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The role of glucocorticoid receptor-dependent activity in the
amygdala central nucleus and reversibility of early-life stress
programmed behavior
MG Arnett1,2, MS Pan1, W Doak1, PEP Cyr3, LM Muglia1 and LJ Muglia1,2

Early-life stress (ELS) leads to sustained changes in gene expression and behavior, increasing the likelihood of developing a
psychiatric disorder in adulthood. The neurobiological basis for the later-in-life psychopathology is relatively unknown. The current
study used a mouse model of ELS, achieved by daily maternal separations during the first 2 weeks of postnatal life, to test the role
of amygdalar glucocorticoid receptor (GR) function in mediating the persistent increase in risk-taking behaviors. ELS produced a
decrease in GR mRNA in the brain, with a notable reduction in the amygdala that was associated with sustained alterations in
anxiety, fear and sociability-like behaviors. Lentiviral-mediated restoration of the GR mRNA deficit, specifically within the adult
central nucleus of the amygdala (CeA), reversed the enduring changes in anxiety and social behavior after ELS. These results
provide evidence of lasting changes in CeA GR neural circuitry following ELS and suggest a mechanistic role for GR-regulated
processes in the CeA in mediating the lifelong maladaptive behaviors of ELS. We demonstrate that the long-lasting behavioral
effects of ELS are reversible later in life and implicate the involvement of CeA GR-dependent activity in the sustained dysregulation
of emotion following ELS.
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INTRODUCTION
More than 10% of children in the US are subjected to some form
of maltreatment, including abuse and neglect, during early life.1

Early-life stress (ELS) in humans increases vulnerability to later-in-
life psychiatric disorders, including depression, anxiety disorders,
personality disorders and schizophrenia.2–8 Likewise, in rodents,
early postnatal experience has profound and long-lasting effects
on stress responsiveness and emotionality.9–11

Glucocorticoids are important regulators of basal and stress-
related homeostasis maintained through the hypothalamic–
pituitary–adrenal (HPA) axis and function as transcription factors
to influence a wide array of gene expression in almost every organ
and tissue.12,13 As the critical end products of the HPA axis,
glucocorticoids, cortisol in humans and corticosterone in rodents
promote adaptation to stress and stress recovery through
negative-feedback signaling via glucocorticoid receptors (GR).14

Alterations in GR signaling, and the subsequent dysregulation of
HPA axis function, may in part underlie the later-in-life psycho-
pathologies that result following ELS. Dysfunctional GR signaling
has been implicated in the pathogenesis of psychiatric disorders,
including mood disorders, posttraumatic stress disorder (PTSD),
schizophrenia and bipolar disorder.13,15–19

The amygdala is a critical component of the neural circuitry
involved in mediating fear, social behavior and anxiety. Early-life
adversity has been linked to alterations in amygdalar structure
and function in both rodents and humans.20–22 This altered
amygdala activity has been shown to persist into adulthood and is
associated with a dysregulation in fear responsiveness and socio-
emotional disturbances over the lifetime.21,23,24 Furthermore,

amygdala abnormalities have been reported in many psychiatric
disorders including depression,25 anxiety disorders,7 border-
line personality disorder,26 PTSD27 and schizophrenia.28 Within
the amygdala, the central nucleus (CeA) is strategically placed
to mediate many aspects of fear and anxiety, as CeA neurons
project to sites involved in mediating different aspects
of the stress response, including the hypothalamus, basal
forebrain and brainstem.29,30 Extensive studies in rodents have
examined the functional contributions of specific amygdala nuclei
and demonstrate a role for the CeA in innate and learned
behavioral and physiological responses to aversive stimuli.31–35

Glucocorticoid action in the CeA has been implicated in mediating
a positive feedback loop that potentiates activity of the HPA
axis, anxiety and acquisition or expression of emotionally salient
memory. Taken together, these data suggest that amygdala
function is programmable by ELS and this dysfunction is
maintained over the lifetime.
Here, we show that ELS applied to neonatal mice results in a

persistent decrease in GR mRNA expression throughout the brain
with a particularly prominent reduction in the amygdala. These
changes in GR expression were associated with life-long altera-
tions in anxiety, fear and sociability-like behavior, indicative of
amygdala dysfunction. Viral-mediated delivery of GR to the CeA in
adult mice following ELS restored GR expression to this region and
reversed the abnormalities in anxiety and social behavior. These
results provide evidence for the reversibility of the later-in-life
psychopathology of ELS with site-specific restoration of GR
function and support a mechanistic role for GR-dependent activity
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in the CeA as providing a causal link between ELS and the
increased risk for psychiatric disorders.

MATERIALS AND METHODS
Animals
Animal experiments were approved by the Cincinnati Children’s Institu-
tional Animal Care and Use Committee and procedures were carried out
under strict compliance with ethical principles and guidelines of the NIH
Guide for the Care and Use of Laboratory Animals. Male C57BL6/J mice
were used for all the experiments. Breeding pairs of C57BL6/J wild-type
mice from Jackson were set up in the colony and litters were assigned
randomly to ELS (maternal separation, MS), control or delayed weaning
(DLW) conditions (described below). Subsequent litters from the same dam
were assigned to different treatment groups. Mice had ad libitum access to
food and water in a temperature- and humidity-controlled vivarium
maintained on a 12-h light/dark cycle.

Lentiviral injections
At 6–8 weeks of age, MS, control and DLW mice were stereotaxically
injected with lentivirus expressing GR (LVGR) or green fluorescent
protein (LVGFP). Injections were performed as previously described36 by
injecting 1 µl of LVGR (7.4 × 108 IUml− 1 (integration units)) or LVGFP
(3 × 108 TUml− 1 (transduction units)) into the adult bilateral CeA. All
behavioral testing occurred at least 2 weeks after recovery from surgery.
Correct targeting of LVGR to the CeA was verified by in situ hybridization
(Figure 1a).

Early-life stress
Beginning on P1, P0 designated as day of birth, and continuing daily
through P14, pups were removed from the dam in ELS litters and placed in
pre-warmed, individual plastic cups and maintained at 37 °C maintained at
50% humidity for 8 h. At the end of the 8-h maternal-separation period,
pups were reunited with the dam. ELS pups were weaned at P28 and
housed in standard laboratory cages. Control and DLW assigned litters
remained undisturbed with the dam from birth until weaning at P21 or
P28, respectively. Our MS procedure produced a significant reduction in
body weight of pups at P14 compared with controls (P=0.023,
Supplementary Figure 1). This failure to thrive and grow, as the control
pups do, is evidence that our ELS paradigm produces a stressful
environment for the pups during the first 2 weeks of postnatal life. This
decrease in body weight was not present in adulthood (12 weeks
postnatal, P= 0.488).

Corticosterone RIA
Mice were single housed for a week, and submandibular bleeds were
performed in mice at circadian nadir (2 h after lights on) and peak (1 h
before lights off) time points. The blood was centrifuged at 14 000 r.p.m.
for 6 min, and the plasma was removed and stored at − 80 °C until an RIA
was performed. RIA was performed using the Corticosterone Double
Antibody-125I RIA Kit (MP Biomedicals, Santa Ana, CA, USA).

Behavior
Behavior testing began at 8–10 weeks of age and testing proceeded from
least to most stressful (elevated zero maze (EZM), open field (OF), direct
social interaction (DSI) and fear conditioning) with 2 days between
each test.

Figure 1. (a) LVGR restores GR expression in the adult CeA after early-life stress. Representative images show accurate targeting of LVGR to the
CeA (a). Quantification of GR expression indicated that LVGR was efficiently able to express GR in vivo as indicated by the restoration of GR
mRNA in the CeA of adult MS mice following ELS (one-way analysis of variance (ANOVA), P= 0.019, a). LVGR stereotaxic injections significantly
increased GR mRNA in the bilateral CeA of adult MS mice (MS LVGR) above MS LVGFP mice (P= 0.008, a) as measured by in situ hybridization.
LVGR restored GR mRNA to nearly control levels (MS LVGR CeA versus DLW LVGFP, P= 0.55, a). Two bilateral injected CeA sections per animal
were measured with N= 3 animals per group. (b) LVGR reverses the ELS dysregulation of anxiety in the EZM. Bilateral stereotaxic injections of
LVGR in the adult CeA of MS mice (N= 7) produced a significant decrease in the time spent (seconds) in the open arms of the EZM
(P= 1.49 × 10−9, one-way ANOVA, compared with MS LVGFP (P= 5.65 × 10− 10, N= 9), control LVGFP (P= 0.0002, N= 7) and DLW LVGFP
(P= 0.0005, N= 9) mice. (c and d) LVGR reverses the social disinhibition of ELS. Stereotaxic LVGR injections in the adult amygdala of MS mice
(MS LVGR, N= 30) reverses the abnormal social function observed after early-life stress by significantly decreasing the number of active social
behaviors (P= 1.88 × 10− 16 one-way ANOVA; MS LVGFP, P= 7.37 × 10− 7, N= 32 animals, c) and the duration of time spent engaged in
performing active social behaviors (P= 7.15 × 10− 19 one-way ANOVA; MS LVGFP, P= 1.30 × 10− 8, N= 25, d), and restores sociability to levels
similar to that exhibited by control LVGFP and DLW LVGFP mice in the number of active social behaviors (control LVGFP, P= 0.52; DLW LVGFP,
P= 0.003, c) and the duration of active social behaviors (control LVGFP, P= 0.0003; DLW LVGFP, P= 9.5 × 10− 6, d). CeA, central nucleus of the
amygdala; DLW, delayed weaning; ELS, early-life stress; EZM, elevated zero maze; GFP, green fluorescent protein; GR, glucocorticoid receptor;
LVGFP, lentivirus expressing GFP; LVGR, lentivirus expressing GR; MS, maternal separation. **P≤ 0.01, ***P≤ 0.001, ****P≤ 0.0001.
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Elevated zero maze
The EZM was utilized as a measure to assess anxiety-like and motor
behavior of mice. The task and methods utilized in this 5-min task have
been previously described.37 Increased time spent in the open arms
indicate reduced anxiety-like behavior.

Open field
Anxiety-like and motor behavior of mice was also assessed in the OF tasks
as previously described.37 The total distance traveled in the EZM and OF
tests can be used as an index of general motor behavior.

Direct social interaction
At 8–10 weeks of age, mice were housed in partitioned cages with age-
and weight-matched partners from an opposite treatment group. Three
days later, the DSI task was conducted as previously described.38

Fear conditioning
Conditioning capabilities were evaluated using a test of Pavlovian fear
conditioning that included CS/US training and contextual and auditory
cued components as previously described.36

In situ hybridization
Brains were collected under basal conditions from MS, control and DLW
mice at 10–12 weeks of age and processed as previously described to
evaluate GR mRNA expression. Densitometric analysis of in situ signal was
performed using NIH Image J software for three brains per treatment
group measuring bilateral nuclei (amygdala (central and basolateral),
hippocampus (CA1) and paraventricular nucleus (PVN) of the hypothala-
mus) in two sections per brain.

Statistical analysis
Statistical significance was determined using a one-way analysis of
variance (ANOVA) followed by an unpaired two-tailed Student's t-test, if
the ANOVA resulted in an overall significant difference between groups.
Differences were considered significant at P≤ 0.05.

RESULTS
ELS produces a significant decrease in brain GR expression
To evaluate the effect of ELS on GR expression in the brain, we
measured GR mRNA in adult mice (8–10 weeks of age) following
ELS using in situ hybridization (Figures 2a and e, representative
images, Supplementary Figure 2). A one-way ANOVA revealed a
significant difference in GR expression between MS, control and
DLW mice in the CeA (P= 0.005), basolateral nucleus of the
amygdala (BLA, P= 0.002), CA1 (P= 0.015) and the PVN (P= 0.007)
but not in the somatosensory cortex (SSC, P= 0.084). We found
that ELS reduced GR mRNA in the CeA (P= 0.037, P= 0.0003,
Figure 2a), BLA (P= 0.030, P= 0.006, Figure 2b), CA1 (P= 0.060,
P= 0.0009, Figure 2c), SSC (P= 0.070, P= 0.006, Figure 2d) and the
PVN (P= 0.336, P= 0.005, Figure 2e) compared with control and
DLW mice, respectively. In addition, we found that control mice
express less GR mRNA in the CeA (P= 0.023, Figure 2a), BLA
(P= 0.008, Figure 2b), CA1 (P= 0.053, Figure 2c) and the PVN
(P= 0.005, Figure 2e) compared with DLW mice. These data
suggest a direct relationship between early-life rearing conditions
and GR expression in the amygdala (CeA and BLA), hippocampus
(CA1) and PVN.
To measure the effect of the lifelong decrease in GR expression

as a result of ELS, we measured CRH gene expression and plasma
corticosterone levels as a measure of HPA axis regulation in adult
mice. Under basal conditions, we found no difference in CRH
mRNA between treatment groups using in situ hybridization
(P= 0.754, Supplementary Figure 3). In addition, we measured
plasma corticosterone levels in adult mice. We found no difference
in corticosterone levels between treatment groups at circadian

nadir (P= 0.839) or peak (P= 0.121) time points (Supplementary
Figure 4).

Loss of GR mRNA following ELS is associated with persistent
alterations in anxiety-related behavior
To determine the lifelong effects of ELS on anxiety-related
behavior, adult mice performed the EZM and OF tasks. In the
EZM, a one-way ANOVA revealed a significant difference in the
time spent in the open arms of the EZM between MS, control and
DLW adult (8–10 weeks) mice (P= 0.005). ELS produced a
significant increase in the amount of time spent in the open
arms compared with adult DLW mice (P= 0.0001, Figure 3a). We
also found a significant effect of early-life treatment on time spent
in the open arms of the EZM with control mice spending more
time in the open arms compared with DLW mice (P= 0.030)
(Figure 3a). In the OF, a one-way ANOVA revealed a significant
difference in the time spent in the center of the OF between MS,
control and DLW adult (8–10 weeks) mice (P= 0.030). The OF data
reflect similar findings as the EZM showing a significant increase in
the time spent exploring (P= 0.006) and the distance traveled
(P= 0.005) in the center zone by MS mice compared with the DLW
treatment group, respectively (Figure 3b). No changes were found
in locomotor parameters (total distance traveled) measured in
both the EZM and OF tests between treatment groups (P= 0.319
(EZM); P= 0.836 (OF), Figures 3a and b, respectively).

ELS is associated with attenuation of the auditory-cued fear
response
We measured Pavlovian fear conditioning to determine the effect
of ELS on lifelong changes in fear behavior in our mouse model of
ELS. ELS did not produce any significant changes in freezing
behavior between groups during training (pre-cue and shock
(P= 0.391), cue and shock (P= 0.505) and postshock (P= 0.201,
Figure 4a) or contextual testing (P= 0.709, Figure 4b). There was a
significant difference in the time spent freezing between groups,
in the presence of the auditory cue, in auditory-cued conditioning
(pre-cue (P= 0.702) and cue on (P= 0.022)). ELS produced a
significant deficit in the freezing response in the presence of the
auditory cue (cue on; P= 0.03 and P= 0.004) compared with
control and DLW mice, respectively (Figure 4c). Previous reports
have reported a similar decrease in both contextual and cued fear
conditioning following ELS in rodents.39,40 C57Bl/6 mice have
been reported to show hearing impairments.41 The acoustic startle
response has been used previously to examine hearing abilities in
mice. We observed no difference in startle response in the
acoustic startle response behavior task between treatment groups
in adult mice (P= 0.991; one-way ANOVA; data not shown).

Sociability-like behavior is altered by ELS
ELS has been shown to impair social behavior in rodents and
humans.42 To determine whether ELS causes alterations in
sociability-like behaviors in adulthood, mice were subjected to
the DSI test at 8–10 weeks of age. A one-way ANOVA revealed a
significance between the number of active counts (P= 0.0002) and
active duration (P= 0.0002) between groups. ELS significantly
increased the number of active social behaviors (P= 0.003, (MS
versus control); P= 0.003 (MS versus DLW, Figure 5a)), defined as
behavior of the subject mouse initiated toward the partner, and
spent a significantly greater amount of time engaged in
performing active social behaviors compared with control
(P= 0.01) DLW (P= 0.0005, Figure 5b) mice. Passive social behavior,
defined as behavior of the subject responding to behavior
initiated by the partner mouse, was also scored. Passive responses
included receptive behavior, fleeing and freezing. Involvement in
active social behavior excluded concurrent participation in passive
behavior and thus passive social behavior is an inverse reflection
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of the active social behavior (data not shown for passive social
behavior). To verify that the behavioral responses of mice in the
DSI were not dependent upon the treatment group of the paired
mouse, control mice were paired with MS and DLW partners in
independent tests. We found no significant effect of the partner’s
treatment group on the subject’s social behavior (number of
active social behaviors performed and duration of time spent
engaged in active social behaviors by control subject paired with
either MS or DLW partner, respectively (P= 0.531 and P= 0.324,
Figures 5a and b). Non-social behaviors, including digging, self-
grooming and sleeping, were also scored as well as the
percentage of time spent in the original housed territory and in
the partner’s territory. We found no significant interaction
between the number and time spent engaged in non-social

behaviors, or the time spent in each territory and the treatment
group (data not shown).

Lentiviral restoration of GR following ELS
To determine whether adult replacement of GR could restore the
behavioral alterations resulting from ELS, we generated and
previously validated a lentiviral vector expressing full-length
mouse GR in vitro.43 To establish the ability of LVGR to express
GR mRNA in the CeA in vivo, we stereotaxically injected bilateral
CeA nuclei of adult (8–10 weeks old) MS mice following ELS with
LVGR alongside MS and DLW LVGFP-injected mice. Two weeks
after viral delivery, we measured in situ hybridization GR
expression. Quantification of GR expression indicated that LVGR

Figure 2. GR mRNA is decreased in adult mouse brain following early-life stress. In situ hybridization was used to measure GR expression in
adult 8–10-week-old MS, Cntl and DLW mice. A one-way analysis of variance revealed a significant difference in GR expression between MS,
control and DLW mice in the CeA (P= 0.005, a), BLA (P= 0.002, b), CA1 (P= 0.015, c) and the PVN (P= 0.007, e) but not in the SSC (P= 0.084, d).
Next, a Student’s t-test was used to determine significant differences between groups in each brain nuclei. ELS reduced GR mRNA in the CeA
(P= 0.037, P= 0.0003, a), BLA (P= 0.030, P= 0.006, b), CA1 (P= 0.060, P= 0.0009, c), SSC (P= 0.070, P= 0.006, d) and the PVN (P= 0.336,
P= 0.005, e) compared with control and DLW mice, respectively. In addition, we found that control mice express less GR mRNA in the CeA
(P= 0.023, a), BLA (P= 0.008, b), CA1 (P= 0.053, c) and the PVN (P= 0.005, e) compared with DLW mice. GR mRNA was measured in two
sections per brain for N= 3 animals per group. BLA, basolateral nucleus of the amygdala; CA1, hippocampus; CeA, central nucleus of the
amygdala; Cntl, control; DLW, delayed weaning; ELS, early-life stress; GR, glucocorticoid receptor; mRNA, messenger RNA; MS, maternal
separation; PVN, paraventricular nucleus; SSC, somatosensory cortex. *P≤ 0.05, **P≤ 0.01, ***P≤ 0.001.

Figure 3. Early-life stress decreases anxiety-like behavior in the elevated zero maze (EZM) and open field (OF) tasks. A one-way analysis of
variance (ANOVA) revealed a significant difference in the time spent in the open arms of the EZM between MS, Cntl and DLW adult (8–
10 weeks) mice (P= 0.005). MS mice show a significant increase in the time spent (seconds) in the open arms of the EZM compared with DLW
mice (P= 0.0001, a). Similarly, control mice spent significantly more time in the open arms compared with DLW mice (P= 0.030, a). In the OF, a
one-way ANOVA revealed a significant difference in the time spent in the center zone of the OF between groups (P= 0.030). MS mice spent a
significantly greater total percentage of time (seconds, P= 0.006) and traveled a significantly greater distance (meters) in the open center zone
(P= 0.005) compared with DLW mice (b). No changes were found in locomotor parameters (total distance traveled) measured in both the EZM
and OF tests between treatment groups (P= 0.319 (EZM); P= 0.836 (OF)), N= 13 mice per group. Cntl, control; DLW, delayed weaning; MS,
maternal separation. *P≤ 0.05, **P≤ 0.01, ****P≤ 0.0001.
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was efficiently able to express GR in vivo as indicated by the
restoration of GR mRNA in the CeA of adult MS mice following ELS
(P= 0.019, one-way ANOVA, Figure 1a). LVGR stereotaxic injections
significantly increased GR mRNA in the bilateral CeA of adult MS
mice (P= 0.008, Figure 1a). CeA LVGR viral delivery increased GR
expression to similar levels expressed by DLW LVGFP mice (MS
LVGR CeA versus DLW LVGFP CeA, P = 0.551, Figure 1a).

CeA LVGR rescues ELS alterations in anxiety in adulthood
We hypothesized that CeA GR activity was involved in mediating
the lifelong alterations in anxiety after ELS and that replacing CeA
GR function in adulthood would reverse these alterations and
return anxiety levels to normal. Two weeks after bilateral CeA
injections, mice performed the EZM to measure anxiety-like
behavior. MS mice injected with LVGFP in the bilateral CeA
displayed a similar deficit in anxiety-like behavior that was present
initially after ELS (Figure 3a). CeA injections of LVGR after ELS (MS
LVGR) produced a significant decrease in time in the open arms
(P= 1.49 × 10− 9 one-way ANOVA, t-test compared with MS LVGFP
mice, P= 5.65 × 10− 10, Figure 1b). Delivery of CeALVGR after ELS
significantly decreased time in open arms to below that of control
LVGFP (P= 0.0002) and DLW LVGFP (P= 0.0005) mice (Figure 1b).

CeA LVGR rescues ELS sociability alterations in adulthood
Next, we tested the hypothesis that ELS-induced modifications in
CeA GR function produced the lifelong disinhibition in sociability-
like behavior (Figure 5), by replacing GR in the adult CeA with
LVGR stereotaxic injections. MS CeA LVGFP-injected mice showed
similar patterns in increased number, and time spent, in active
social behavior as we saw initially in uninjected adult MS mice
following ELS (Figures 5a and b). CeA LVGR injections reversed this
effect of ELS (MS LVGR) on sociability-like behavior by significantly
decreasing the number of active social behaviors (P= 1.88 × 10− 16

one-way ANOVA; MSLVGFP, P= 7.37 × 10− 7, Figure 1c) and the
duration of active social behavioral interactions (P= 7.15 × 10− 19

one-way ANOVA; MS LVGFP, P= 1.30 × 10− 8, Figure 1d). Similar to
CeA LVGR’s ability to return anxiety levels to normal after ELS
(Figure 1b), delivery of CeA LVGR after ELS (MS LVGR) reduced the
number of active social behaviors as well as the time spent
involved in active social behaviors to below that of control (control
LVGFP, P= 0.52, P= 0.0003) and DLW (DLW LVGFP, P= 0.003,
P= 9.5 × 10− 6) mice, respectively. These data strongly suggest a
role for the involvement of CeA GR gene regulatory networks in
promoting the persistent maladaptive anxiety and sociability-like
behavior after ELS. After ELS, adult MS mice demonstrated a
significant deficit in auditory-cued fear behavior (Figure 4c).
However, after CeA LV injections, this difference was not

Figure 4. Early-life stress alters fear conditioning behavior. ELS did not produce any significant changes in freezing behavior between groups
during training (pre-cue and shock (P = 0.391), cue and shock (cue and shock (P= 0.505) and postshock (P= 0.201), a) or contextual testing
(P= 0.709, b). However, there was a significant difference in the time spent freezing between groups, in the presence of the auditory cue, in
auditory cued conditioning (pre-cue (P= 0.702) and cue on (P= 0.022), c). MS mice showed a significant deficit in fear behavior (freezing) in
the auditory-cued phase of Pavlovian fear conditioning compared with control (P= 0.03) and DLW (P= 0.004) mice (c). N= 13 (MS), N= 12
(control and DLW). Cntl, control; DLW, delayed weaning; ELS, early-life stress; MS, maternal separation. *P≤ 0.05, **P≤ 0.01.

Figure 5. Early-life stress alters sociability-like behavior. A one-way analysis of variance revealed a significance between the number of active
counts (P= 0.0002) and active duration (P= 0.0002) between groups. MS mice (N= 14) performed a significantly greater number of active
social behaviors, that is, behaviors initiated toward the partner mouse by the subject mouse, compared with control (P= 0.003, N= 13) and
DLW (P= 0.003, N= 10) mice (a). Likewise, there is a significant increase in the amount of time spent (seconds) engaged in active social
behavior in MS mice in comparison with control (P= 0.01) and DLW (P= 0.0005) mice (b). Social behavior was also measured in control mice
paired with DLW partners to determine the effect of partner treatment group on the subject’s social behavior. Neither the number of active
social behaviors performed (control subject paired with MS partner versus control subject paired with DLW partner, P= 0.531, a) nor the time
spent engaged in performing active social behaviors (control subject paired with MS partner versus control subject paired with DLW partner,
P= 0.343, b) differed in control mice paired with either a MS or DLW partner. Cntl, control; DLW, delayed weaning; MS, maternal separation.
**P≤ 0.01, ***P≤ 0.001.
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detectable (data not shown). Thus, we could not determine rescue
of this behavioral alteration.

DISCUSSION
In the current study, we investigated the role of CeA-specific GR
function in mediating the lifelong alterations in fear, anxiety and
sociability-like behaviors following ELS. GR mRNA was decreased
in many regions of the brain including a prominent reduction in
the amygdala. This deficit in GR expression was associated with a
decrease in anxiety and fear responsiveness and an increase in
sociability, or an overall increase in risk-taking behavior, implicat-
ing altered amygdala function after ELS. We hypothesized that the
enduring loss of GR following ELS was responsible for maintaining
altered anxiety, sociability and fear responsiveness over the
lifetime and that restoring the GR deficit in adulthood, specifically
within amygdalar nuclei, would reverse these changes in behavior.
Our hypothesis focused on the amygdala, and more specifically
the CeA, because of its role in regulating emotionality and
additionally, because of association with its dysfunction in major
psychiatric disorders. To investigate a causal link between the
persistent loss in amygdalar GR expression and the lifelong
alterations in emotionality after ELS, we regionally restored GR
activity to the adult CeA following ELS and measured the
behavioral effects. Replacing CeA-specific GR activity in adulthood
rescued the altered anxiety and social behaviors of ELS. These data
support a role for CeA GR-regulated mechanism(s) in mediating
maladaptive anxiety and social behavior over the lifetime after ELS
and show later-in-life reversibility of these behavioral patterns
established in early life.
Although ELS is associated with psychopathology later in life,

little is known about the neurobiological changes that underlie
this increased risk. Dysregulated GR function is thought to be
involved, but a mechanistic role for GR has not been determined.
These studies utilize a viral-mediated GR delivery approach that
allowed us to isolate the role of CeA GR-dependent mechanisms
in mediating the lifelong behavioral dysfunction of ELS. Although
viral replacement in humans to treat psychiatric disorders is
unlikely, identifying GR targets involved in modulating behavior
could offer novel therapeutic approaches.
Many studies have demonstrated that ELS predicts long-term

effects on behavior. However, variation in resulting phentoptes are
found within these reports.44,45 Although some studies report an
increase in anxiety and depressive-like behaviors following ELS,
others point to an increase in risk-taking and novelty-seeking
behaviors.45 The differences between studies likely reflect varia-
tion in the MS paradigms among studies and the species used.
The ELS mouse model we present here displays a consistent
behavioral phenotype that correlates increased stress during early
life with decreased anxiety and fear-like behavior, and increased
sociability, which could represent both a resiliency to anxiety and
fear behavior later in life or increased risk-taking and novelty-
seeking behavior. In the initial EZM behavior, we observed a
significant difference in the time spent in the open arms between
control and DLW groups (Figure 3a), but this difference was not
present in either the DSI task or fear conditioning (Figures 4
and 5). Following LVGR CeA injection, the difference in anxiety-like
behavior between control and DLW mice is lost. Although mice
recovered rapidly, we attribute this loss to consequences of the
surgeries and stereotaxic injections, which still exert some longer-
term stress effects.
A role for CeA GR activity has previously been established in

Pavlovian fear conditioning. These studies have demonstrated
that specific disruption of GR function in the adult CeA caused an
attenuation in freezing (fear behavior) during both contextual and
auditory cued testing.36 The studies presented here, found a
similar deficit in cued fear conditioning following ELS as other
studies have reported.39,40 The difference we find in the ELS

paradigm is likely due to the time course of CeA GR disruption or
the degree of cellular GR reduction achieved. Prior studies that
linked alterations in CeA GR activity with reduced contextual and
auditory conditioning occurred alongside adult deletion, whereas
reductions in CeA GR after ELS are likely constitutively present and
maintained over the lifetime. Taken together, these studies, along
with our present findings, support a critical role for CeA GR in
mediating fear behavior and indicate the functional significance of
CeA GR-dependent activity in adaptive stress responsiveness and
behavior.
Emotional memory formation has been shown to be mediated

in part through long-term synaptic potentiation in the BLA.
Electrophysiological experiments demonstrated that acute stress
changes the electrical properties of the BLA to facilitate
subsequent long-term synaptic potentiation induction.46,47 Along
with β-adrenergic receptors, GR function is involved in mediating
these effects. Although these studies indicated stress-induced
changes in responsiveness of BLA neurons to encode for the
emotional aspects of stressful events, a mechanism for CeA
involvement has not previously been described. Our findings
suggest that ELS produces long-lasting changes in GR-dependent
processes in the CeA and provide a potential mechanism for the
observed behavioral effects to persist over the lifetime.
In humans, socio-emotional development and subsequent

social behavior is particularly susceptible to ELS. Children reared
under institutional care exhibit low social competence,48 social
impairments,48 impairments in perception of social stimuli49 and
inappropriately familiar interactions with strangers.50 Likewise, in
non-human animal studies, ELS has been associated with altered
amygdala development and subsequent difficulties in socio-
emotional behavior.10,51,52 Our model of ELS shows sustained
impairments in sociability-like behavior that are consistent with
these studies, but specific brain regions and circuits mediating
these consequences have not been demonstrated previously.
Within the amygdala, a specific role for the CeA has been defined
as a critical component of the neural circuitry involved in the
regulation of social behaviors.37,53 However, a mechanism(s) by
which ELS maintains dysfunctional social behavior over the
lifetime has not been elucidated. In line with our hypothesis,
replacing GR levels in the adult CeA rescued the abnormal social
behavior following ELS.
Previous studies have reported that neonatal novelty exposure

in rats results in functional enhancements in social dominance and
reduced emotional reactivity in adulthood.54 Our MS paradigm
involved daily removal of pups and placing into individual
pre-warmed, plastic cups, which produced neonatal novelty
exposure. Alternatively, changes in sociability-like behavior that
we observe after ELS could be interpreted as increased social
dominance and likewise, the decrease in anxiety and cued
fear behavior interpreted a persistent reduction in emotionality.
Both interpretations illustrate that ELS produces altered
behavioral responses in adulthood and results in an inability to
appropriately respond to environmental cues and properly
assess risk.
Previous animal studies have suggested that ELS changes in

neural circuitry and behavior may be irreversible even upon
removal of the stressor or later development of prefrontal
regulatory regions.21 In humans, the data are less clear about
whether or not brain and behavioral effects of ELS can improve.
From studies involving children adopted from orphanages, it can
be determined that earlier adoption is associated with better
outcomes, indicative of increased neuroplasticity during develop-
ment. Collectively, these studies have shown that early interven-
tion is critical to improved behavioral outcome. The studies
presented here utilize later-in-life intervention aimed at rescuing
programmed behaviors established in early life and maintained
into adulthood, which we believe would more closely mimic the
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timing of potential therapeutic interventions in human
populations.
The current study demonstrates a strong link between ELS-

induced interruption in CeA GR-regulated mechanisms and
lifelong altered regulation of anxiety and social behavior. These
studies provide one mechanism, and implicate one essential
neural node, involved in mediating the enduring maladaptations
in anxiety and social behavior after ELS. Importantly, we find the
potential for restoration of behavioral alterations arising after ELS
which provides hope for future beneficial clinical interventions
later in life for those suffering from psychiatric disorders
contributed to by this exposure.
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