social defeat. Following a 30-min recovery, the females received a 5-min elevated
plus maze (EPM) test and, subsequently, blood was collected to measure plasma corticosterone
concentrations. Only immobilization stress induced an anxiety-like behavioral response in the
EPM test and elevated plasma corticosterone levels compared to the control groups.
Corticosterone concentrations were also significantly elevated following exposure to prolonged
social defeat compared to the control conditions, but not after novel environment stress or
short social defeat. In Experiment 2, females were exposed to immobilization stress over 1, 3, or
7 days in a daily (predictable; pIMO) or irregular (unpredictable; ulMO) schedule. The
biobehavioral stress response in females exposed to pIMO for 3 or 7 days did not differ
significantly from controls, suggesting these females habituated. By comparison, females
exposed to ulMO over 3 or 7 days did not habituate behaviorally or physiologically, even
producing augmented corticosterone levels. In both experiments, positive correlations were
found between corticosterone levels and anxiety-like behaviors in the EPM test. Together, our
data suggest that the stress response by female prairie voles is dependent on stress intensity,
source, previous experience, and predictability. Furthermore, the HPA axis response, as evident
by corticosterone levels, is associated with the impact that these factors have on behavioral
routine.
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Introduction environmental unfamiliarity. In succeeding studies, the
stress intensity and previous stress experience have also
been implicated to modulate the HPA axis stress response in
humans and rats (Armario et al., 1996; Garcia et al., 2000).
Thus, characteristics associated with a stressor can dictate the
responsiveness of the HPA axis, particularly the rise in plasma
glucocorticoids. In addition, the stress-induced glucocorticoid
response can lead to increased psychological = distress,
influencing the psychological state in humans and behavioral
routines in animals. For example, the stress-induced cortisol
response in humans is associated with an increased perception
of anxiety in individuals exposed to psychosocial stress in the
laboratory (e.g. Trier Social Stress Test) and in life (e.g.
temporary separation from a marital partner; Diamond et al.,
2008; Ditzen et al., 2007; Robles, 2007). Calvo & Volosin
(2001) noted that administration of a glucocorticoid synthesis
inhibitor (e.g. metyrapone) or adrenalectomy can eliminate
the anxiogenic effects of restraint stress on anxiety-like
o . S S D pevenon . behavior in rats. In the same study, an injection of cortico-
Program in Neutoscience, Florda State Universty, 1107 W, Call Sueer,  S1o7onS> agineralocoricoid receptor agonist (&g deoxycor

Tallahassee, FL 32306, USA. Tel: (850) 645-8716. E-mail: asmith@  ticosterone), or a glucocorticoid agonist (¢.g. dexamethasone)
neuro.fsu.edu restored the anxiogenic effects of stress. Thus, the action of

Stressful events are common aspects of life and can originate
from a number of environmental sources, including psycho-
logical, social, and physical. Stress-induced activation of the
hypothalamic—pituitary—adrenal (HPA) axis involves a cas-
cade of physiological changes that have been associated with
the stress-induced effects on emotional processing (Erickson
et al., 2003), normal behavioral routines (Blanchard et al.,
2001; DeVries, 2002), and mental health (Smith & Wang,
2012; Young, 2004). The risk for such disruptions to normal
homeostatic function may be associated with the context or
nature of the stressor as well as how such experiences affect
the HPA response to subsequent stressors (Armario, 2006).
Hennessy et al. (1979) noted that plasma corticosterone
levels rise in response to exposure to a novel environment
in rats, and this corticosterone response depended on
the duration of exposure as well as the degree of
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glucocorticoids and their receptors are sufficient and neces-
sary to cause some the behavioral and physiological effects
that are associated with acute stress. However, such physio-
logical activation seems dependent on the context of the
stressful event. These data highlight the importance of
understanding stress-related factors that modulate the behav-
ioral and physiological response toward a primary stressor as
well as the adaptability of the stress system toward subsequent
stressors.

Prairie voles (Microtus ochrogaster) live in a fundamen-
tally social environment, including male-female pair-bonds,
biparental caregiving, and extended families, but are also
highly territorial (Carter et al., 1995; Getz et al.,, 1981,
Keverne & Curley, 2004). Vole behavior and physiology is
acutely attuned to alterations to the social environment or
other environmental cues. In fact, a number of recent studies
have denoted that the absence of social contact in prairie voles
can promote a disruption to normal HPA axis activity and
behavioral routines that mimic symptomatology of depression
and anxiety disorders in humans (Grippo et al., 2007a,b,c,
2008, 2009; Lieberwirth et al., 2012; Pournajafi-Nazarloo
et al., 2009; Stowe et al., 2005). In addition, prairie vole pair
bonding facilitates a significant reduction in basal HPA axis
activity (Carter et al., 1997; DeVries et al., 1995, 1997b),
while separation from a bonded partner can increase plasma
corticosterone  concentrations (Bosch et al.,, 2009).
Furthermore, despite being glucocorticoid resistant
(Hastings et al., 1999; Taymans et al., 1997), the prairie
vole HPA axis is still responsive to various stressors (e.g.
Bosch et al., 2009; DeVries et al., 1996; Grippo et al., 2008;
Liu et al., 2001; Taymans et al., 1997), social cues (reviewed
in Smith & Wang 2012), and circadian cues (Taymans et al.,
1997). However, little research has been done to determine
whether the behavioral and physiological response in prairie
voles varies as a function of the nature of the stressor. This is
important as determining the responsivity of prairie voles to
various stressors will lead to better models of stress in this
socially and physiologically unique species.

Thus, the current study examined the characteristics of
stress, including source and intensity as well as context of
previous stress experience to a homotypic stressor, on the
response of the HPA axis and subsequent behavioral mani-
festations during a secondary stressor (the elevated plus maze,
EPM, test). Socially housed female prairie voles
(M. ochrogaster) were exposed to various acute psychological
and social stressors (Experiment 1) or were exposed to a
homotypic stressor (immobilization) for 1, 3, or 7 days in
a predictable daily schedule or an unpredictable varying
schedule (Experiment 2). In Experiment 1, we utilized two
psychological stressors that have been demonstrated to vary
by intensity while still provoking a biobehavioral response in
rodents (i.e. mild stress: environmental novelty; severe stress:
immobilization stress). In addition, we exposed female prairie
voles to a resident-intruder paradigm in which they entered
the home cage of an aggressive same-sex conspecific to
induce social defeat. We utilized pair-bonded female prairie
voles as the aggressive conspecifics as cohabitation with a
male will facilitate territorial behavior in female prairie voles
(Getz et al., 1981), and they will display aggressive behavior
toward an intruder in a resident-intruder confrontation.
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We utilized two separate social defeat paradigms that varied
in the length of physical confrontation with the aggressive
conspecific and ability of the defeated intruder to withdrawal
from continued confrontation. We predicted that the behav-
ioral and physiological response to each of these acute
stressors will depend on the source and intensity of the
stressor. In Experiment 2, we focused on whether the stress
response in female prairie voles was affected by the predict-
ability of a repeated homotypic stressor. While repeated
exposures to immobilization stress can lead to habituation
to this stressor when it is predictable (Gagliano et al., 2008;
Girotti et al., 2006; Marti & Armario, 1997; Rabasa et al.,
2011), it has been demonstrated that an irregular or unpre-
dictable schedule of immobilization stress does not desensi-
tize, and can even augment, the stress response in male rats
(Quirce et al.,, 1981). Therefore, we predicted that female
prairie voles would adapt to repeated exposures of immobil-
ization stress as a function of predictability, with predictable
immobilization stress producing a habituating effect and
unpredictable immobilization stress augmenting the biobeha-
vioral stress response.

Materials and method
Subjects

Subjects were captive-bred female prairie voles (M. ochro-
gaster) descended from populations in southern Illinois.
Subjects were weaned at 21 days of age and then housed
in same-sex age-matched pairs in plexiglass cages
(29L x I8 W x 13Hcm) containing cedar chip bedding.
Food and water were provided ad [libitum. Colony rooms
were maintained at 21 +1°C with a 14L:10D photoperiod
(lights on at 0700 h). Before the start of this study, all female
subjects were sexually naive and of adult age (between 90 and
120 days of age). Two weeks prior to the first stress exposure,
female subjects were housed with an unfamiliar, unrelated,
vasectomized adult male. Experiments were conducted in
accordance with the guidelines of the Institutional Animal
Care and Use Committee at Florida State University.

Stress paradigms

Numerous environmental stimuli can be defined as stressors.
The current study utilized four stress paradigms that vary
in the nature of the source, predominantly psychological
or social stress, and the intensity or severity, low or high.
The stressors employed in this study included environmental
novelty (low intensity, psychological stress), immobilization
(high intensity, psychological stress), and social defeat with
a brief (15min; low intensity, social stress) or prolonged
(30 min; high intensity, social stress) physical confrontation.
In the novel environment paradigm, subjects were placed into
an open field arena (56L x56W x20Hcm) for 60 min.
In the immobilization (plastic mesh) paradigm, subjects were
exposed to 60min of immobilization in restraint tubes
constructed from PVC pipes (10.5L x 1.75 radius cm) with
air vent holes in front for animal respiration and an opening in
the back for animal placement — a design similar to other
restraint tubes for prairie voles (DeVries et al., 1997a). Prior
to placement into these restraint tubes, immobilized females
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were bound (excluding the head) in plastic mesh, leading to
complete physical immobilization.

Subjects exposed to social defeat experienced one of
two separate paradigms to vary the intensity of the defeat.
In the brief social defeat paradigm, subjects were placed into
the resident cage (45L x22W x 20Hcm) of an unfamiliar,
unrelated, pair-bonded female prairie vole after its male
partner was removed. As pair-bonded female prairie voles
are territorial (Getz et al., 1981), they displayed aggressive
behavior toward the intruding female subject. Subjects were
exposed to physical interaction with the aggressive resident
for 15min (behavioral video confirmed this interaction).
Thereafter, a plexiglass divider with air holes was placed in
the center of the cage to prevent physical aggression,
though nonphysical aggression was still possible, and allow
the subject to create spatial distance from the aggressor, up
to 22.5cm. The social defeat exposure continued for an
additional 45 min with the divider in place. In the prolonged
social defeat paradigm, the physical contact period lasted for
30min, then the subject was placed in a small wire-mesh
container (5cm?) in the center of the aggressor’s cage for an
additional 30 min. The small wire-mesh container was used to
(1) prevent physical contact, (2) allow the resident to continue
to display aggressive posturing and other forms of non-
physical aggression, and (3) prevent the subject from creating
spatial separation between the resident and itself. Following
each of the stress treatments, subjects were put into a clean,
empty cage and remained alone for 30 min before they were
tested on an EPM test.

Finally, a handled-control group (HAN) was created. HAN
subjects were picked up and briefly handled at the same time
as the four stress groups but then returned to their home cage
with their partner. However, as the HAN females did not
experience 30 min social isolation as the females experienced
following their stress exposure, a second control group (social
control, SC) was created for Experiment 1. SC females were
briefly handled, stayed with their partner for 60 min, and then
were transferred to a clean, empty cage for 30 min before the
EPM test.

EPM test

The EPM test was conducted for 5 min using an established
method (Pan et al., 2009; Stowe et al., 2005). Briefly, the
EPM (Columbus Instruments, Columbus, OH) is comprised
of two open arms (35L x 6.5W cm) and two closed arms
(B5Lx5W x 15Hcm) that cross in the middle, and is
elevated 45 cm off the ground. Subjects were placed in the
center facing an open arm and recorded with a video/
computer system. Several behaviors were quantified by a
trained observer blind to the treatment using J-Watcher V1.0
(Macquarie University and UCLA; http://www.jwatcher.
ucla.edu/) for anxiety-like responses (latency to enter the
open arm, percentage of time spent on the open arms versus
total arm time, and percentage of open arm entries versus total
arm entries) and locomotor activity (total arm entries).

Blood collection and preparation

Immediately after the EPM test, trunk blood (~400 pl) was
collected following rapid decapitation into microcentrifuge
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Figure 1. Testing schedule for various acute psychological and social
stressors in Experiment 1.

vials containing 20 ul EDTA. The vials were inverted and
immediately placed in ice. The entire blood collection
procedure until chilling did not exceed 2min. Blood was
centrifuged at 6000rpm for 15min at 4°C, then plasma
was aspirated and centrifuged at 6000 rpm for 10 min at 4 °C.
Plasma was aliquoted into microcentrifuge vials and stored
at —80°C until processed via a corticosterone
radioimmunoassay.

Corticosterone radioimmunoassay

Plasma corticosterone (1:1000) was measured (in duplicates)
in 10pul plasma samples using commercially available kits
(Diagnostic Products Corp., Los Angeles, CA) that have been
used and validated in previous studies in prairie voles (Bosch
et al., 2009; Grippo et al., 2007a; Stowe et al., 2005; Taymans
et al., 1997). Other than the dilution factor, which was
optimized for vole physiology, the assays were conducted
according to the manufacturer’s directions. The detecting
limit of the radioimmunoassay kit was 7.7ng/ml, and the
intra-assay and inter-assay coefficient of variation (CV) was
2.85% and 2.11%, respectively.

Experimental design

Experiment 1 was designed to test the influence of the source
of a stressful event on the post-stress recovery of the HPA axis
and anxiety-like behavior (Figure 1). Subjects were pair-
housed with an unrelated, vasectomized male for 2 weeks, a
period that reliably leads to vole pair bonding (Aragona &
Wang, 2004). Thereafter, subjects were removed from their
home cage between 1100 and 1200 h and randomly assigned
into one of the four stress paradigms, environmental novelty
(n=06), immobilization (n = 6), brief social defeat (n =38), or
prolonged social defeat (n=7), or the control groups (HAN:
n=06; SC: n=26). Following the 60 min of stress, subjects
were placed in an empty, clean cage with food and water
ad libitum for a 30-min recovery period. Thereafter, sub-
jects were tested for their anxiety-like behaviors in the EPM
test. Immediately after the EPM test, subjects were sacrificed
via rapid decapitation, and trunk blood was taken and
stored at —80°C until processed via a corticosterone
radioimmunoassay.

Experiment 2 was designed to evaluate the effect of
previous experience with a homotypic stressor in a daily
predictable (fixed) or unpredictable (irregular) schedule on
the post-stress HPA axis and behavioral recovery (Figure 2).
As the immobilization stress was effective in inducing both
hormonal and behavioral stress responses in Experiment 1,
we focused on the immobilization paradigm. Subjects were
pair-housed with an unrelated, vasectomized male for 2
weeks. In the predictable immobilization paradigm (pIMO),
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(A) Pair housing 3 days Recovery EPM  Blood
with male predictable IMO period test collection
| | MO | IMO | IMO | | |
| 14 days |Day 1| Day2 [Day3| 30min | 5min |
(B) Pair housing 7 days Recovery EPM  Blood
with male predictable IMO period test collection
] MO | IMO | IMO | IMO | IMO | IMO | IMO |
[ 14 days [Day 1] Day2|Day3|Day4|Day5|Day6[Day7| 30min | 5min |
(C) Pair housing 3 days Recovery EPM  Blood
with male unpredictable IMO period test collection
] IMO | Rest | IMO | |
[ 14 days [Day 1| Day2 [Day3] 30min | 5min |
(D) Pair housing 7 days Recovery EPM  Blood
with male unpredictable IMO period test collection
| ] IMO | Rest | IMO | IMO | Rest | Rest | IMO | |
| 14 days |Day 1| Day2 |Day 3 |Day4|Day5|Day6 |[Day7| 30min | 5min |

Figure 2. Testing schedule for the predictable and unpredictable immobilization treatments in Experiment 2.

females were exposed to 60 min of immobilization (between
1100 and 1200h) every day for 3 n=8) or 7 (n=06)
consecutive days (Figures 2a and 2b). In the unpredictable
IMO paradigm (uIMO), the immobilization schedule was
established to minimize predictability of the presentation of
the stress. Several studies have utilized immobilization stress
with an unpredictable schedule varying stress-rest days,
immobilization duration, and time of day (Bryant et al.,
1988; Marti & Armario, 1997; Quirce et al., 1981; Rockman
et al.,, 1987). In the 3-day ulMO schedule (n=7), the
schedule included immobilization on days 1 and 3 and no
immobilization stress on day 2 (Figure 2c). In the 7-day
uIMO schedule (n=06), subjects were exposed to immobil-
ization stress on days 1, 3, 4, and 7 and rested on days 2, 5,
and 6 (Figure 2d). Thirty minutes after the last immobil-
ization, subjects were tested for their anxiety-like behaviors
in the EPM test, and then sacrificed via rapid decapitation.
Trunk blood was collected, stored at —80 °C, and processed
via a corticosterone radioimmunoassay. In addition, a HAN
control group (n=11) and an acute immobilized female
group (n=6) were established as in Experiment 1 to
compare how pIMO and ulMO affect the biobehavioral
stress response.

Data analysis

Data were analyzed using IBM SPSS Statistics 19 (SPSS,
Inc., an IBM Company) and were expressed as
mean = SEM. EPM behavior and plasma corticosterone
concentrations were analyzed with a one-way ANOVA
with stress condition as the single factor. Significant group
differences (p <0.05) were further assessed with a Gabriel’s
post-hoc test, as this test explicitly allows for unequal
sample sizes. In addition, corticosterone levels were
correlated to anxiety-like behavior in the EPM test for
Experiments 1 and 2 by Pearson’s correlations. All alpha
levels were set at p<0.05.

Results

Various psychological and social stressors on
behavioral and physiological stress response

In Experiment 1, anxiety-like behaviors in the EPM test and
corticosterone levels were significantly different among
groups, an effect that seemed to depend on the source and
intensity of the stressor as indicated by post-hoc analysis.
Particularly, there were group differences in the latency to
enter the open arm, F(5,31)=3.08, p<0.005 and the
percentage of time spent in the open arm, F(5,33)=3.23,
p<0.05 in the EPM test. However, post-hoc analyses
indicated that only immobilized females delayed entrance
into the open arm and decreased time spent in the open arm
compared to the HAN females (Figures 3a and 3b). No group
differences were observed in the percentage of entries into the
open arm, F(5,33) =2.13, p=0.09; Table 1, or in the number
of total arm entries, F(5,33)=1.77, p=0.15; Figure 3c,
indicating that differences between immobilized and HAN
females in their anxiety-like behaviors were not due to altered
locomotor activity. In addition, corticosterone levels were
significantly elevated following the EPM in females exposed
to immobilization and prolonged social defeat stress com-
pared to HAN females, but not females exposed to environ-
mental novelty or brief social defeat stress (F(5,33)=4.27,
p<0.005; Figure 3d). It is worth noting that the effects of
stress on the behavioral and physiological responses seem to
be a function of the stressor rather than the brief separation
from the partner during the 30 min recovery period as HAN
and SC females did not differ in any of the measurements. In
addition, there was a negative correlation between female
corticosterone concentrations and percentage of time spent in
the open arm in the EPM test [r = —0.42, p =0.01], such that
females with high corticosterone concentrations spent sig-
nificantly less time in the open arm than females with low
corticosterone concentrations (Figure 3e). There was no
correlation between the corticosterone concentrations and
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Figure 3. The source and intensity of a stressor affected the biobehavioral stress response. (a—b), Only immobilization (IMO) stress led to a (a) delay in
the latency of females to enter the open arm and (b) decreased percentage of time that females spent in the open arms during the EPM test. (c) None of
the stressors influenced locomotor behavior (i.e. total arm entries) during the EPM test. (d) Corticosterone remained elevated 30 min post-stress in
response to IMO and prolonged social defeat (SD), but not environmental novelty (Novel) or brief SD, in comparison to handled controls (HAN). (a—d)
No differences were observed between HAN controls or social controls (SC). (e) Female plasma corticosterone concentrations were negatively
associated with the percentage of time females spent in the open arm in the EPM test. Bars labeled with different letters differ significantly by Gabriel’s
post hoc test in which a significant main effect was detected in the ANOVA (p <0.05). (a—d) Data are expressed as mean = SEM.

Table 1. Effect of stressors on the frequency of arm entries in the
elevated plus maze.

Groups n Open arm Closed arm % Open arm

Experiment 1. Various acute psychological and social stressors

HAN 6 533£1.86 9.83+2.24 36.59+9.25
SC 6 533£133 10.83+1.85 30.93£13.73
Novel 6 733£1.67 7.83+£2.23 51.35+28.09
IMO 6 1.03£0.37 6.67+£1.65 15.831+6.38
Brief SD 8 425+1091 8.75+2.11 33.08+8.89
Prolonged SD 7 343£075 1043x1.17 23.99£3.55

Experiment 2. Predictable versus unpredictable immobilization

HAN 11 555+1.12 9.54+1.04 34.96+5.69
Acute IMO 6 1.50£0.72 9.83+2.83 10.99+6.05
3-day pIMO 8 4.13+£1.01 8.13+1.76  35.35+8.03
7-day pIMO 6 350£152 1400186 17.64£3.97
3-day uIMO 7  2.00£1.05 729+1.74 14.15+£5.50
7-day uIMO 6 2.05£0.86 9.67+3.40 15.16£6.02

Values represent frequency of entries into the open and closed arms on
the elevated plus maze as well as the percentage of open arm entries
(open arm entries versus total arm entries). Behaviors are reported as
means and standard errors. Groups include handled controls (HAN),
social controls (SC), and females exposed to novel environment stress
(Novel), immobilization (IMO or acute IMO), brief social defeat (Brief
SD), prolonged social defeat (Prolonged SD), 3-day predictable IMO
(3-day pIMO), 7-day predictable IMO (7-day pIMO), 3-day unpre-
dictable IMO (3-day uIMO), and 7 day unpredictable IMO (7-day
uIMO).

latency to enter the open arm [r=0.08, p=0.64] or
percentage of entries into the open arm [r=—0.13,
p =0.44; data not shown].

Predictable versus unpredictable immobilization on
behavioral and physiological stress response

The behavioral and physiological response seemed to vary as a
function of the predictability and number of exposures to
repeated immobilization in female prairie voles. There were
group differences in the anxiety-like behaviors in the EPM test,
including latency to enter the open arm, F(5,37)=5.14,
p<0.001, percentage of entries into the open arm,
F(5,38)=3.23, p<0.05, and percentage of time spent in the
open arm, F(5,38) =5.78, p<0.001. When post-hoc analyses
were conducted no group differences were observed in the
percentage of entries into the open arm (Table 1) and only
females exposed once to immobilization significantly delayed
entry into the open arm compared to HAN controls (Figure 4a).
However, females exposed to ulMO for 3 or 7 days, like
females exposed to a single immobilization, significantly
decreased the percentage of time spent in the open arm
compared to HAN controls, while females exposed to pIMO
for 3 or 7 days were similar to HAN controls (Figure 4b). These
effects on anxiety-like behavior were not the result of altered
locomotor activity as there were no group differences in total
arm entries (F(5,38) =1.19, p =0.33; Figure 4c).
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Figure 4. The predictability of immobiliza-
tion (IMO) stress influenced the biobeha-
vioral stress response. (a) Females exposed to
1 day IMO delayed entry into the open arm in
the EPM test compared to handled control
females (HAN) and females exposed to 3 or 7
day predictable IMO (pIMO). (b) The per-
centage of time that females spent in the open
arms during the EPM test was lower after
exposure to 1 day IMO, 3-day uIMO, and 7
day unpredictable IMO (uIMO) compared to
HAN controls. No differences were observed a a
between HAN control females or females o0/
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In addition, there was a significant group difference in the
plasma corticosterone concentrations (F(5,38) = 14.69,
p<0.001; Figure 4d). Females exposed to pIMO for 3
consecutive days had corticosterone levels significantly
higher than HAN controls. However, females exposed to
pIMO for 7 consecutive days had corticosterone levels similar
to HAN controls, indicating 7 days, rather than 3 days, of
pIMO is sufficient to induce habituation. In addition, females
exposed to uIMO for 3 or 7 days had corticosterone levels
significantly elevated to HAN controls, like females exposed
to a single day of immobilization. Furthermore, while females
exposed to uIMO for 3 days had corticosterone levels similar
to females exposed to immobilization for 1 day, females
exposed to ulMO for 7 days had significantly higher
corticosterone levels compared to females exposed to immo-
bilization for 1 day, indicating a time course for augmentation.
Females exposed to uIMO for 7 days also had significantly
higher corticosterone levels than females exposed to pIMO
for 7 days, indicating the predictability of immobilization
affected corticosterone levels. Finally, corticosterone levels
were associated with the latency to enter the open arm
[r=0.37, p<0.05; data not shown] and percentage of time
spent in the open arm [r= —0.36, p <0.05; Figure 4e], but not
the percentage of entries into the open arm [r=—0.21,
p=0.17; data not shown]. Females with high corticosterone
levels delayed entry into the open arm more and spent less
percentage of time in the open arm compared to females with
low corticosterone levels.

Discussion

Stressful life events are common and can be rather disruptive
to normal physiological function and behavioral routines,

600 1200 1800
Corticosterone (ng/mL)

depending on the nature of the stressor. In the current study,
the stress response by female prairie voles was dependent on
stress intensity, source, and predictability as well as previous
experience with the stressor. Female prairie voles exposed to
immobilization (‘‘plastic mesh’’) or prolonged social defeat
displayed increased corticosterone levels after an EPM test,
but only immobilized females displayed behavioral disruption
(i.e. increased anxiety-like behaviors in the EPM test). This
suggests that the disturbance to normal physiological func-
tion, particularly HPA axis function, induced by immobiliza-
tion is persistent and may lead to aberrant behavioral
manifestations in subsequent stressful conditions. Thus,
we further evaluated the effects of repeated immobilization,
modulating predictability of the exposure. Females exposed to
pIMO displayed physiological (7 days repeated) and behav-
ioral (3 and 7 days repeated) habituation, while females
exposed to uIMO did not display habituation. In fact, females
exposed to uIMO for 7 days had augmented corticosterone
levels. It seems that the behavioral and physiological response
to the EPM test following repeated immobilization depended
on the predictability of the stress as well as the number of
days of repeated immobilization. Furthermore, the HPA axis
response, as evident by corticosterone levels, was associated
with the impact that these factors had on behavioral routines.

The stress response can be non-specific, as described by
Hans Selye (1936), but there are components of the stress
response that are adaptive to specific environmental cues,
creating a stressor-specific response (reviewed in Armario,
2006). Regarding the HPA axis, circulating corticosterone
concentrations during stress are related to the intensity of
stress in response to low to intermediate intensity stressors,
but not high intensity stressors (Armario et al., 1986a,b;
Hennessy et al.,, 1979; Hennessy & Levine 1978;
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Natelson et al., 1981). This is partially due to the fact that
maximal adrenal steroidogenesis can be produced from an
intermediate ACTH release, disassociating ACTH and cor-
ticosterone release during high intensity stressors (Keller-
Wood et al., 1981). However, when post-stress corticosterone
levels are considered, high intensity stressors provide dis-
tinctive recovery rates (Garcia et al., 2000; Marquez et al.,
2002). In the current study, corticosterone levels were
significantly elevated following an EPM test in female prairie
voles recovering from immobilization but not environmental
novelty. Furthermore, corticosterone levels were elevated
following the EPM test in females exposed to prolonged
social defeat paradigm, which included longer physical
confrontation and lack of control/no escape during non-
physical confrontation, but not in females exposed to the brief
social defeat paradigm. Therefore, the intensity of social
defeat may vary as a function of duration of the physical
confrontation or control during the confrontation — control
referring to the capability of the vole to avoid the aggressive
conspecific by making an appropriate motor response (i.e.
moving to the maximal distance away from the aggressive
conspecific), a definition adapted from Levine (1985).
Together, these data suggest that environmental novelty
induces mild psychological stress while immobilization and
social defeat reflects more severe stress in prairie voles,
similar to other rodent species (Armario, 2006; Korte & De
Boer, 2003). In addition, our data demonstrate that prairie
voles may be utilized as an ethologically-relevant rodent
model of female social defeat. This is valuable as animal
models of female social defeat are lacking. For example,
female-female aggression is not seen in most rodent species,
with the exception of maternal aggression (Bjorkqvist, 2001;
Bosch et al., 2004; Huhman, 2006).

Furthermore, we evaluated the behavioral response of
stressed females to a secondary stressor, the EPM test. While
immobilization and prolonged social defeat led to a rise in
plasma corticosterone levels following an EPM test, only
immobilization induced anxiety-like behavior on the EPM
test. A simple interpretation would be that immobilization is a
more intense stressor than social defeat and therefore led to
the behavioral manifestations. However, it would be worth
noting that the EPM test evaluates a non-social anxiety-like
response, and therefore, social stress, like social defeat, may
not induce anxiety-like behavior in this context. For example,
Barsy et al. (2010) noted that restraint stress evokes a
generalized anxiety response in rats. Specifically, restrained
rats displayed social and non-social anxiety-like behaviors as
inferred from social avoidance in a social interaction test
(SIT) and avoidance of the open arms in an EPM test,
respectively. By comparison, social defeat induced social
avoidance in the SIT in rats but had no effect on EPM
behavior. Thus, social stress may selectively induce social
anxiety, or anxiety-like behavior within a social context, while
psychological stress induces a general anxiety-like state. In
fact, several studies have observed that different types of
stress can lead to different behavioral consequences (e.g.
psychological versus social stress: Doremus-Fitzwater et al.,
2009; van Erp et al., 1994; psychological versus physical
stress: Daviu et al., 2012; physical versus social stress:
Gasparotto et al., 2005; McBlane & Handley, 1994,
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environmental versus psychological stress: Mufioz-Abellan
et al., 2008, 2011).

For several decades, it has been known that the magnitude
of the HPA axis response to a stressor, even the more intense
stressors like immobilization, declines with repeated expos-
ures. For example, repeated restraint or immobilization stress
can facilitate a reduction in the secretion of peripheral HPA
axis hormones (i.e. ACTH and corticosterone) and depress the
stress-induced neuronal activation (e.g. c-fos and CRH gene
expression) in the PVN and other brain regions that regulate
the stress-induced CRH action in the PVN (e.g. the hippo-
campus and amygdala) (Armario et al., 2004; Garcia et al.,
2000; Melia et al., 1994; Pinnock & Herbert, 2001). This
depressed response toward a homotypic stressor has been
referred to as habituation (Thompson & Spencer, 1966). As
predicted, female prairie voles exposed to repeated pIMO
(three sessions: 3-day pIMO; seven sessions: 7-day pIMO)
displayed a habituated behavioral and physiological response.
However, voles exposed to uIMO (two sessions: 3-day uIMO;
four sessions: 7-day uIMO) displayed an augmented cortico-
sterone response and lack of behavioral habituation. Under the
pIMO and ulMO paradigms, female prairie voles were
exposed to the same intense immobilization stress for the
same duration (1 h). Thus, the difference in the adaptation to
pIMO compared to uIMO seems to be independent of these
characteristics. While increasing the number of exposures
may have influenced the habituation of females exposed to
pIMO, it did not facilitate habituation in females exposed to
uIMO. Moreover, females exposed to three immobilization
sessions during the 3-day pIMO schedule displayed a reduced
anxiety-like behavioral response, while the females exposed
to four immobilization sessions during the 7-day ulMO
schedule did not habituate behaviorally, and even displayed an
augmented corticosterone response. It seems likely that the
longer and more irregular intervals between immobilization
exposures observed in ulMO compared to the shorter and
consistent intervals in the pIMO schedule facilitate the
differences in adaptations. In order to further understand the
influence that stress predictability has on the underlying
neuroendocrine mechanism that governs stress habituation or
augmentation in voles, it will be worth evaluating the
influence of repeated pIMO and uIMO on various markers
of stress-induced neuronal activation, including c-fos and
CRH gene expression in the PVN and other brain regions that
regulate the stress-induced CRH action in the PVN. As well-
documented in other rodent species (Armario et al., 1988;
Grissom & Bhatnagar, 2009; Marti & Armario, 1998),
repeated stress may have influenced adrenal sensitivity in
female prairie voles; thus, additional research needs to be
conducted to determine the influence of pIMO and uIMO on
the ACTH response and changes to adrenal weight.

Prairie voles are not commonly used in stress research.
Nonetheless, features of vole physiology and their social
system make them a promising rodent model of stress. The
fact that we measured plasma corticosterone concentrations
30 min after a primary stressor and immediately following a
secondary stressor (EPM test) makes interpretation of the
dynamics of the corticosterone response more challenging.
Nonetheless, our current results suggest that vole physiology
is responsive to the stress intensity, source, and predictability
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as well as previous experience with a stressor. Prairie voles
exhibit high basal plasma corticosterone levels, 5 to 10 times
higher than rats and mice (Taymans et al., 1997). However,
voles do not display common consequences associated with
chronic hypercortisolism, potentially due to a suppressed
corticosterone signal (Hastings et al., 1999; Taymans et al.,
1997). Therefore, prairie voles could provide a valuable
rodent model of glucocorticoid resistance, and understanding
which characteristics of a stressor modulate this response is
necessary for such research. Furthermore, the prairie vole
social system has many similarities to human society that are
not reflected in the social systems of more traditional
laboratory rodents, including male—female pair-bonds, male
and female territoriality, biparental care, and extended
families (Carter et al., 1995; Getz et al., 1981; Keverne &
Curley, 2004). Moreover, the social environment has a major
influence on the stress system. Therefore, as more emphasis is
given to understand how different facets of the vole social
system influences the stress response, knowledge about how
these same factors regulate human stress may be gleaned.
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