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Peripubertal stress-induced heightened aggression: modulation
of the glucocorticoid receptor in the central amygdala and
normalization by mifepristone treatment

Aurelie Papilloud’, Vandana Veenit'?, Stamatina Tzanoulinou'3, Orbicia Riccio', Olivia Zanoletti', Isabelle Guillot de Suduiraut’,

Jocelyn Grosse' and Carmen Sandi®'

Despite the enormous negative impact of excessive aggression for individuals and societies, there is a paucity of treatments. Here,
using a peripubertal stress model of heightened aggression in rats, we investigated the involvement of the glucocorticoid system
and tested the effectiveness of antiglucocorticoid treatment to normalize behavior. We assessed peripubertal stress-induced
changes in glucocorticoid (GR) and mineralocorticoid (MR) gene expression in different amygdala nuclei and hippocampus, and
report a specific increase in GR mRNA expression in the central amygdala (CeA). Administration of mifepristone (10 mg/kg), a GR
antagonist, before stressor exposure at peripuberty prevented the habituation of plasma corticosterone responses observed
throughout the stress protocol. This treatment also prevented the increase in aggression and GR expression in the CeA observed in
peripubertally stressed rats at adulthood. Viral downregulation of CeA GR expression at adulthood led to reduced aggression.
Subsequently, we showed that a brief, 3-day, treatment with mifepristone at adulthood was effective to normalize the abnormal
aggression phenotype in peripubertally stressed rats. Our results support a key role for GR actions during peripubertal stress for the
long-term programming of heightened aggression. Strikingly, they also support the translational interest of testing the
effectiveness of mifepristone treatment to diminish reactive aggression in early adversity-related human psychopathologies.

Neuropsychopharmacology (2019) 44:674-682; https://doi.org/10.1038/s41386-018-0110-0

INTRODUCTION
Aggression is a behavioral adaptation evolved for its capacity to
facilitate an individual's survival or reproduction [1]. Despite the
potential advantages of aggression in competitive contests,
excessive or inappropriate levels of aggression are frequently
maladaptive, incurring on excessive costs for the perpetrating
individual and/or its interacting partners [1]. In human societies,
excessive aggression is a problem that leads to substantial
economic and social costs. Although a great emphasis has been
placed in the development of psychosocial programs, their
capacity to control pathological aggression is still very limited.
Likewise, the results of pharmacological treatments have also been
rather unsatisfactory [2], arguably due to the insufficient under-
standing of the neurobiological mechanisms leading to specific
types of aggression [3]. Animal models can help progressing on
this knowledge and on the validation of new treatments.
Exposure to adversity during childhood and puberty is a critical
contributing factor for the development of pathological aggression
and social dysfunctions [4-7]. In humans, this is a period of high
sensitivity to develop psychopathological alterations, such as
borderline personality disorder [8] that present a high prevalence
of reactive aggression [9, 10]. Likewise, exposure to stressful
experiences during this period in rats programs for an abnormal

pattern of reactive aggression at adulthood [7, 11] that deviates
from species-specific norms [12]. Importantly, the same stress
protocol, when applied to adult rats, did not induce changes in
aggressive behaviors when evaluated after a similar post-stress
delay; i.e., two months post-stress [11]. Neuroimaging studies have
identified functional alterations in the amygdala in both, aggressive
humans with borderline personality disorder [13, 14] and aggressive
peripubertally stressed rats [11]. Strong evidence implicates the
amygdala as a key component in neural circuits involved in
emotional processing [15] and on the regulation of social behavior
[16] and aggression [17, 18]. Furthermore, features of amygdala
structure and function are highly responsive to stress [19].

A system that could be both, involved in the programming of
abnormal aggression by peripubertal stress and pharmacologically
targetable is the stress-related glucocorticoid system. Glucocorti-
coids readily cross the blood brain barrier and, through binding to
the mineralocorticoid (MR) and glucocorticoid (GR) receptors, they
affect a myriad of brain functions via both genomic and non-
genomic mechanisms [20, 21]. Importantly, administration of
corticosterone—the most prominent glucocorticoid in rodents—
during the peripubertal period mimicked behavioral impairments
induced by stress specifically in sociability and aggression, without
altering performance in tests for anxiety- and depression-like
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behaviors [22]. Importantly, GR expression in adulthood can be
programmed by early life experiences, a phenomenon particularly
studied in the hippocampus [23-25] and recently reported as well
for the central amygdala (CeA) [26]. Moreover, increased
glucocorticoid levels regulate amygdala activity [27] and GR
actions in the CeA have been implicated in the positive
modulation of the hypothalamus-pituitary-adrenocortical (HPA)
axis [28] and in early life-induced behavioral alterations [26].

Mifepristone, a synthetic steroid with potent GR antagonism
[29], is well tolerated in both animals [30] and humans [31].
Mifepristone effectiveness has been shown in clinical trials for
psychotic depression [31, 32] and stress-related disorders [33], as
well as in preclinical work in rodents [30].

Here, we aimed to assess whether GR expression is modulated
by peripubertal stress in the amygdala (i.e., assessing different
amygdala nuclei-central, basolateral and medial, and hypothesiz-
ing a particular sensitivity of the central nucleus) and whether
actions through this receptor are involved in the behavioral
programming (i.e., reduced sociability and increased aggression)
induced by peripubertal stress exposure. For comparison, we
examined as well MR levels and included the hippocampal CA1
region in the analyses. Subsequently, a main goal of this study was
to assess whether pharmacological treatment with mifepristone at
adulthood is effective in reversing the alterations in sociability and
aggression observed in peripubertally stressed animals.

MATERIALS AND METHODS

Animals

Subjects were the offspring of Wistar Han rats (Charles River
Laboratories, France), bred in our animal facility. They were kept
on a 12 h light-dark cycle (lights on at 0700). Food and water were
available ad libitum. All the procedures were conducted in
conformity with Swiss National Institutional Guidelines on Animal
Experimentation and approved by a license from the Swiss
Cantonal Veterinary Office Committee for Animal Experimentation.

Experimental design
At weaning, male rats from different litters were randomly assigned
to control (CTRL) and peripubertal stress (PPS) conditions. They were
distributed into home cages in groups of two to three non-siblings.
On postnatal day 28 (P28), the peripubertal stress protocol began
(see below). At adulthood (P90), animals were handled for three
consecutive days before starting the behavioral characterization.
This study was divided into four experiments. In experiment 1,
CTRL and PPS rats underwent social preference test at adulthood.
One week after the social preference test, animals were split into two
experimental manipulations: one group was subjected to a resident-
intruder test to validate our previous observations regarding
increased aggression in PPS rats, whereas the second group was
killed and their brains were rapidly extracted for molecular analyses.
For the pharmacological blockade of GR, the antagonist mifepristone
(RU-486) was injected intraperitoneally 30min prior to each
peripubertal stress exposure (experiment 2) or on three non-
consecutive days at adulthood (experiment 4), yielding the following
four groups: CTRL vehicle, CTRL mifepristone, PPS vehicle and PPS
mifepristone. In experiment 3, we targeted GR expression in the CeA,
aiming to investigate its role in the modulation of social behaviors.
We infused a GR downregulating virus in the CeA of naive adult rats,
therefore divided in 2 groups: control scrambled (SCR) and GR-KD
rats. In the three last experiments, we evaluated the sociability (social
preference test) and aggression (resident-intruder test). All behaviors
were video-recorded and manually scored offline by a trained
experimenter blind to experimental groups, sometimes assisted by
the Observer or Ethovision software (Noldus IT, Netherlands) or in-
house software (Clicker, EPFL, Switzerland). Analysis of gene
expression following mifepristone injections at peripuberty was
performed at adulthood on an additional cohort of rats.
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Peripubertal stress protocol

The peripubertal stress (PPS) protocol is based on exposure to
fear-induction procedures, as described in details previously [11].
For more information, see Supplementary Materials and Methods.

Social preference test

The social preference test was adapted from the protocol
described by Crawley and colleagues [34] to investigate social
affiliation in male mice, following the same conditions previously
described [11]. For additional details, see Supplementary Materials
and Methods.

Resident-intruder test

The resident-intruder protocol was adapted from ref. [35] and
performed following the same conditions as those employed in
the previous studies from our laboratory [11, 36]. For further
information, see Supplementary Materials and Methods.

Drug treatment

The glucocorticoid receptor antagonist mifepristone (RU-486,
Sigma Aldrich, Switzerland) was dissolved in propylene glycol,
thus used as vehicle, at a concentration of 10 mg/ml and injected
intraperitoneally (i.p.) at a dose of 10 mg/kg. Mifepristone or
vehicle were injected 30 min prior to the stress onset on P28-P30,
P34, P36, P40 and P42 or on three non-consecutive days, i.e., on
P83, P85 and P87 at adulthood. Control groups received vehicle
injections at equivalent time as the PPS groups.

Viral downregulation of GR

We reasoned that GR viral downregulation in the CeA would allow
us to address the involvement of GR in the behavioral alterations
induced by peripubertal stress (see Results section). However, our
previous experience in the lab had indicated a high sensitivity of
the stress phenotype to surgery procedures. Therefore, we
performed an experiment to test whether infusing peripubertally
stressed rats with a scrambled shRNA construct (AAV1/2-U6-SCR
shRNA-CAG-EGFP-WPRE-BGH-polyA; SCR) would still allow to
observe a pattern of abnormal aggression in stressed animals as
compared to control, unstressed, SCR-injected rats. To this end,
rats were exposed to the peripubertal stress protocol and, at
adulthood, they were subjected to surgeries and infused with the
SCR virus (same procedures for control, unstressed rats). Four
weeks afterwards, when submitted to the resident-intruder test,
we confirmed the interference of surgery procedures with the
emergence of an aggressive phenotype in peripubertally stressed
rats (Figure S1). Therefore, instead of the planned experiment, we
performed an alternative one to investigate the impact of GR
knockdown in the CeA in controls.

Thus, at the age of 12 weeks, rats were subjected to surgeries
for the viral downregulation of GR in the CeA, wherein an adeno-
associated AAV1/2 vector containing an U6-pm-GR3 shRNA-
terminator-CAG-EGFP-WPRE-BGH-polyA-expression cassette was
used. Control animals were injected with the scrambled shRNA
construct (see above). All viral constructs used were designed and
produced by GeneDetect, New Zealand. For further details,
see Supplementary Materials and Methods.

Gene expression analysis, immunofluorescence and
immunohistochemistry

For detailed information on gene expression analysis, immuno-
fluorescence and immunohistochemistry, see Supplementary
Materials and Methods.

Statistical analysis

Data were analyzed with Student t-tests, ANOVAs and repeated
measures ANOVAs, as appropriate, using the statistical package
GraphPad Prism 5 (GraphPad software Inc, USA). Post hoc analyses
were performed with Bonferroni tests. For the t-test, if Levene's
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Fig. 1

Effects of peripubertal stress (PPS) on social preference, aggression and GR gene expression. Timeline of the experiment (a). The social

preference was lower in stressed rats in comparison to CTRLs (b). PPS animals showed increased percentage of total offensive behavior (c) and
frequency of abnormal attacks (e) compared to CTRL rats. The offensive upright percentage did not differ between groups (d). In the central
amygdala (CeA), PPS rats showed increased glucocorticoid receptor (GR) mRNA expression without difference in the expression of the
mineralocorticoid receptor (MR) (f). No significant change in GR or MR was found in the medial amygdala (MeA) (g), basolateral amygdala
(BLA) (h) or CA1 hippocampal region (i). N: social preference: CTRL = 22, PPS = 25; aggression: CTRL = 13, PPS = 16; gene expression: CTRL =
8-9, PPS =9. *» < 0.05, **p < 0.01, ***p < 0.001, vs CTRL. Results are expressed as mean + SEM

test for equality of variances was significant, equal variance was
not assumed and the altered degree of freedom was rounded to
the nearest whole number. All bars and error bars represent the
mean + SEM. Significance was set at p < 0.05, while the p-values
were considered tending toward significance when 0.05 <p <0.1.
Graphs were created using GraphPad Prism 5.

RESULTS

Peripubertal stress leads to higher GR expression in the CeA, along
with reduced sociability and increased aggression

First, we confirmed our previous findings [11, 36-38] indicating
that peripubertal stress leads to reduced sociability and increased
aggression when animals are tested at adulthood (Fig. 1a). Indeed,
in the sociability test, peripuberty stressed rats showed a
reduction in social preference (Fig. 1b; t;5 =3.36, p < 0.001; see
Figure S3 for data on the exploration of the juvenile and object). In
the resident-intruder test, peripuberty stressed rats exhibited
increased total offensive behavior (Fig. 1¢; t,4 = 2.38, p < 0.05) and
abnormal attacks (Fig. 1e; U=63.00, p<0.05), as defined by
continuous attacks on intruder exhibiting submissive posture, but
did not significantly differ from controls in offensive upright
(Fig. 1d; U=75.50, n.s.).

Then, GR and MR mRNA levels were measured in different
amygdala nuclei and, for comparison, in the CA1 hippocampal
area. Peripubertally stressed rats showed increased GR expression
in the CeA (Fig. 1f; t;5 = 3.62, p < 0.01). No significant differences
were found in the expression of MR (Fig. 1f; U= 32.00, n.s.) in this
brain region, nor in the expression of either GR or MR in the
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medial amygdala (MeA) (Fig. 1g; t;5 = 0.55, n.s. and U = 28.00, n.s.,
respectively), basolateral amygdala (BLA) (Fig. 1h; t,; =0.65, n.s.
and t; = 1.60, n.s., respectively) or CA1 (Fig. 1i; t;5 = 1.43, n.s. and
U=14.00, ns., respectively).

Mifepristone treatment prior to peripubertal stressor exposure
prevents stress-induced alterations in sociability, aggression and
CeA GR expression

Next, we sought to investigate the implication of GR activation
during peripubertal stress exposure on the observed long-term
programming of sociability and aggression. The experiment
involved pharmacological GR blockade with mifepristone (i.p.,
10 mg/kg) injected prior to each peripubertal stressor exposure
(Fig. 2a). During puberty, mifepristone-injected animals showed
higher plasma corticosterone levels following exposure to
stressors (Fig. 2b; P28: F(;, 1) =4.41, p <0.05; P30: F(; 1= 10.41,
p<0.01 and P42: F; 16y=10.82, p <0.01). In addition, mifepris-
tone led to a reduction in the corticosterone adaptation to
repeated stress exposure (Fig. 2b), a phenomenon that is observed
as animals are consecutively exposed to stressors over the
peripubertal period (Figure S2).

Animals were tested at adulthood. In the sociability test,
stressed rats showed less social preference than CTRLs (Fig. 2¢; F;,
32 =9.76, p<0.01) but there was no significant stressxdrug
treatment interaction (F(;, 33y = 2.38, n.s.). A significant stressxdrug
treatment interaction was found in the time spent exploring the
juvenile during social preference; PPS vehicle rats spent less time
exploring the juvenile than CTRL vehicle rats, and this effect was
reversed by mifepristone treatment (Figure S4a).

Neuropsychopharmacology (2019) 44:674 - 682
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Fig. 2 Effects of mifepristone treatment prior to peripubertal stress (PPS) on corticosterone, social behaviors and GR gene expression in the
central amygdala. Timeline of the experiment (a). Increased corticosterone levels were found in mifepristone-treated stressed rats on P28, P30
and P42 compared to PPS rats injected with the vehicle (b). Stressed rats exhibited a decreased social preference, regardless of the drug
treatment, whereas a tendency for increased social preference following mifepristone administration was observed in both groups (c). In the
resident-intruder test, PPS animals injected with vehicle showed an increased percentage of attacks, which was normalized following
mifepristone treatment (d). A main effect of stress and drug treatment were found in the total offensive behavior duration (e). PPS rats showed
higher offensive upright duration than CTRLs (f), whereas a trend toward increased abnormal attacks frequency was observed (g). Gene
expression analysis revealed an increased glucocorticoid receptor (GR) mRNA level in the central amygdala (CeA) in PPS vehicle rats, which
was normalized with mifepristone treatment (h). N: CTRL vehicle = 8-9; CTRL mifepristone = 8-9; PPS vehicle = 6-9; PPS mifepristone = 8-9.
*p < 0.05, **p <0.01, vs CTRL vehicle, PPS vehicle or main effect of stress. *p <0.05, *#p <0.01, 'p < 0.1 vs vehicle or main effect of drug
treatment. Results are expressed as mean + SEM

Neuropsychopharmacology (2019) 44:674 - 682 SPRINGER NATURE

677



Peripubertal stress-induced heightened aggression: modulation...
A Papilloud et al.

678

a
Viral Social Resident-
surgery preference  intruder
Weaning 6 weeks
/) ' ' g
P21 P90
b d
150+
S=
=0
I O}
3 23
RS
v 59
(D ~
i SCR GR-KD s i
e f g h
100+ X 0.8+ 2.5+
S 5 S5
o g = £ 2.0
(0] © = 0.6 =
e & ° 28
5} o = SR 1.5
o) [0} S 0.4 Q®
) = (0] S e
a @2 = 50 o £ 1.04
- g 7] o o
© = S 0.2 w5
g 5 L 2 0.5
D T o}
(o] a
SCR GR-KD = SCR GR-KD SCR GR-KD SCR GR-KD
Hl SCR @ GR-KD

Fig. 3 Glucocorticoid receptor (GR) downregulation and social behaviors. Timeline of the experiment (a). Targeted area in the central
amygdala and GFP localization with x4 magnification of the central amygdala are shown in (b). Analysis of GR expression (MRNA) showed a
significant decrease in the central amygdala in rats injected with GR downregulating virus (GR-KD) compared to animals with scrambled (SCR)
virus (c). DAB immunohistochemistry confirmed the downregulation of GR protein expression in the central amygdala in GR-KD animals (left
panel) compared with SCR rats (right panel) with x40 magnification (d). The social preference was similar among groups (e). GR-KD rats
showed decreased total offensive behavior (f), also observed in the offensive upright (g) duration, as compared to SCR animals. The frequency
of abnormal attacks (h) was not found to be significantly different between SCR and GR-KD rats. N: SCR rats = 10-12 and GR-KD rats = 11-12,
except for resident-intruder data, where GR-KD rats = 6. *p < 0.05, **p < 0.01, vs SCR. Results are expressed as mean + SEM

In the resident-intruder test, ANOVA revealed a significant
stressxtreatment interaction for the attack duration (Fig. 2d; F;,
31=13.56, p <0.001), and post hoc analyses indicated that PPS
vehicle rats attacked more than CTRL vehicle animals (p <0.001),
whereas PPS mifepristone rats exhibited reduced duration of
attack compared to PPS vehicle conspecifics (p<0.001). In
addition, there were main effects of stress (Fy 31y=7.11, p<
0.05) and drug treatment (F;, 31)=4.32, p<0.05) on total
offensive behavior (Fig. 2e). Regarding offensive upright, PPS
animals, regardless of the treatment, showed increased percen-
tage compared to CTRL rats (Fig. 2f; F, 29)=5.38, p<0.05).
Furthermore, a trend toward increased abnormal attacks, as
defined by continuous attacks on the intruder exhibiting
submissive posture, was observed in PPS animals compared to
CTRL conspecifics (Fig. 2g; F;, 31y= 3.81, p=0.06). A main effect
of drug treatment was observed in the latency to first offence (See
Figure S4c). Finally, social exploration during the resident-intruder
test was similar between groups (Figure S4d).

Interestingly, analyses of gene expression depicted a significant
stressxtreatment interaction for GR levels in the CeA (Fig. 2h; F,
27)=7.83, p<0.01). While PPS vehicle rats showed higher GR
expression than CTRL vehicle rats (p < 0.05), mifepristone reduced
GR expression in PPS animals (p < 0.05). No significant stress and/
or drug effects were found in the expression of MR (Figure S5a) in
this brain region, nor in the expression of either MR or GR in the
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MeA (Figure S5b, c), BLA (Figure S5d, e) or CA1 (Figure S5f, g), with
the exception of a significant main effect of mifepristone in
reducing GR expression in the CA1 (Figure S5g).

GR downregulation in the CeA reduces aggressive behavior
Findings from the previous experiment show that increased GR
expression in the CeA in peripuberty stressed animals is down-
regulated by a pre-stress GR blockade treatment that prevents the
emergence of several components of the stress-induced beha-
vioral profile. To further understand the link between CeA GR
expression and social behaviors, we performed an experiment to
assess whether down-regulating GR expression in this brain region
in stress-naive animals would produce behavioral effects opposite
to those induced by peripubertal stress (see experimental timeline
in Fig. 3a).

First, we validated the effectiveness of our AAV-GR down-
regulation (GR-KD) strategy in reducing GR expression in the CeA
(Fig. 3b-d; t;, =2.09, p < 0.05 for ¢). When animals were tested in
the sociability test, no effect of treatment was observed in the
social preference index (Fig. 3e; t,, = 0.02, n.s.; see Figure S6a for
data on the exploration of the juvenile and object). However, in
the resident-intruder test, GR-KD rats showed a reduction in total
offensive behavior as compared to controls, SCR rats (Fig. 3f; U=
3.00, p<0.01). The percentage of offensive upright was also
reduced in GR-KD animals (Fig. 3g: U=8.00, p<0.05). The

Neuropsychopharmacology (2019) 44:674 - 682
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Fig. 4 Social behaviors following mifepristone treatment at adulthood. Timeline of the experiment (a). PPS rats showed reduced social
preference ratio compared to CTRLs (b). Stressed animals injected with the vehicle exhibited increased total offensive behavior and offensive
upright, which were normalized by mifepristone treatment (c and d, respectively). Mifepristone administration reduced the frequency of
abnormal attacks in PPS rats (e). N: CTRL vehicle = 14; CTRL mifepristone = 14; PPS vehicle = 12-14 and PPS mifepristone = 13-14. *p < 0.05,
**p <0.01, ***p < 0.001, vs CTRL vehicle, PPS vehicle or main effect of stress. Results are expressed as mean + SEM

frequency of abnormal attacks, as defined by continuous attacks
on the intruder that exhibits submissive posture, was not found to
be significantly different between the two groups (Fig. 3h; U=
15.00, n.s.). A trend toward increased latency to first offence was
also observed in animals injected with the GR downregulating
virus, compared to SCR rats (Figure S6b). Finally, the social
exploration during the resident-intruder test was similar between
groups (Figure Sé¢).

Mifepristone treatment at adulthood normalizes the abnormal
aggression phenotype induced by peripubertal stress

In our previous experiment (see above), mifepristone treatment
given every day before daily exposure to the stressors at
peripuberty was effective in preventing the emergence of
peripubertal stress-induced sociability and aggression alterations.
Here, we aimed at investigating the effectiveness of mifepristone
treatment when given well after stress had taken place when
animals had already reached adulthood. Mifepristone injections (i.
p.. 10 mg/kg) were given on three alternate days (i.e., P83, P85 and
P87) and sociability and aggressive behaviors tested 1 week after
the end of the treatment (Fig. 4a). In the sociability test, social
preference was reduced by peripubertal stress (Fig. 4b; F(; 49)=
5.20, p < 0.05), but not modified by mifepristone (Fig. 4b; F(;, 49) =
0.04, ns,; see Figure S7a, b for data on juvenile and object
exploration). In the resident intruder-test, a significant stres-
sxtreatment interaction was found in the percentage of total
offensive behavior (Fig. 4c; F;, s3y=12.19, p<0.001), offensive
upright (Fig. 4d; F(;, 55 = 7.38, p < 0.01) and frequency of abnormal
attacks (Fig. 4e; F;, 52=4.08, p<0.05). PPS rats injected with
vehicle showed increased total offensive behavior and offensive
upright (p <0.01) as compared to CTRL vehicle animals, whereas
the percentage of those behaviors was reduced in PPS rats treated
with mifepristone as compared to PPS vehicle rats (p < 0.01 or p <
0.001). A decreased frequency of abnormal attacks was also found
in PPS mifepristone rats compared to stressed animals injected
with vehicle (Fig. 4e; p < 0.05). Finally, the latency to first offence
(Figure S7c¢) and the social exploration (Figure S7d) were similar
between all groups.

Neuropsychopharmacology (2019) 44:674 - 682

DISCUSSION

Here, we highlight the GR as a critical mechanism for the
regulation of stress-induced aggressive behaviors. We show that
GR expression is upregulated in the CeA in adult rats that show
reduced sociability and increased aggression induced by exposure
to stress during the peripubertal period [11, 39-41]. Blocking GR
actions before stressor exposure at peripuberty prevented the
stress-induced emergence of both, the aggressive phenotype and
GR modulation. Subsequently, AAV-induced downregulation of GR
expression in the CeA led to reduced aggression while not
affecting sociability. Altogether, these findings support the view
that GR actions are involved in the long-lasting effects of
peripubertal stress on aggression. They also provide the rationale
for pharmacologically targeting the GR at adulthood with a
mifepristone treatment that successfully normalized stress-
induced heightened aggression.

The amygdala is a hub in the brain networks that support social
life and its functioning is frequently altered in aggressive
individuals [13, 14]. Rodent studies that allow resolving the
engagement of different amygdala nuclei have particularly
emphasized the involvement of the CeA in social behaviors [42]
and abnormal aggression [18]. Here, we identify the CeA—but not
other amygdala nuclei or the hippocampus—as a critical site for
the upregulation of the GR by peripubertal stress. Although the
finding of an upregulation seems at odds with previous studies
reporting, instead, a CeA downregulation of the GR by increased
glucocorticoids [43] or early life stress exposure [26] we found
increased GR expression in samples taken at adulthood, but not
from samples taken on the aftermath of stress (data not shown).
Therefore, the observed increase in CeA GR expression is not an
enduring change induced by acute stress/glucocorticoid eleva-
tions at peripuberty but, instead, a change that arises later in life.
Prepubertal stress is known to modulate responses to stressors
experienced at adulthood [44]. Although several explanations
could account for our data, evidence suggests the potential
involvement of a blunting of corticosterone responsiveness
induced by repeated stressor exposure as a possible mechanism
involved in this delayed modulation of GR expression [22].
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Importantly, the fact that animals that develop a heightened
aggression pattern are those that show a fast adaptation of their
corticosterone responses to repeated stressor exposure during the
peripubertal period (i.e., from P28 to P30) is in line with our recent
observations in lines of rats genetically selected for their different
corticosterone adaptation to that same stressor experience [41].
Specifically, rats with a constitutive fast corticosterone adaptation
were the ones that developed a pathological aggression
phenotype when exposed to peripubertal stress [41]. Blunted
corticosterone responsiveness might be involved, indeed, in the
positive regulation of CeA GR expression [45]. Importantly, low
corticosterone levels have been linked with the emergence of
abnormal forms of aggression and engagement of the CeA [46,
47]. It is important to note that, in addition to blocking GR
activation during stress exposure, we found that pre-stressor
exposure mifepristone injections prevented the emergence of the
corticosterone habituation to repeated stressor exposure dis-
cussed above. This effect is in line with a causal involvement of GR
activation in the processes of corticosterone habituation to
repeated stress exposure [48].

Although we gathered indirect evidence suggesting a potential
association between this observed CeA GR upregulation in adult
PPS rats and the reported aggression phenotype, our current data
does not allow us to propose a causal link. Correlational evidence
for this link is suggested by the fact that mifepristone treatment
prevented the enhanced CeA GR expression observed in adult
peripubertally stressed rats. In addition, we found a reduction of
aggressive behavior induced by AAV-downregulation of the GR in
the CeA. However, a causal implication of the PPS-upregulated GR
in the CeA in aggressive behavior could only be implied if such
AAV-induced GR downregulation in the CeA would have
prevented the emergence of aggression in peripubertally stressed
rats. However, due to technical constraints this experiment cannot
be performed, as this PPS-induced phenotype is highly sensitive to
interference by surgery procedures (see Figure S1).

The efficiency of mifepristone injections pre-stressor exposure
at peripuberty in preventing subsequent alterations in aggression
suggests the involvement of GR activation during stress exposure
for the emergence of these effects. These results are aligned with
evidence in hamsters showing that an acceleration of the
transition from play fighting to adult aggression induced by
enhanced glucocorticoid levels during puberty is prevented by
mifepristone [49]. They are also in line with our previous work
showing increased aggressive behavior induced by a corticoster-
one regime of injections that corresponded with the peripubertal
stress schedule [22]. Note, however, that we do not find signs of
abnormal aggression elicited by the peripubertal corticosterone
treatment when reanalyzing our early data from [22], suggesting
that other mechanisms, in addition to glucocorticoids, are
contributing to the long-term programming of abnormal aggres-
sion induced by peripubertal stress.

Given our findings on the CeA discussed above, we should note
that peripheral mifepristone treatment is known to affect CeA
activation by stress [50], and mifepristone actions specifically in
the CeA were previously shown to reverse stress-induced
behavioral adaptations [51]. Interestingly, enhancing glucocorti-
coid levels either peripherally [52] or in the CeA [53] was shown to
increase expression levels of corticotropin-releasing factor (CRF) in
the CeA. We previously showed that peripubertal stress enhances
expression of the CRF receptor 1 (CRFR1) in the CeA, and
treatment with a CRFR1 antagonist in the week following
peripuberty stress exposure prevented the occurrence of psycho-
pathological behaviors at adulthood (note, however, that aggres-
sive behavior was not tested in the study) [40]. Given that stress-
induced release of CRH was shown to be prevented by
mifepristone [54], these body of data support the hypothesis that
the modulation of the CRF system by CeA GR actions might be
implicated in the social dysfunctions induced by peripubertal
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stress. However, we should cautiously note that we cannot imply
the involvement, at least not exclusively, of CeA GR in the effects
of peripheral mifepristone treatment. Several other brain areas
could also mediate corticosterone actions in the context of
aggression [18, 55]. Notably, several hypothalamic nuclei, such as
the hypothalamic attack area, have been implicated in the control
of aggression and can be responsive to activation by corticoster-
one [55, 56].

Finally, we report that mifepristone treatment at adulthood,
uncoupled from the stress experience, normalized the abnormal
aggression phenotype in peripubertally stressed rats. Previous
work in rodents had reported the effectiveness of brief
mifepristone treatments to reverse behavioral alterations induce
by former stress experiences. Thus, mifepristone, given during the
last 4 days of a chronic stress protocol, was shown to reverse
stress-induced alterations in hippocampal structure and function
[57]. In another study, mifepristone administered 1h before
testing, reversed maternal separation stress-induced behavioral
dysfunctions in depression-related and spatial memory tests [58].
More recently, a series of studies showed that a 3-day
mifepristone treatment, uncoupled to both previous stress and
behavioral testing, could reverse long-term effects of stress.
Specifically, a 3-day mifepristone treatment during the prepuberty
period could restore the long-term negative impact of early
maternal deprivation on fear memories [30, 59]. Here, we present
striking evidence for a full reversal of the heightened aggression
phenotype induced by peripubertal stress exposure by a 3-day
mifepristone treatment that was uncoupled from both exposure
to early adversity and the resident-intruder test for aggression,
which took place 2 weeks after drug treatment. However, the
same treatment did not reverse the reduced sociability induced by
peripubertal stress. Further studies are needed to interrogate the
mechanisms whereby mifepristone normalized aggression. Impor-
tantly, a link between fear and aggression [46] has been proposed.
The fact that mifepristone was previously shown to normalize
enhanced fear learning induced by early life stress [30, 59]
suggests that a reduction in the emotional reactivity towards
intruder conspecifics might have operated to reduce aggression in
mifepristone-treated rats. Importantly, mifepristone is already
used as treatment for diverse medical conditions in humans,
including Cushing’s syndrome [60] and psychotic depression [32].

Altogether, our results show that GR expression in the CeA is
susceptible to modulation in opposite ways by peripubertal stress
and GR antagonism, two treatments that have as well opposite
effects in adult aggression. From a translational perspective, the
success of mifepristone treatment given at adulthood supports
the interest of testing anti-glucocorticoid treatments to diminish
reactive aggression in early adversity-related human psycho-
pathologies [61].
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