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Abstract
Corticosterone (CORT) release from the adrenal glands in response to acutely stressful stimuli is
well-characterized, however several non-experimental, environmental stressors can also engender
a CORT response. The aim of this study was to investigate an acute activation of the HPA axis in
pair-housed animals in response to separation. We observed a rapid significant increase in CORT
in the animal remaining in the home cage following cage mate removal, that was not caused by
cage opening and transient removal of cage mate. In addition, we examined this response in both
control, non-stressed animals and in animals subjected to chronic variable stress (CVS) and found
that although basal levels of CORT differed between control and CVS animals, there was no
significant difference in the acute CORT levels between the control and CVS animals after
separation, indicating that this environmental event is perceived as acutely stressful in both
conditions. Furthermore, we examined the time course of CORT activation and found that CORT
levels rapidly rise within minutes of separation peaking at 15 minutes and returning to baseline by
90 minutes. The results of this study demonstrate that separation can induce an acute stress
response in the remaining cage mate measured by increased CORT and should be considered in
molecular, behavioral, and electrophysiological studies.
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1. Introduction
Alterations to the social environment of the laboratory rat can have a significant influence
on the welfare of the individual cage-mates. Previous research has shown that non-invasive
laboratory procedures such as cage cleaning, or handling and transport, which briefly
disrupts the social environment of the cage, results in neurochemical, hormonal, and
behavioral alterations typically seen in response to an acute stress exposure [1,11,12,14].
Activation of the hypothalamic-pituitary-adrenal (HPA) axis, a key element of the acute
stress response, involves the release of corticosterone (CORT) from the adrenal cortex that
circulates throughout the body exerting action both peripherally and centrally [reviewed in
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18]. Time course studies reveal that acute exposure to stressful stimuli results in an increase
in CORT within minutes of the stressor exposure both peripherally [3,28] as well as in brain
structures like the hippocampus and prefrontal cortex [10,12].

In the brain, the effects of CORT are mediated by two types of intracellular receptors: the
mineralcorticoid receptor (MR) and the glucocorticoid receptor (GR) [18]. Activation of
these intracellular receptors by CORT causes nuclear translocation of the receptor and the
initiation of genomic events that lead to long-lasting neurophysiological changes in these
areas [2]. In addition, emerging evidence suggests that GRs are capable of exerting rapid
neuronal effects within minutes of exposure to CORT, suggesting a non-genomic
mechanism via the activation of novel membrane-bound GRs in the hippocampus [19,26,31]
and the hypothalamus [13]. Therefore, environmental disturbances that result in a rapid
increase in CORT may mediate significant changes within the brain structures that cannot be
directly attributed to the experimental manipulation.

One such environmental change is the sequential removal of rodents from a group-housed
cage. Several studies have shown that cohort removal generates an acute physiological
reaction known as stress-induced hypothermic response [6,21]. In addition, behavioral
changes have been observed in response to cohort removal including increases in anxiety-
like behavior and increases in agonistic behavior [8]. Furthermore, neuropeptides associated
with activation of the limbic system demonstrate an increase in response to separation
including prolactin [29], somatostatin [7], and most importantly two hormonal markers of
HPA activation, adrenal corticotrophin hormone (ACTH) and CORT [8,30].

Increased CORT levels have been reported in response to long-term (< 24 hours) pair
separation in several species that form monogamous male-female pair bonds, including
Siberian dwarf hamsters [9] and zebra finches [25]. In addition, a rapid increase in HPA axis
activation was observed upon separation of same-sex social partners in cattle [5], marmosets
[23] as well domestic chickens [15]. Together, these studies suggest that pair separation is
stressful and the stressful response is evolutionarily conserved across species that exhibit
social behavior.

A critical component of research involving stress and the effects of CORT is the comparison
of results found under application of the stressor (high CORT) to control, stress-free (low
CORT) conditions. The goal of this study was to examine if there is a disparity in HPA
activation between control animals and animals subjected to chronic variable stress (CVS), a
rodent model of chronic stress, and to determine the time course of activation of the HPA
axis in pair-housed animals sequentially removed from their cage. In addition, although it
has been established that group-housed cohort removal results in an increase in CORT levels
in non-stressed control animals, to our knowledge, the immediate CORT response and time
course following separation of pair-housed rats has not been reported. Therefore, we aimed
to assess the time course of CORT activity in the periphery in response to separation by
increasing the interval between cage mate removal and the measurement of plasma CORT.

2. Methods
2.1. Animals

Male Wistar rats (42 days of age upon arrival) were purchased from Harlan Inc.
(Indianapolis, IN). On arrival, animals were housed in pairs on a 12:12 light/dark cycle
(lights on at 0700 hours) and received food and water ad libitum. All experimental
procedures were conducted in accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals and were approved by the Tulane University
Institutional Animal Care and Use Committee.
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2.2. Experiment 1 Cage Mate Removal
For experiments involving chronic variable stress (CVS), animals were allowed 14 days to
habituate in the vivarium. At 56 days of age, animals were randomly assigned to CVS and
Control (non-stressed) conditions. CVS was conducted using a modified method previously
reported [17]. Briefly, the CVS paradigm consisted of twice-daily exposure to randomly
assigned stressors applied over 14 consecutive days. Morning stressors were administered
between 0830h and 1130h, and afternoon stressors were administered between 1330h and
1630h. Overnight stressors (social isolation or social crowding) began immediately after
cessation of the afternoon stressor and concluded with the start of the next day’s morning
stressor. CVS stressors consisted of warm swim (20 min at 31-33°C), cold swim (10 min at
16-18°C), cold room (1 hr at 4°C, two rats per cage without bedding), rotation (1 hr at 100
rpm), social isolation (overnight, one rat per cage), and social crowding (overnight, 6 rats
per cage). With the exception of the overnight stressors, the daily stressors were applied in a
semi-randomized manner with each stressor being assigned equally over the 14 days.
Control animals were handled and weighed daily. For sacrifice, animals were transported
from the vivarium to the lab and allowed two hours to settle prior to experimental
manipulation. The first animal in each cage was removed and rapidly decapitated and trunk
blood collected 10 minutes prior to the sacrifice of the second animal. Animals were killed
between 0900h and 1000h, when CORT levels are lowest.

2.3. Experiment 2 Corticosterone Time Course
For experiments investigating the time course of CORT activation during sacrifice, animals
were pair-housed for 14 days on arrival and handled daily until sacrifice. At 56 days of age,
animals were killed as described above by rapid decapitation and trunk blood was collected
for CORT determination. The second animal in each cage was sacrificed either 0, 5, 15, 30,
or 90 minutes after the removal and sacrifice of the first animal in each cage. To control for
the effect of cage opening on the CORT response, an additional control group was added in
which the cage was opened, one animal was picked up, and then immediately returned to the
cage. Both animals in this group were then killed 15 mins later. Animals were sacrificed
between 0900h and 1000h, when CORT levels are lowest.

2.4. Corticosterone Radioimmunoassay
For CORT measurements, trunk blood was allowed to coagulate at room temperature for 90
minutes. Samples were centrifuged at 2000 × g for 15 min, serum collected and samples
stored at −20°C. Samples were sent to the University of Virginia Center for Research in
Reproduction Ligand Assay and Analysis Core for corticosterone determination by 125I
Corticosterone radioimmunoassay. The average limit of detection was 10.5 ng/ml. To
provide the most conservative estimate for statistical comparisons, samples in which
hormone levels were below the detectable limit (n=3 for corticosterone) were set to the
individual detection limits of each assay. Sample values were calculated from known
standards run within each assay, with an average intra-assay variation (%CV) of 3.8%. Inter-
assay variation was 7.6%.

2.5. Statistical Analysis
Statistics were performed using Graph Pad Prism 5 one-way analysis of variance (ANOVA)
with subsequent Tukey post-hoc test to determine significance. Unpaired t-tests were
performed where appropriate. A p value of less than 0.05 was considered to indicate a
significant difference.
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3. Results
In order to determine the activation profile of the HPA axis through the measurement of
circulating CORT in pair-housed rats, we removed trunk blood and measured CORT under
basal conditions in a subset of the separated animals 10 minutes before the CORT
measurement in the remaining cage mate. As shown in Figure 1A, a significant increase in
plasma CORT levels was observed in the second animal remaining in each cage under
control conditions (n=4, 291.7 ± 4.8 ng/nl) compared to the first animal (n=8, 21.8 ± 5.0 ng/
nl), (p<0.0001). A similar pattern was observed in CVS animals (Fig. 1B) with the
remaining cage mate demonstrating significantly higher levels of CORT (n=5, 215.7 ± 66.2
ng/nl) compared to the first animal (n=8, 53.4 ± 11.1 ng/nl), (p<0.05). As was previously
shown [17, 24], chronically stressed animals exhibited significantly higher basal circulating
levels of CORT over control animals (Fig. 1C, p<0.05). However, there was no significant
difference in the high CORT levels between control and CVS animals from the remaining
cage mate at the 10 minute time point (p=0.36). This suggests that despite the discrimination
in basal CORT tone observed between control and CVS animals, the remaining cage mate
demonstrated acutely elevated levels of circulating CORT regardless of the experimental
condition. Furthermore, these results show that separation in pair-housed animals represents
an acutely stressful situation.

To determine the time course of CORT activation in pair-housed animals, control non-
stressed animals were housed in pairs for 14 days. The animals were separated and CORT
was measured at 0 min, 5 min, 15 min, 30 min or 90 min intervals following the separation
of control animals. Figure 2 shows that CORT levels remained at basal levels for both
control animals (n=4, 9.21 ± 1.7 ng/nl) and their cage mates that were simultaneously
removed (time point 0; n=4, 10.29 ± 1.1 ng/nl). As expected, following separation a
significant increase in CORT was observed in the remaining animals at the 5 min interval
(time point 5; n=3, 102.7 ± 48.1 ng/nl), with a peak at the 15 min interval (time point 15;
n=4, 205.0 ± 48.3 ng/nl) and remaining significantly elevated through the 30 min interval
[(time point 30; n=4, 136.9 ± 21.6 ng/nl), p<0.001, F(6,30)=17.07, ANOVA). Animals
removed at the 90 min time interval demonstrated CORT levels similar to both controls and
the 0′ time point (time point 90; n=4, 10.9 ± 3.0 ng/nl), suggesting that CORT levels return
to baseline by this time point. The lack of difference in CORT levels between control
animals and time point 0 min cage mates suggests that concurrent removal and sacrifice of
cage mates prevents HPA activation observed at the 5 min, 15 min, and 30 min time point
delays. An additional group was added to control for the effect of cage opening and transient
removal. For this group, the cage was opened and one animal was picked up and
immediately returned to the cage. Both animals were killed 15 min later, the time point in
which we observed the peak in CORT levels with cage mate separation. However, as Figure
2 shows these animals demonstrated CORT levels (n=4, 9.6 ± 2.7 ng/nl) similar to both
control and time point 0 min animals following cage opening suggesting that the observed
increases in CORT levels seen at the 5 min, 15 min and 30 min time point intervals are a
result of cage mate separation and not due to the environmental disturbance to the cage.

4. Discussion
The present study aimed to evaluate the effects of separation of pair-housed rats on the
plasma CORT response. Our study revealed that the removal of a cage mate in pair-housed
male Wistar rats resulted in a rapid elevation of CORT in the remaining animal. It is well
established that chronic stress results in an alteration of HPA axis feedback and
subsequently high circulating plasma levels of CORT [17,24]. We observed the effect of
separation on CORT in both CVS and non-stressed control animals suggesting that this
effect is independent of HPA dysregulation normally seen in chronically stressed animals. In
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addition, we also report here the time course of CORT activation following separation. We
observed that CORT levels in the animal remaining in the cage significantly rise to acute
stress levels following cage mate removal peaking at 15 minutes and returning to baseline
by 90 minutes. This effect is mediated by separation and not simply cage opening and
transient removal as the CORT levels in these animals were at non-stressed baseline CORT
levels similar to control animals. The duration of the specific stress response caused by cage
mate removal is transient, as CORT levels return to baseline within 90 minutes after cage
mate removal. This result contrasts with a prolonged CORT response during 90 minutes of
restraint stress that return to baseline within 90 minutes after cessation of the restraint
[3,16,28]. The return to baseline is most likely mediated by the feedback inhibition of the
HPA axis after stressor removal.

Activation of the HPA axis and the ultimate release of CORT from the adrenal glands
demonstrate a broad feedback system throughout the body acting on receptors both
peripherally and centrally [18]. The binding of CORT to its receptors triggers a cascade of
events with a multitude of neurobiological and behavioral changes in response to acute
stress levels of CORT such as those observed in this study [4,20,22]. Recent studies have
demonstrated that in addition to the rise in plasma CORT, several limbic structures such as
the hippocampus and hypothalamus can exhibit a rapid rise in CORT within minutes of the
onset of an acute stressor [10,12]. These rapid rises in CORT can activate non-genomic
effects mediated through the membrane GR. Although few studies have investigated the
specific actions of this non-classical GR, evidence suggests that CORT is capable of
engendering functional and behavioral effects through the activation of this receptor. In
slices of the paraventricular nucleus of the hypothalamus, activation of a putative membrane
GR exerts rapid inhibitory effects including the suppression of presynaptic glutamate release
and the facilitation of GABA inputs [13]. Additionally, application of CORT to
hippocampus slices causes an increase in glutamate synaptic inputs to CA1 pyramidal cells
[19]. Long-term potentiation (LTP), the cellular correlate of learning and memory, also
demonstrates rapid enhancement in response to application of CORT, an effect that was not
blocked with the use of antagonists to intracellular glucocorticoid receptors [32]. Taken
together with the results of this study demonstrating an acute rise in CORT in response to
cohort removal, it is possible that molecular and electrophysiological differences,
particularly those directly related to GR activation, could be inadvertently confounded by
cohort removal during sacrifice. Furthermore, to avoid a possible confound of cohort
removal during experimental procedures, the results of this study suggest that pair-housed
rats should be concomitantly sampled to avoid HPA activation and subsequent increase in
circulating CORT levels.

In addition to the neurophysiological effects of acute alterations in CORT, behavioral effects
including increased locomotor activity in a novel environment [27] and reversed serial
memory retrieval pattern on a hippocampus-dependent memory task [10] have been
demonstrated in rodents with rapid increases in CORT. Furthermore, recent evidence from
Roozendaal suggests that the effects of stress on memory enhancement are mediated by the
rapid actions of the membrane GR [26]. The results of this experiment strongly suggest that
the stress of cohort removal and the potential behavioral effects that result should be
considered when interpreting the results of behavioral experiments. Furthermore, an
important component of experiments examining the behavioral effects of chronic stress
application is that they operate under the assumption of basal, non-stress levels of CORT in
control animals. The rise in CORT in both control and chronically stressed animals
following cohort removal suggests that the experimenter could observe acute behavioral
effects directly related to the elevated CORT from cage-mate removal and not due to the
effects of experimental manipulation, leading to difficulty in result interpretation. We
acknowledge that the experimental design we employed involved the transport of all the
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animals to another room 2 hours prior to experimental manipulation, a process which in
itself could be considered an acute stressor. However this scenario is unavoidable for many
laboratories particularly given the size and space requirements for many behavioral
paradigms. Therefore understanding the HPA reactivity and response time course to these
conditions is important to appropriate experimental design.

Conclusions
The results of this study suggest that the effects of a minor stressor, such as the removal of a
cage mate, can have profound effects on the activation of the HPA axis in both chronically
stressed animals and control animals, including a rapid rise in plasma CORT levels. Taken
together with what is known about the rapid effects of CORT, the central effect of this
CORT response could lead to unexpected changes within the brain and have direct
implications for electrophysiological, behavioral, and molecular studies. These results and
the increase in CORT caused by cage mate removal should be considered in both behavioral
as well as molecular studies.
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Figure 1.
Effects of sequential removal of animals on plasma corticosterone in control (A) or CVS (B)
pair-housed animals. Basal corticosterone levels (C) were significantly different between
control and CVS exposed animals. *p<0.05, ***p<0.001.
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Figure 2.
Time course of plasma corticosterone activation in pair-housed animals between the removal
of the first animal (control) to the second animal removed at variable time point intervals (0
min, 5 min, 15 min, 30 min, and 90 min). *p<0.05, ***p<0.001 compared to the first animal
removed in each pair (control); ^p<0.05, ^^^p<0.001 compared to cage opened control
animals; #p<0.05, ###p<0.001 compared to 0 min time interval animals.
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