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A B S T R A C T

For basic research, rodents are often housed in individual cages prior to behavioral testing. However, aspects of
the experimental design, such as duration of isolation and timing of animal manipulation, may unintentionally
introduce variance into collected data. Thus, we examined temporal correlates of acclimation of C57Bl/6J mice
to single housing in a novel environment following two commonly used experimental time periods (7 or 14 days,
SH7 or SH14). We measured circulating stress hormones (adrenocorticotropic hormone and corticosterone),
basally or after injection stress, hippocampal gene expression of transcripts implicated in stress and affect
regulation: the glucocorticoid receptor (GR), the mineralocorticoid receptor (MR), including the MR/GR ratio,
and fibroblast growth factor 2 (FGF2). We also measured signaling in the mammalian target of rapamycin
(mTOR) pathway. The basal elevation of stress hormones in the SH14 group is accompanied by a blunting in the
circadian rhythms of GR and FGF2 hippocampal gene expression, and the MR/GR ratio, that is observed in SH7
mice. Following mild stress, the endocrine response and hippocampal mTOR pathway signaling are decreased in
the SH14 mice. These neural and endocrine changes at 14 days of single housing likely underlie increased an-
xiety-like behavior measured in an elevated plus maze test. We conclude that multiple measures of stress re-
sponsiveness change dynamically between one and two weeks of single housing. The ramifications of these
alterations should be considered when designing animal experiments since such hidden sources of variance
might cause lack of replicability and misinterpretation of data.

1. Introduction

Animals, like humans, are constantly interacting with the environ-
ment, including both its physical and social aspects, while simulta-
neously defining their own territory. A disruption of the balance be-
tween territoriality and social interactions, such as crowding or social
isolation, triggers stress responses with neurobiological consequences.
These responses, which can be adaptive or maladaptive depending on
the time frame, manifest as changes in the hypothalamic-pituitary-
adrenal (HPA) axis as well as in the neural circuitry that regulates stress
responsivity and affect regulation. Replicability and consistency of ex-
perimental results are essential for rigorous scientific research.
However, hidden sources of variability may exist in an experimental
design. Rodents are usually acclimated to a new environment prior to
experimental testing, often with changes in how they are housed. Yet,
the temporal aspects of animals’ responses to this adaptation are often

not considered.
Approximately seven days of acclimation has been typically con-

sidered to be sufficient time for stress hormones such as corticosterone
(CORT) to return to basal levels in rodents, based on reports that con-
centrations of plasma CORT of single-housed animals are similar to
those of group-housed animals at 7 days (Bartolomucci et al., 2003;
Haller et al., 2000; Reis et al., 2012; Tuli et al., 1995), 14 days and up to
42 days (Arndt et al., 2009; Bartolomucci et al., 2003; Hunt and
Hambly, 2006; Tuli et al., 1995). One study has shown resting CORT
levels in isolated rodents to be even lower than group-housed animals
with no differences in circadian rhythm at 18 days of housing (Nichols
and Chevins, 1981).

Single housing is the standard condition for experiments in many
laboratories. For example, researchers employing surgical procedures
often single house animals at least following surgery so that there is no
interference among animals while they heal. Other researchers house
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animals individually to eliminate order effects during behavioral testing
(Arndt et al., 2009; Chesler et al., 2002; Lyte et al., 2005). When ani-
mals are group-housed, the experimenter needs to remove one animal
at a time for testing. Once a cage is disturbed by removing an animal,
the other animals exhibit stress responses that would likely confound
their performance in a variety of behavioral tests (Arndt et al., 2009).
For example, when testing anxiety-like behavior in the elevated plus
maze (EPM) or the light/dark box, the goal is to measure spontaneous
behavior in a novel environment that is not influenced by prior hand-
ling or cage disturbance. Thus, it is easier to test behavior in animals,
with and without prior surgery, when they are single-housed.

Another rationale for single housing animals comes into play when
determining the effects of genotype on phenotype. Genotype may have
the predominant effect on phenotype in single-housed animals, as Nagy
et al. (2002) report when examining body composition. In contrast,
increased variance in group-housed animals, as compared to those
single-housed, may be due to the effects of behavioral and social in-
teractions on the phenotype. Thus, single housing animals may enhance
the probability of detecting significant differences because of lower
variances in the dependent variables among experimental groups,
especially if the findings of Nagy et al. (2002) can be extrapolated to
behavioral variables.

Group housing can modify behavior and hormonal levels in variable
ways since co-housed mice form social hierarchies (Wang et al., 2014).
For example, subordinate CD-1 male mice have higher plasma corti-
costerone when group-housed in the presence of an alpha male. Con-
versely, alpha males have higher levels of this stress hormone when
mice are pair-housed (Williamson et al., 2017). When social isolation is
used, the length can range from 24 h of single housing prior to a specific
behavioral test (Parmigiani et al., 1999) to behavioral testing per-
formed after extended periods of time such as 3–8weeks (Simler et al.,
1982; Kempf et al., 1984; van der Veen et al., 2007). Since the goal of
our study was to determine how a set of inter-related variables changes
dynamically in C57Bl/6J mice when they are single-housed for 7 or
14 days immediately after delivery, conditions often used by re-
searchers, group housing was not included as an experimental variable.

Thus, we examined temporal aspects of rodents' acclimation to
single housing in a new environment by assessing stress hormone levels
and expression of stress- and affect-related genes in the brain. We

determined how the response to single housing, in and of itself, might
be a significant variable affecting stress hormone levels over this time
period, and following an acute stress (PBS injection). We also measured
gene expression of the glucocorticoid receptor (GR), the miner-
alocorticoid receptor (MR), and fibroblast growth factor 2 (FGF2), all
key players in regulating stress and affect. We focused on the hippo-
campus (HPC) which is involved in controlling the basal tone and
rhythmicity of the HPA axis (Akil et al., 1991), terminating the stress
response (Herman et al., 2005; Cullinan et al., 1993), and regulating
emotional responsiveness (Admon et al., 2009; Chaudhury et al., 2014;
Eren-Kocak et al., 2011). We measured phosphorylation of ribosomal
protein S6 (S6) in the HPC as a marker of mTOR pathway activation
since mTOR signaling is linked in the brain to translational control,
synaptic plasticity, developmental disorders, and psychiatric illness
(Bockaert and Marin, 2015; Hoeffer and Klann, 2010; Huber et al.,
2015). Finally, we tested PBS-injected mice in the EPM for anxiety-like
behavior as an end point known to be sensitive to changes in the level of
stress. This multivariate study reveals that acclimation to a novel en-
vironment, from gene expression to behavior, does not reach a stable
endpoint at one week, but rather is dynamic. Therefore, this acclima-
tion feature should be taken into consideration when designing animal
research studies.

2. Materials and methods

2.1. Animals and experimental design

Twelve-week-old male C57Bl/6J mice (N=81) were obtained from
Jackson Laboratory (Bar Harbor, Maine) and single housed in standard
mouse cages (18.6 cm×29.8 cm×12.8 cm; 484 sq. cm) for either 7
(SH7) or 14 (SH14) days prior to sacrifice for basal measurements or
acute mild injection stress, behavioral testing, and sacrifice. Fig. 1
shows the experimental design and timeline. Mice were housed on a
14:10 light/dark cycle (lights on at 0600 h) with ad libitum access to
food and water. Basal mice (N=32) were kept unhandled in their
home cages until removal for sacrifice on either day 7 or 14 in the AM
(between 0900 and 1100 h) or the PM (between 1300 and 1500 h).
Given that numerous molecules have circadian rhythms, especially
stress hormones, we chose to collect blood and brains from the mice at
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Fig. 1. Experimental design and timeline. PBS= phosphate-buffered saline, EPM= elevated plus maze.
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these two time points during the day at which researchers often test
rodents. To assess reactivity to an acute stress, other mice were given
one injection of phosphate-buffered saline (PBS) with 0.1% bovine
serum albumin (5 μl/g; IP) between 0700 and 0900 h and returned to
their home cages for 1 h before behavioral testing in the EPM. Two
separate cohorts of mice were tested in the EPM 1 h after this acute
injection stress (N=24 SH7, 25 SH14) and, since the behavior was
similar between the two cohorts, the EPM data are reported together.
For the second cohort only, half of the SH7 (N=8) and SH14 (N=8)
mice were sacrificed immediately following the five-minute EPM test in
the AM (between 0900 and 1100 h; 1 h post-PBS injection), and the
other half (N=8 SH7, 8 SH14) were returned to their home cages and
sacrificed in the PM (between 1300 and 1500 h; 6 h post-PBS injection).
Both basal mice and those that received acute injection stress plus the
EPM test were sacrificed at similar AM and PM time points. Brains from
separate groups of SH7 and SH14 mice from each time point were used
for in situ hybridization (ISH) and immunoblotting as described in the
relevant subsections of the methods. All procedures were conducted in
accordance with the guidelines outlined in the National Institutes of
Health Guide for the Care and Use of Animals and were approved by the
University Committee for the Use and Care of Animals at the University
of Michigan.

2.2. Adrenocorticotropic hormone and corticosterone radioimmunoassays

To determine basal stress hormone levels, trunk blood was collected
from mice within 30 s after removal from their cages from 0900 to
1100 h or 1300 to 1500 h. For stress-induced hormone levels, trunk
blood was collected from mice 1 h (immediately following the EPM) or
6 h following acute injection stress (and five hours following the EPM).
Blood was centrifuged within 1 h of collection and plasma stored at
−80 °C until assayed. Plasma adrenocorticotropic hormone (ACTH)
and CORT were measured using commercially available radio-
immunoassay kits (MP Biomedicals, Orangeburg, NY) according to
package instructions. The sensitivity of the ACTH and CORT radio-
immunoassays were 5.7 pg/ml and 0.77 μg/dl, respectively. The ACTH
and CORT intra- and inter-assay coefficients of variation were<11%.

2.3. GR, MR, and FGF2 in situ hybridization

Gene expression of stress-related molecules was examined in brains
from basal mice via ISH. Mice were sacrificed by rapid decapitation,
and their brains removed, snap frozen in precooled isopentane, and
stored at −80 °C. Brains were cryostat sectioned at 10 μm, and sections
were mounted on Fisherbrand Superfrost/Plus Microscope Slides.
Sections were processed for ISH as previously described (Hebda-Bauer
et al., 2013). The GR probe is a 597-bp fragment directed against the
mouse GR mRNA. The MR probe is a 281-bp fragment directed against
the mouse MR mRNA. The mouse FGF2 probe is a 316-bp fragment
directed against the mouse FGF2 mRNA. All cRNA probes were directed
against the coding sequence of each mRNA and synthesized in our la-
boratory. Slides were placed in autoradiography cassettes with Kodak
XAR film (Eastman Kodak, Rochester, NY) for 6 (MR), 17.5 (GR), or 56
(FGF2) days. Autoradiograms were digitized using a ScanMaker
1000XL Pro (Microtek, Carson, CA) with LaserSoft Imaging software
(AG, Kiel, Germany). Digitized images were analyzed using Image J
(NIH) at the rate of 63 pixels/mm. Optical density measurements were
taken from the left and right sides of the brain at 70 μm intervals (1 in 7
series) throughout the rostro-caudal extent of each region of interest.
Thus, for each animal, an average of 16–18 sections were analyzed from
four subregions of the dorsal HPC (Cornu Ammonis fields CA1–CA3 and
the dentate gyrus) for GR, MR, and FGF2, and 5 sections from the
paraventricular nucleus of the hypothalamus (PVN) for GR. In addition,
given the prominent FGF2 gene expression in the fasciola cinereum (FC)
and a more medial area of the CA2 (i.e., medial CA2 in this paper) that
is rostral to and continuous with the FC (Lein et al., 2005; Williams

et al., 1996), we analyzed these regions separately. Adjacent sections
were stained with cresyl violet for anatomical localization. Optical
density measurements were corrected for background (i.e., tissue area
without signal) on each brain slice. Signal pixels of a region of interest
were defined as being 3.5 standard deviations above the mean of the
background. The mean optical density was determined for each region
of each animal and then group averages were calculated and compared
statistically. Data are reported as the mean optical density ± the
standard error of the mean (SEM) or percent change in mean optical
density ± standard error of the percent change for each region or
subregion in each experimental group.

2.4. Immunoblotting for mTOR pathway activation

The mTOR/p70S6K/S6 pathway determines synaptic plasticity in
neurons through modulation of protein synthesis and is responsive to
acute and chronic stress (Chandran et al., 2013; Hoeffer and Klann,
2010; Polman et al., 2012; Yang et al., 2008). Moreover, activation of
the mTOR pathway through neuron-specific deletion of an endogenous
protein repressor of the pathway, phosphatase and tensin homolog
(PTEN), increases phosphorylation of the downstream pathway com-
ponents, Akt and S6, in conjunction with decreased anxiety in the EPM
(Lugo et al., 2014). Therefore, in this study, S6 phosphorylation is used
as a marker of mTOR pathway activation in the HPC. Dorsal HPC
punches were obtained from frozen brains of SH7 and SH14 mice under
basal conditions or after acute stress and the tissue was homogenized in
a buffer containing 100mM NaCl, 10mM NaPO4 (pH 7.4), 5 mM EDTA
(pH 8.0), 5 mM EGTA (pH 7.0), 10mM Na2P2O7, 50mM NaF, 2mM
Na3VO4 and 1% Triton X-100 with the addition of one Complete Mini
protease inhibitor cocktail tablet (Roche Diagnostics, Indianapolis, IN)
per 10ml of solution. The amount of total protein was determined via a
BCA Protein Assay kit (Pierce, Rockford, IL). Samples from the dorsal
HPC containing equal amounts of protein were resolved with SDS-
polyacrylamide gel electrophoresis (SDS-PAGE). Immunoblotting was
performed for phosphorylated S6 with a phospho-specific antibody that
recognizes Ser235/236. Phosphorylation was normalized to the total
amount of S6 by immunoblotting with an antibody that recognizes both
the phospho- and dephospho-forms of the protein that are resolved
from one another with the SDS-PAGE conditions that were used. Both
primary antibodies were obtained from Cell Signaling Technology, Inc.,
Danvers, MA. Immunoreactive bands were visualized on Amersham
Hyperfilm™ ECL following incubation with an anti-rabbit-peroxidase
conjugated secondary antibody (Sigma-Aldrich, St. Louis, MO). Im-
munoreactivity was quantified by densitometric analysis using UN-
SCAN-IT™ gel digitizing software (Version 6.1, Silk Scientific Corpora-
tion Inc., Orem, UT). Data are expressed as the mean ± SEM of results
from at least triplicate experiments.

2.5. Behavioral testing

Mice were tested in the EPM 1 h after acute injection stress, between
0800 and 1000 h. A videotracking system (Ethovision, Noldus
Technology) was used to collect behavioral data during this test. The
EPM consists of four arms (27 cm×6 cm) arranged in a plus form and
elevated 51 cm from the floor. Two opposing arms are surrounded with
14-cm-high clear Plexiglas walls (closed arms), whereas the other arms
are devoid of walls (open arms). The light intensity in the open arms
was 275 lx. At the intersection of the four arms is a central 8 cm×8 cm
square platform giving access to all arms. Mice were gently placed in
the center area and their behavior monitored for 5min. An entry is
defined as a mouse having all four paws in an arm. Dependent measures
included the time spent and number of entries into the open and closed
arms and the center area and the latency to enter the open arms.
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2.6. Statistical analyses

Data were analyzed using linear mixed models (proc mixed) in SAS
statistical software. The mixed models for ISH data contain three fixed
effects (single housing duration, time of sacrifice, and HPC subregion)
for the HPC and two fixed effects for the PVN (single housing duration
and time of sacrifice), as well as a random effect parameter due to the
subjects (i.e., mice). Standard errors for percent change in mean optical
density for ISH data were calculated using linearized ratio estimates
based on the estimates and standard errors from the mixed models.
Data from the ACTH and CORT radioimmunoassays were analyzed with
two-way ANOVAs (single housing duration x time of sacrifice), S6 im-
munoblotting with two-way ANOVAs (single housing duration x treat-
ment condition [i.e., basal and sacrifice 1 or 6 h after PBS injection]),
and the EPM with Student's t-tests. Post hoc least-squared means tests
with slices were performed with the linear mixed models and ANOVAs
to determine effects of single housing duration, time of sacrifice, and
treatment condition in specific groups. The effect sizes for all reported
data are included in the text. Cohen's d is reported for two-sample
comparisons, semipartial eta squared (ηp2) is reported for ANOVAs, and
marginal R2 is reported for linear mixed models. The marginal R2 for
linear mixed models was computed with the function rsquared in the R
package piecewiseSEM (Lefcheck, 2016). The significance value for all
tests was α≤ 0.05.

3. Results

3.1. Prolonged single housing modifies basal stress hormone levels and
blunts the peripheral stress response

As a first measure of how the duration of single housing can affect
the HPA axis, basal hormone levels in the blood were measured in the
AM and the PM (Fig. 2A and B). All mice, at 7 and 14 days of single
housing (SH7 and SH14), show a rise in ACTH and CORT levels from
morning to afternoon, as expected for the normal daily rhythm of these
circulating hormones (ACTH: F(1,25)= 9.00, p=0.0060, ηp2= 0.2192;
CORT: F(1,25)= 17.71, p=0.0003, ηp2= 0.3826). However, extended
isolation increases indices of HPA axis activation, with the SH14 mice
exhibiting significantly higher basal ACTH and CORT levels than SH7
mice in the PM and AM, respectively (ACTH: F(1,25) = 4.31, p=0.0484,
ηp2= 0.1049; CORT: F(1,25)= 4.10, p=0.0538, ηp2= 0.0885). Hor-
mone levels in the blood were also measured 1 and 6 h following an
acute stress challenge (i.e., a single injection) after 7 and 14 days of
single housing (Fig. 2C and D). Large ACTH and CORT increases were
noted 1 h post-injection when compared to basal levels of these hor-
mones (compare Fig. 2C and D to Fig. 2A and B). In addition to higher
circulating basal AM CORT levels when compared to SH7 mice
(Fig. 2B), SH14 mice exhibit a lower magnitude in the CORT response
to acute stress (single housing duration main effect: F(1,26)= 5.71,
p=0.0244, ηp2= 0.0503; posthoc test – 1 h sacrifice time:
F(1,26) = 5.42, p < 0.0280; Fig. 2D). However, all SH7 and SH14 mice
show a decrease in ACTH and CORT levels from one to 6 h post-injec-
tion (ACTH: F(1,26) = 36.00, p < 0.001, ηp2= 0.5763; CORT:
F(1,26) = 77.81, p < 0.0001, ηp2= 0.6854). Thus, extended isolation
leads to altered basal hormone levels and reactivity to acute stress at
the peripheral level, indicating altered HPA regulation and a state of
chronic stress in the SH14 mice. The data also indicate that measure-
ment of ACTH or CORT at single time points may not adequately cap-
ture changes in hormonal levels during different intervals of single
housing.

3.2. Prolonged single housing blunts diurnal GR gene regulation

Since extended isolation alters peripheral indices of the HPA system,
basal gene expression in the brain of the stress- and affect-related mo-
lecules, GR, MR, and FGF2, was examined in subregions of the dorsal

HPC via ISH after 7 and 14 days of single housing. In the SH7 mice,
basal GR gene expression increases in the PM relative to AM levels in all
of the HPC fields (Fig. 2A and B). In contrast, the SH14 mice exhibit no
change or a small decrease in GR mRNA levels from AM to PM. A mixed
model analysis (marginal R2= 0.8749) shows significant interactions
between single housing duration and sacrifice time (F(1, 1756) = 3.96,
p=0.0469) and region (F(3,1756) = 14.81, p < 0.0001), as well as a
significant main effect for region (F(3,1756) = 3666.61, p < 0.0001).
Posthoc tests show significant upregulation from AM to PM in GR
mRNA expression of SH7 mice in the CA2 (F(1,1756)= 3.83,
p=0.0505), CA3 (F(1,1756)= 3.81, p=0.0512), and dentate gyrus
(F(1,1756)= 6.70, p=0.0097) subregions of the HPC (Fig. 3A). Further,
SH14 mice show higher AM GR mRNA levels in all areas of the dorsal
HPC compared to SH7 mice, and these higher levels reach significance
in the dentate gyrus (F(1,1756)= 7.53, p=0.0061; Fig. 3C). GR gene
expression is also higher in the PVN of SH14 mice compared to SH7
mice (F(1,136) = 6.82, p=0.0100, marginal R2= 0.3588; Fig. 3D).
Since there was no AM to PM diurnal regulation of GR gene expression
in the PVN, the AM and PM time points were combined for this region.
These GR gene expression data in the dorsal HPC and PVN show a loss
of regulation and overall higher AM GR levels in SH14 mice, indicating
that extended isolation impacts the regulation of stress-related genes.

3.3. Prolonged single housing alters MR gene regulation and the MR/GR
ratio

Similar analysis of MR gene expression reveals a significant main
effect for time of day (F(1,1757)= 5.36, p=0.0208), but not for single
housing duration (F(1,1757) = 1.13, p=0.2888). Both SH7 and SH14
mice show a downregulation of MR gene expression in all areas of the
dorsal HPC from AM to PM, with a significant decrease only in the CA2
subregion of SH7 mice (posthoc test: F(1,1757)= 6.14, p=0.0133;
Fig. 4A). In addition to a significant main effect for region
(F(3,1757)= 889.35, p < 0.0001), a mixed model analysis (marginal
R2= 0.9083) reveals a significant single housing duration by sacrifice
time by region interaction (F(3,1757)= 2.85, p=0.0363). For example,
in the CA2 region, posthoc tests show that SH14 mice exhibit sig-
nificantly lower MR mRNA expression in the PM than SH7 mice in the
AM (CA2: t(1757) = 3.09, p=0.0020). Thus, the changes in gene ex-
pression for MR, in comparison to GR, are more limited, occur in the
opposite direction from AM to PM time points, and are mainly in the
CA2 region.

An optimal MR/GR balance is necessary for promoting homeostasis
and helping the stress system adapt to change (Oitzl et al., 2010). Al-
though MR gene expression in the dorsal HPC is not affected by the
duration of single housing as extensively as that of GR gene expression,
the MR/GR mRNA ratio in the CA2 subregion is dramatically affected.
A mixed model analysis (marginal R2= 0.1171) of the MR/GR ratio in
the dorsal HPC reveals a significant main effect for region
(F(3,36) = 75.45, p < 0.0001) and two significant interactions: single
housing duration by sacrifice time (F(1,36) = 4.40, p=0.0429) and
single housing duration by sacrifice time by region (F(3,36) = 4.15,
p=0.0127). Posthoc tests show that SH7 mice exhibit a significant
decrease in the MR/GR ratio in the CA2 subregion from AM to PM
(F(1,36) = 22.69, p < 0.0001), while the SH14 mice show little time of
day change in the ratio (F(1,36)= 0.58, p=0.4510; Fig. 4B). Also, SH7
mice exhibit significantly higher and lower MR/GR ratios in the CA2
subregion than SH14 mice in the AM and PM, respectively (posthoc
tests - AM: F(1,36) = 7.67, p=0.0088; PM: F(1,36) = 7.60, p=0.0091).
These MR/GR ratio alterations with extended isolation may reflect an
imbalance that increases vulnerability to sub-optimal stress responses
and recovery.

3.4. Prolonged single housing blunts FGF2 gene regulation

Due to the dramatic alterations in the CA2 MR/GR ratio with

E.K. Hebda-Bauer, et al. Hormones and Behavior 114 (2019) 104541

4



prolonged single housing and the knowledge that FGF2 levels are sen-
sitive to glucocorticoids (Molteni et al., 2001), we examined FGF2 gene
expression in subregions of the dorsal HPC as a function of the duration
of single housing. Similar to GR gene expression, the affect-related
FGF2 gene exhibits an upregulation in mRNA from AM to PM in SH7
mice, and this upregulation is lost with extended isolation in SH14
mice, except in the CA2 subregion (Fig. 5A and B). A mixed model
analysis (marginal R2= 0.8299) of FGF2 gene expression reveals sig-
nificant main effects for sacrifice time (F(1,1987)= 4.69, p=0.0304)
and region (F(5,1987)= 1515.56, p < 0.0001), but not single housing
duration (F(1,1987)= 0.80, p=0.3725). However, single housing
duration by sacrifice time (F(1,1987) = 6.05, p=0.0140) produces a
significant interaction, as well as sacrifice time by region
(F(5,1987) = 8.68, p < 0.0001). Posthoc tests show that FGF2 mRNA
levels significantly increase from AM to PM in SH7 mice in all areas of
the dorsal HPC, except for the CA1 subregion (CA1: F(1,1987)= 2.54,
p=0.1110; CA2: F(1,1987) = 13.55, p=0.0002; CA3: F(1,1987)= 6.81,

p=0.0091; DG: F(1,1987)= 4.05, p=0.0443; mCA2: F(1,1987)= 9.55,
p=0.0020; FC: F(1,1987)= 9.39, p=0.0022; Fig. 5A and B). In con-
trast, FGF2 mRNA levels do not increase from AM to PM with extended
isolation, except in the CA2 subregion (F(1,1987) = 5.38, p=0.0204). As
expected (Williams et al., 1996), there is a strong mRNA expression of
the FGF2 gene in the CA2 subregion (Fig. 5B), as well as in its com-
ponent areas, the medial CA2 and the FC. Moreover, SH14 mice exhibit
lower PM FGF2 levels compared to that of SH7 mice in four of the HPC
subregions (CA2: F(1,1987)= 3.85, p=0.0499; CA3: F(1,1987)= 4.62,
p=0.0316; mCA2: F(1,1987) = 6.28, p=0.0123; FC: F(1,1987)= 4.43,
p=0.0355), indicating a blunted regulation of FGF2 expression in
these mice (Fig. 5C).

3.5. Prolonged single housing abrogates mTOR pathway activation in the
HPC following acute stress

Since the duration of single housing impacts gene expression and
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Fig. 2. Prolonged single housing modifies
basal stress hormones and blunts the per-
ipheral stress response. All mice show a rise
in ACTH (A) and CORT (B) from AM to PM,
as expected for the normal daily rhythms of
these circulating hormones (p < 0.01).
However, SH14 mice exhibit significantly
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spectively. All mice show a decrease in
ACTH (C) and CORT (D) levels from 1 to 6 h
post injection and EPM testing
(p < 0.001). However, SH14 mice exhibit
a significantly smaller rise in CORT than
SH7 mice 1 h following injection stress and
EPM testing (D). Data represent
mean ± SEM. *p < 0.05.
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peripheral basal and stress-induced circulating hormone levels, the
existence of functional changes in HPC signaling was examined via
measurement of S6 phosphorylation, a marker of mTOR pathway ac-
tivation that has been correlated with the behavioral state of mice
(Lugo et al., 2014). Phosphorylation of S6 was determined by im-
munoblotting and expressed as a ratio of PO4-S6 to total S6 in each
dorsal HPC sample. Since it was found that time of day did not affect
basal PO4-S6/total S6 ratios (data not shown), AM and PM values were
combined. The data reveal that the duration of single housing also did
not affect basal levels of S6 phosphorylation, as SH7 and SH14 basal
mice exhibit similar PO4-S6/total S6 ratios (posthoc test - F(1,27)= 0.08,
p=0.7780; Fig. 6A and B). SH7 mice, however, exhibit increased
phosphorylation of S6 in the dorsal HPC 1 h following acute stress,
while SH14 mice do not. A mixed model analysis reveals significant
main effects for duration of single housing (F(1,27) = 4.42, p=0.0450,
ηp2= 0.0538) and treatment condition (i.e., basal and sacrifice one or
6 h after PBS injection; F(2,27)= 18.02, p < 0.0001, ηp2= 0.4387) and
a significant duration of single housing by treatment condition inter-
action (F(2,27) = 10.27, p=0.0005, ηp2= 0.2499). Posthoc tests reveal
that 1 h following injection stress, and immediately after the five-

minute EPM test, SH7 mice exhibit significantly higher S6 phosphor-
ylation compared to basal mice (SH7: t(27)= 6.21, p < 0.0001; SH14:
t(27) = 6.11, p < 0.0001) and SH14 mice (F(1,27) = 22.10,
p < 0.0001; Fig. 6A and B). This rise in S6 phosphorylation in the
dorsal HPC of SH7 mice returns to basal levels within 6 h (t(27) = 6.66,
p < 0.0001). In contrast, SH14 mice show PO4-S6/total S6 ratios one
and 6 h following acute mild stress that are similar to basal levels. Thus,
prolonged single housing abrogates mTOR activation in the dorsal HPC
following acute mild stress.

3.6. Prolonged single housing promotes anxiety-like behavior

We have previously determined that higher GR levels in concert
with lower FGF2 levels in the rat HPC are associated with increased
anxiety-like behavior (Chaudhury et al., 2014). Since similar changes in
GR (AM) and FGF2 (PM) expression were found at SH14 in this study
with mice in combination with other markers of altered stress re-
activity, anxiety-like behavior was tested with the EPM in SH7 and
SH14 mice 1 h following a single PBS injection. After one week of single
housing plus an acute mild stress, SH7 mice show relatively high

Fig. 3. Prolonged single housing blunts
diurnal GR gene regulation. (A) SH7 mice
show basal upregulation of GR mRNA ex-
pression in all areas of the dorsal HPC from
AM to PM, while SH14 mice do not. (B)
Representative GR in situ hybridization
autoradiographs of the dorsal HPC from
SH7 and SH14 mice sacrificed in the AM
and PM. (C) SH14 mice show higher AM GR
mRNA levels in all areas of the dorsal HPC,
compared to SH7 mice. (D) GR mRNA le-
vels are also significantly higher in the PVN
of SH14 mice compared to SH7 mice. Data
in (A) represent percent change from AM to
PM ± the standard error of the percent
change. Data in (C) and (D) represent
mean ± SEM. *p < 0.05; **p < 0.01.
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exploration and low anxiety-like behavior in the EPM (compared to
wild-type mice of other strains bred in our lab; unpublished data). In
contrast, two weeks of single housing plus an acute stress generates
very different behavior. SH14 mice exhibit high anxiety-like behavior
by making fewer entries (t(32.727) = 3.39, p=0.0019, d=0.9686),
spending less time (t(29.533) = 3.53, p=0.0014, d=1.0086), and
taking longer to enter (t(47) =−2.69, p < 0.0099, d=0.7686) the
open arms of the EPM than SH7 mice (Fig. 7A, B, and C, respectively).
Thus, the duration of single housing, without any other environmental
changes, makes a dramatic difference in spontaneous exploratory be-
havior in a novel environment following an acute mild stress. When
challenged with an acute mild stress, one week of single housing fosters
exploratory behavior, while two weeks of single housing attenuates this
exploration.

4. Discussion

The results of the present study demonstrate that acclimation to a
single-housing environment is dynamic and evolves even over a short
time. We have used three types of markers that have been implicated in
coping with the environment - classic elements of the HPA axis, a
growth factor linked to anxiety and mood disorders, and a signaling
pathway involved in neuroplasticity. The temporal differences observed
with extended single housing are revealed in altered basal and stress-
induced circulating hormone levels and stress- and affect-related gene
expression and mTOR pathway signaling in the brain. These effects are
indicative of a stressed state and likely underlie the anxiety-like beha-
vior that is observed when the duration of single housing of C57Bl/6J
mice is increased from 7 to 14 days.

Single housing, in and of itself, produces hormonal and molecular
differences basally in the absence of an acute stressor. Although all
single-housed mice in the current study exhibited a rise in both ACTH
and CORT from morning to afternoon, as expected for the normal
diurnal rhythm for these stress hormones (Akil and Morano, 1996),
mice single housed for 14 days showed higher basal hormone levels and
a blunted rise in CORT following acute injection stress. The majority of
researchers have not tested animals exposed to different durations of
single housing in the same experiment as was performed in the current
study, with one exception. Bartolomucci et al. (2003) report similar
CORT levels among single-housed Swiss CD-1 mice tested at 1, 7, 14,
21, or 42 days. It was not until single-housed mice (for 21 days) were

exposed to an acute mild stress that they showed higher basal CORT
levels the morning following acute stress exposure. A strength of the
current study is that, in addition to more than one duration of single
housing, hormone levels were measured not with a single daily mea-
surement but at two time points during the day, both basally and fol-
lowing an acute mild stressor, based on the observation that an acute
stress might be needed to elicit hormonal changes. Although not at-
tempting to report on 24-h hormonal rhythms, the current data do
provide an indication of circulating hormonal differences during times
of day in which behavior of animals is often assessed and reveal
changes in the circulating stress hormone patterns with extended iso-
lation that indicate a chronically-activated stress system (Dallman
et al., 2004). It should be noted that the peripheral blood levels of
CORT and ACTH show significant changes at certain time points and
not others and, if taken as the primary measure, a single determination
may lead to the erroneous conclusion that the system is stable. The
brain measures and stress challenge are also essential to a more com-
plete understanding of dynamic changes caused by housing conditions.

The HPC serves as an integrator of the molecular elements re-
sponsible for activation or inhibition of the stress- and affect-systems
(Akil et al., 1991). Interplay between neuronal circuitry and hormonal
mechanisms is evident in the basal tone of the stress system that fluc-
tuates with the rest-activity cycle and the activated state in response to
stressors. The HPC shows changes in MR and GR mRNA levels at two
points in the diurnal cycle, consistent with the hypothesis that the HPC
acts as an integrator of HPA signals across a 24-h period (Herman et al.,
1993). MR and GR in the HPC are specifically receptive to information
concerning time of day and glucocorticoid (i.e., CORT) levels. In the
current study, C57Bl/6J mice single housed for 7 days clearly show an
upregulation of GR mRNA in the HPC from the morning to the after-
noon. However, this GR regulation in the HPC is lost when isolation is
extended to 14 days. Further, GR gene expression in the PVN, the pri-
mary controller of HPA-mediated CORT release (Herman et al., 2002) is
higher with extended isolation. The lack of diurnal rhythm of GR mRNA
in the PVN of mice exposed to either duration of single housing in the
current study is consistent with previous reports (Herman et al., 1993).
A loss of GR mRNA regulation in the HPC and higher GR mRNA levels
in the HPC (in the AM) and the PVN with 14 days of single housing
suggest continued activation of the stress system. Since GR is con-
sidered a sensor of stress and a key player in the negative feedback that
turns off the stress response, expression levels of GR need to be
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optimized by the organism to ensure appropriate, but not excessive,
detection of stress and provide efficient termination of the ensuing
stress response (Akil and Morano, 1996).

Although only minimal changes in MR gene expression in the HPC
are observed from 7 to 14 days of single housing in most subregions, an
exception is the CA2. Moreover, the MR/GR mRNA ratio in the CA2
subregion of the HPC shows a dramatic time of day effect at 7 days and
a loss of this AM to PM difference with more extended isolation. These
results are consistent with a potential role of MR in determining plas-
ticity through regulation of gene expression in the CA2 subregion
(McCann et al., 2018). The MR/GR balance hypothesis predicts that MR
and GR operate in combination, and that balanced activation of MR and

GR is crucial for neuronal excitability, stress responsivity, and beha-
vioral adaptability (De Kloet et al., 1998; Oitzl et al., 2010). Upon
imbalance of the MR/GR ratio, threats to homeostasis are less well
processed and, over a certain threshold, may lead to neuroendocrine
dysregulation and impaired behavioral adaptation. Human postmortem
studies show gene expression alterations within brain regions that
regulate the stress- and affect-systems, including altered ratios of MR
and GR mRNAs in the HPC of depressed patients (Lopez et al., 1998).
Animal studies using the MR/GR ratio as an indicator of HPA function
report either an increased or decreased ratio concomitant with chronic
stress or long-term adaptation to stress (Brureau et al., 2013; Garcia-
Fuster et al., 2012; Ladd et al., 2004; Liberzon et al., 1999; Topic et al.,
2008; Zhang et al., 2011). Our laboratory has previously shown a time
of day effect in the MR/GR mRNA ratio in the HPC, with a higher ratio
in the morning compared to the afternoon (Kerman et al., 2012), con-
sistent with the current findings in C57Bl/6J mice single housed for
7 days. Loss of the MR/GR mRNA ratio difference relative to time of day
in the HPC further indicates adverse effects from 7 to 14 days of single
housing since altered expression of MR and GR have long-lasting con-
sequences for stress responsiveness and emotional regulation.

Interestingly, the key single-housing duration changes in the MR/
GR ratio occur in the CA2 region of the hippocampus where the
strongest FGF2 mRNA expression is also found. This hippocampal area
has recently received attention as a distinct region incorporating many
unique anatomical, synaptic, and molecular features that differentiate it
from the other hippocampal areas (see reviews by Benoy et al., 2018
and Carstens and Dudek, 2019). Recent evidence also suggests a role for
this area in social behavior and memory (Dudek et al., 2016). The CA2
region has place cells similar to that of the CA1 and CA3 areas, but CA2
place cells are unique in that they link social and novel contextual in-
formation with representations of space. These cells have the capacity
to update their spatial representations in response to social or con-
textual changes in the environment (Alexander et al., 2016). This place
cell feature has ramifications in light of the temporal dynamics of single
housing observed in the current study, namely in the MR/GR mRNA
ratio and FGF2 mRNA levels.

FGF2 in the HPC plays a role in emotional regulation, an essential
component of the stress- and affect systems that guide responses and
adaptation to the physical and social environment, including antici-
pating, responding, and coping with stress (Turner et al., 2012). The
FGF system is also reactive to stress and glucocorticoids (Molteni et al.,
2001). Similar to that of stress-related hormones and steroid receptors,
FGF2 gene expression shows a daily rhythm as we have previously re-
ported (Turner et al., 2015). In the current study, C57Bl/6J mice single
housed for 7 days show an upregulation of FGF2 mRNA in most areas of
the HPC from the morning to the afternoon, consistent with the data
obtained from group-housed rats. This regulation, however, is lost and
the overall PM FGF2 gene expression is decreased with extended iso-
lation, consistent with increased anxiety-like behavior in the 14-day
single-housed mice. Our laboratory has shown that in humans and
Sprague-Dawley rats, FGF2 gene expression is decreased in conjunction
with anxiety and depression (Evans et al., 2004; Perez et al., 2009;
Turner et al., 2008a, 2008b). The current data extend these findings by
showing that lower endogenous FGF2 gene expression in the HPC is
correlated with high anxiety-like behavior of the SH14 mice in con-
junction with higher AM GR and lower PM FGF2 mRNA levels in the
HPC, consistent with our current working model of the relationship
between the molecular organizers, GR and FGF2, with anxiety behavior
(Chaudhury et al., 2014).

The mouse data also suggest how FGF2 gene expression changes in
conjunction with altered hormone levels and stress-gene expression
signifying an activated stress system. FGF2 mRNA levels initially in-
crease when exposed to stress, but then, with continued or repeated
stress, they decrease (Bland et al., 2006; Turner et al., 2008a). The
initial rise in FGF2 in response to stress serves a neuroprotective
function (Anderson et al., 1988; Mark et al., 1997; Otto and Unsicker,

Fig. 5. Prolonged single housing blunts FGF2 gene regulation in the HPC. (A)
SH7 mice exhibit an increase in FGF2 gene expression from AM to PM in all
areas of the dorsal HPC, while SH14 mice do not, except for the CA2 subregion.
The FGF2 gene is highly expressed in the CA2, including its associated areas
that are more medial: mCA2 that is more rostral to and continuous with the FC.
(B) Representative FGF2 in situ hybridization autoradiographs of the dorsal
HPC from SH7 and SH14 mice sacrificed in the AM and PM. (C) SH14 mice also
show lower PM FGF2 levels compared to that of SH7 mice in several of the HPC
subregions. Data in (A) represent percent change from AM to PM ± the stan-
dard error in the percent change. Data in (C) represent mean ± SEM.
*p < 0.05; **p < 0.01; ***p < 0.001.
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1990), but the decline with continued stress may reflect a reduction and
long-term impairment in brain function (Riva, 1995). A decline in FGF2
gene expression in the HPC from 7 to 14 days of single housing in the
current study suggests impaired cellular and behavioral (i.e., altered
emotional regulation) resilience with extended isolation. Further re-
search is needed to document a possible causal relationship between
alterations in CORT/GR and FGF2 levels and to verify the impact of
changes in FGF2 gene expression on resilience to stress in this model.

Compromised resilience with extended single housing is also evi-
denced by changes in the mTOR/p70S6k/S6 signaling pathway, known
to be responsive to stress (Chandran et al., 2013; Hoeffer and Klann,
2010; Polman et al., 2012; Yang et al., 2008). In the current study,
increased mTOR signaling was observed in the HPC of C57Bl/6J mice
after 7 days of single housing followed by a mild stress and exposure to

a novel environment (i.e., PBS injection and EPM). Since no changes
were observed in basal S6 phosphorylation, this enhanced mTOR
pathway activity appears to be a response to acute stress. Increased
mTOR signaling in mice single housed for 7 days is also consistent with
other studies correlating decreased anxiety-like behavior in the EPM
with phosphorylation of S6. Suo et al. (2013) found such a relationship
in the prefrontal cortex, but not the HPC, when adolescent Sprague-
Dawley rats were exposed to twenty-eight days of predictable chronic
mild stress (PCMS) followed by testing in the EPM as adults. Such
PCMS, especially during adolescence, is purported to confer resilience
and, thereby, promote low anxiety-like and depressive-like behavior. A
neuron-specific deletion of PTEN creates a hyperactive mTOR pathway
in mice on a FVB-based mixed background with an increase in phos-
phorylated Akt and S6 concomitant with decreased anxiety in the EPM
and increased activity in the open field (Lugo et al., 2014). Conversely,
increased anxiety-like behavior follows mTOR signaling blockade with
rapamycin (Hadamitzky et al., 2014; Tsai et al., 2013). We find that
enhanced mTOR signaling is lost in the HPC of mice exposed to 14 days
of single housing and acute stress in association with anxiety-like be-
havior in the EPM, another indication that the normal response to stress
is altered when the period of single housing is extended. Such corre-
lations between the state of activation of the mTOR pathway and be-
havior may be relevant within a broader context to conditions which
are characterized by an anxious phenotype. A link between mTOR
signaling and emotional regulation exists, as components of the mTOR
pathway are altered in brains of people with major depressive disorder,
schizophrenia, and autism (Bockaert and Marin, 2015; Huber et al.,
2015; Jernigan et al., 2011).

The results of this study must be considered within the context of
the behavioral traits and genetic background of C57Bl/6J mice.
Substrains of C57 mice are relatively nonemotional, more active, and
less aggressive than other inbred strains (BALB/c, DBA/2, C3H/He)
with corresponding neurotransmitter phenotypes and differences in
their stress responses (Cabib et al., 2002; Kempf et al., 1984; Kopp
et al., 1999; Lalonde and Strazielle, 2008; Oliverio et al., 1973; Peeler
and Nowakowski, 1987; Simler et al., 1982; van der Veen et al., 2007).
In contrast to outbred (Swiss-Webster, Swiss CD-1) or wild mice, they
show less basal, anxiety-related, or exploratory activities, less aggres-
sion, and more risk assessment (Hsieh et al., 2017; Parmigiani et al.,
1999; Rodgers et al., 2002). In some studies, C57Bl/6 mice display a
high level of anxiety-like behavior in the EPM and adopt a hyper-
immobile response in the forced swim task (Avgustinovich et al., 2000;
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Cabib et al., 2002; Griebel et al., 2000). In contrast, other investigators
report that C57 substrains are more exploratory, even in the open arms
of the EPM, or less anxious than other strains (Carola et al., 2002;
Lepicard et al., 2000; Lalonde and Strazielle, 2008; Rodgers et al.,
2002). These differing results have been attributed to experimental
factors, such as variable lighting conditions during the EPM test
(Lalonde and Strazielle, 2008). The C57BL/6 mouse strain shows only
intermediate reactivity in the light-dark box test and is unable to learn
an active avoidance task (Bovet et al., 1969; Cabib et al., 2002; Griebel
et al., 2000). Given these observations, the EPM was chosen for the
behavioral part of this study with C57Bl/6J mice as a protocol appro-
priate for measurement of anxiety-like behavior.

The duration of single housing dramatically impacts anxiety-like
behavior in the EPM following an acute stress challenge, as shown in
the current study. Exploration marked the behavior of the C57Bl/6J
mice single housed for 7 days. These mice explored the whole EPM,
entered the open arms many times, and spent a considerable amount of
time in them.

Although single housing is thought to be a type of social isolation
stress, it may initially have some positive features for male mice, as
adequate space appears to be an extremely important characteristic of a
positive environment for them (Latham and Mason, 2004; Sherwin and
Nicol, 1997). Males often display territorial behavior, and single
housing provides the individual mouse with its own, unchallenged
territory. In the current study, however, there was a dramatic shift in
behavior from 7 to 14 days of single housing when the C57Bl/6J mice
displayed high anxiety-like behavior by spending little time and making
few entries into the open arms of the EPM. This aversive behavior in
combination with underlying alterations observed over a range of
stress-related variables suggests that, between 7 and 14 days, single
housing switches from a positive to a negative experience. As stated
above, determination of whether C57 substrains are anxious in the EPM
has yielded discrepant experimental results. This study suggests that
one source of such variability may be the nature and duration of
housing conditions under which mice are kept prior to testing in ad-
dition to the lighting conditions during the test.

When facing challenges or stressors, the HPA system becomes ac-
tivated in response to the organism's innate need for homeostasis, en-
abling adaptation to environmental changes. Although achieving
homeostasis implies that behavioral and physiological indices have
returned to baseline levels, it may, in fact, reflect stability that is
achieved only through continual change in relation to environmental
conditions, or allostasis (McEwen and Wingfield, 2010). Such indices
may never return to the original baseline values, but may now reflect a
new “baseline” by which comparisons can be made. It is evident that
isolation for 14 days leads to a different state than the one observed at
7 days. The question remains as to whether the mice in this study have
reached stability by day 14 of single housing or are still responding to
this environmental change. Continued activation of the HPA system,
beyond the behavior of mice single housed for 14 days, could even-
tually become deleterious and lead to increased vulnerability to illness.

While the ability to acclimate to novel environments has been well
documented in many species, researchers still know very little about the
neuronal and neuroendocrine mechanisms that are responsible. The
results from the current study demonstrate that acclimation is a process
involving the stress- and affect-systems and does not necessarily reach a
clear end-point. Further, temporal aspects of acclimation reveal that
such adaptation does not always elicit beneficial outcomes. The rami-
fications of these stress- and affect-system alterations during the accli-
mation process should be considered when designing animal experi-
ments. Identifying sources of variance, such as housing conditions and
timing of data collection, is essential to standardize experimental
parameters. This study shows how duration of isolation elicited by
single housing and a few hours difference in the time of day, can sig-
nificantly alter numerous, inter-related variables, from gene expression
to behavior. Stability in measured variables is key for obtaining valid,

reliable data. Determining how to achieve this stability and reprodu-
cibility is a continuing challenge for researchers using animal models.
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