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Summary Stress can affect the establishment and maintenance of social hierarchies. In the
present study, we investigated the role of increasing corticosterone levels before or just after a
first social encounter between two rats of a dyad in the establishment and the long-term
maintenance of a social hierarchy. We show that pre-social encounter corticosterone treatment
does not affect the outcome of the hierarchy during a first encounter, but induces a long-term
memory for the hierarchy when the corticosterone-injected rat becomes dominant during the
encounter, but not when it becomes subordinate. Post-social encounter corticosterone leads to a
long-term maintenance of the hierarchy only when the subordinate rat of the dyad is injected
with corticosterone. This corticosterone effect mimics previously reported actions of stress on
the same model and, hence, implicates glucocorticoids in the consolidation of the memory for a
recently established hierarchy.
# 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Socially living animals establish dominance hierarchies, in
which the dominant individual has priority access to limited
resources such as water and food, space or females. Estab-
lishment of a hierarchy has the advantage of cutting down
fighting within a group, eventually minimizing energy costs
(Van Kreveld, 1970). In laboratory rats that are kept together
in a colony, a hierarchy usually develops within a few days
and is usually stable as long as the group keeps together
(Blanchard et al., 1988).
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In most cases, dominance hierarchies are the result of
aggressive contests. We have recently shown that, in a dyadic
contest between two male rats, stress experienced by one of
the individuals just before their first encounter can deter-
mine the long-term establishment of a social hierarchy by
influencing both the rank achieved during the social encoun-
ter and by facilitating a long-term memory for the achieved
hierarchy (Cordero and Sandi, 2007). In non-stressed pairs,
the social rank established during the first interaction is not
maintained when animals are confronted 1 week later. The
stress-induced potentiation of the hierarchy-linked recogni-
tion memory was blocked by injection of a protein synthesis
inhibitor (Cordero and Sandi, 2007). Since glucocorticoids are
main effectors of the activated stress system hypothalamus—
pituitary—adrenocortical (HPA) axis and, due to their lipo-
philic nature, can readily enter the brain and affect neural
function and cognition (de Kloet et al., 1999, 2005; de Kloet,
d.
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2000; Joels et al., 2006), we hypothesized that elevated
glucocorticoid levels around the time of a first social encoun-
ter between two individuals could also affect the long-term
establishment of social rank.

Support for this hypothesis comes from earlier work
showing that both aggressive and defensive behaviors in
rodents can bemodulated by elevated corticosterone (Lesh-
ner et al., 1973, 1975; Leshner and Moyer, 1975; Moyer and
Leshner, 1976; Leshner and Politch, 1979; Haller et al., 1997,
2000a; Wood et al., 2003; Mikics et al., 2004). On its turn,
inhibiting glucocorticoid function can, as well, have oppo-
site modulatory actions in aggressive behaviors. Thus, treat-
mentwith the glucocorticoid synthesis inhibitormetyrapone
or themineralocorticoid receptor antagonist spironolactone
was shown to decrease aggressive behaviors in resident—
intruder tests (Haller et al., 2000b, 2004; Mikics et al.,
2004), while glucocorticoid removal through adrenalectomy
was found to lead to abnormal aggressive behavior (as
indexed by increased attack/threat ratio) that could be
restored with corticosterone injections (Haller et al.,
2001). Importantly, once a hierarchy is established, corti-
costerone seems not to affect aggressive behavior in the
colony, suggesting that the initial establishment of a hier-
archy — but not the stability of a well defined hierarchy —
might be particularly sensitive to modulation by glucocorti-
coids (Mikics et al., 2007).

The long-term establishment of a social hierarchy
involves at least the following two phases: (i) the determi-
nation of the social rank between the individuals involved in
the specific social group and (ii) the persistence of the
acquired social hierarchy on encounters taking place at later
time points. If we consider the phenomenon within the
framework of memory, these two phases can be, respec-
tively, considered equivalent to the ‘acquisition’ and ‘con-
solidation’ of newly acquired information (i.e., the new
social rank). In this context, it is important to note that
glucocorticoids have been extensively implicated in the
modulation of memory in a variety of learning tasks, includ-
ing spatial learning (Oitzl and de Kloet, 1992; Sandi et al.,
1997; Oitzl et al., 2001; Akirav et al., 2004; Brinks et al.,
2009a; Conboy and Sandi, 2009), inhibitory avoidance (Sandi
and Rose, 1994, 1997; Roozendaal and McGaugh, 1996;
Roozendaal et al., 2002), fear conditioning (Cordero
et al., 1998, 2002; Cordero and Sandi, 1998), its reconsoli-
dation (Tronel and Alberini, 2007) and extinction (Brinks
et al., 2009b; Gourley et al., 2009), and object recognition in
emotionally aroused, but not in non-aroused rats (Okuda
et al., 2004; Roozendaal et al., 2006). This body of research
has emphasized a role for glucocorticoids in the enhance-
ment of memory consolidation of emotionally arousing
experiences, while pointing at their negative effects on
the retrieval of information or working memory (Roozen-
daal, 2000; Sandi and Pinelo-Nava, 2007; de Quervain et al.,
2009).

Therefore, our aim here was to investigate the role of
increasing corticosterone levels around the time of a first
social interaction in the establishment and long-term main-
tenance of a dominance hierarchy. Using a rat model for the
establishment of a social hierarchy that we recently devel-
oped (Cordero and Sandi, 2007), we studied the effects of
injecting one, out of the two rats in a contest with corti-
costerone either just before (to evaluate effects on the
establishment of a hierarchy and on the formation of a
long-term memory) or immediately after (to test for effects
on the long-term memory formation) a first encounter with
an unfamiliar rat.

2. Materials and methods

2.1. Animals

Male Wistar rats (Charles River Laboratories, Lyon, France)
weighing 250—275 g at arrival were individually housed with
ad libitum access to food and water. Animals were kept in a
12 h light/dark cycle with lights on at 0700 h, and a constant
temperature of 22 � 2 8C. Animals were left undisturbed for
1 week after arrival before starting the experiment. Rats
were weighed once per week. Experiments were performed
with approval of the Cantonal Veterinary Authorities (Vaud,
Switzerland). Experiments were carried out in accordance
with the European Communities Council Directive of 24
November 1986 (86/609/EEC). All efforts were made to
minimize animal suffering and to reduce the number of
animals used.

All experiments took place between 0800 h and 1400 h,
except for the water competition test that took place
between 1400 h and 1900 h, after a water deprivation period
of 6 h (from 0800 h until 1400 h). All rats were handled for
2 min per day during 3 days before exposure to the elevated
plus maze.

2.2. Elevated plus maze

Before the start of the experiment the ‘elevated plus maze’
(EPM) test was performed to measure anxiety-related beha-
vior, in order to subsequently match animals in each dyad
according to similar scores in this test (data not shown). The
EPM consists of two opposing open arms (45 cm � 10 cm) and
two opposing closed arms (45 cm � 10 cmwith walls of 50 cm
high) that extend from a central platform (10 cm � 10 cm),
elevated 65 cm above the floor. The rats were placed indi-
vidually on the central platform facing the same closed arm
and were allowed to explore the EPM freely during 5 min. The
behavior of each rat was video recorded and analyzed using a
computerized tracking system (Ethovision 3.1.16, Noldus IT,
the Netherlands). Time spent in the open and closed armswas
measured.

2.3. Dyads and groups

Rats were distributed to dyads consisting of two rats that
were matched for their body weight and levels of anxiety-
related behavior (as indexed by the percentage time spent in
the open arms of the EPM). The rationale to pair animals for
anxiety-related behavior is based on evidence indicating a
link between anxiety trait and stress effects on social dom-
inancy (Lucion and Vogel, 1994). Thus, the rats in each dyad
were considered equal in their probability to become domi-
nant or subordinate during a first encounter. The fur of both
rats in a dyad was marked on different body parts (i.e., neck
and back) to help identifying the animals. Rats were habi-
tuated to marking during the 3 days habituation period that
took place before the first social encounter. Dyads were
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divided randomly over the different groups. Each group
consisted of 5—8 dyads.

2.4. Food and water competition test

In order to habituate animals to the rewarding food used in the
‘food competition test’ (FCT), they received eight Chocopop
flakes (Kellogg’s, Switzerland) in their homecages daily, during
2 days. The ratswere habituated to the experimental setup for
3 days during which they were placed in a clean homecage for
20 min and in a food competition box for 10 min. The food
competition box is a plastic box of 60 cm � 40 cmwithwalls of
32 cm highwith a feeder containing eight Chocopops on one of
the short sides. On day 1 of the experiment, the day after the
last habituation day, the rats were submitted to a first encoun-
ter with an unfamiliar rat, consisting of a ‘social interaction
test’ in a neutral homecagewithout food andwater for 20 min,
followed by a ‘food competition test’ (FCT) in which the rats
hadaccess toChocopopsduring 10 min.After the testseach rat
was returned to its homecage.Thegroupwithoutanencounter
on day 1 was exposed to an extra day of habituation on that
particular day.

The memory for the formed hierarchy was tested in a
‘water competition test’ (WCT) that was performed on day 8
after a preceding water deprivation period of 6 h for all
animals included in the context. Rats were exposed to the
same opponent as on day 1. The WCT was performed in a
neutral homecage. After 2 min of habituation, a single bottle
of water was presented and the behavior during the following
10 min was recorded. In addition, one experiment was per-
formed to assess the rats’ hierarchy on day 8 in a similar
situation as in the first encounter (i.e., without former water
deprivation and by testing their interactive behavior when
exposed to a neutral, clean, homecage).

Behavior was video-recorded and scored blindly using
The Observer (v.5.0.25, Noldus IT, the Netherlands). The
duration and frequency of offensive and defensive beha-
viors was scored. Offensive behaviors were attacks (bit-
ing), keeping down (pushing the opponent to the floor),
offensive upright (standing on the hind legs in upright
position) and lateral threat (pushing or approaching the
opponent showing its side with an arched back). Defensive
behavior consisted of freezing (immobility), defensive
upright (standing on the hind legs in response to offensive
upright) and submissive posture (lying on the back). In the
WCT the time spent drinking was measured. The rat that
showed most offensive behavior during each interaction
was considered the dominant rat, the rat showing least
offensive behavior and most defensive behavior the sub-
ordinate rat. Although, in our initial establishment of the
model (Cordero and Sandi, 2007), the variable ‘‘percen-
tage of passes over the feeder’’ in the FCTwas validated as
a good index to categorize animals’ dominant—subordinate
status, according to the scoring of animals’ former beha-
vior in the social interaction test, the results in this index
were not informative when animals were exposed to dif-
ferent schemes of glucocorticoid manipulations in this
study. Accordingly, instead of just presenting data based
on the ‘‘percentage of passes over the feeder’’ index, the
social hierarchy resulting from interactions on the first day
was established according to the totality of behaviors
scored throughout the whole ‘social interaction test’.
2.5. Drugs

Corticosterone was injected IP as corticosterone—HBC (2-
hydroxypropyl-b-cyclodextrin) complex (Sigma Chemical
Co., Switzerland) at a dose of 5 mg/kg. This dose was
selected because it was previously shown to mimic plasma
steroid concentrations produced by substantial stress
(Stein-Behrens et al., 1994; Venero et al., 1996). The
corticosterone—HBC complex was dissolved in saline. Sal-
ine was used as the vehicle. Rats were injected with
corticosterone or vehicle either 5 min before the start
of the first encounter or the extra habituation period on
day 1, or immediately after the end of the FCT or the extra
habituation period. The pre-social encounter corticoster-
one injections were given randomly to one rat of the dyad.
For the post-social encounter injections either the domi-
nant or the subordinate rat received the corticosterone
injection.

2.6. Statistics

The percentage of offensive behaviors within each dyad was
calculated as the ratio between contestants’ scoring in each
confronted pair on the total of offensive behaviors scored
across (i) the social interaction test (day 1) and (ii) the WCT
(day 8). All results are expressed as the mean � standard
error of the mean (S.E.M.). A paired two-tailed t-test was
used to compare the percentage of offensive behaviors
within a dyad of rats competing together. p < 0.05 was
considered significant.

The computer software SPSS for Windows (version 13.0)
was used for statistical analysis.

3. Results

3.1. The effect of vehicle injections around a
social encounter on the long-term maintenance
of a social hierarchy

We have previously shown that, under the experimental
conditions used in the current study, the social rank estab-
lished by control pairs of male rats (not stressed or
injected) through a first interaction and a food competition
test on the first day of an encounter, is not maintained
when the same animals are confronted 1 week later (Cor-
dero and Sandi, 2007). Since the experimental design of
the current study required to inject each animal of the
dyad with either corticosterone or vehicle and either pre-
or post-social encounter, we performed a first experiment
to assess whether the injection procedure, by itself, could
affect the long-term establishment of the hierarchy. As
expected, vehicle-treated pairs formed a dominance hier-
archy during the first encounter in which the dominant rat
shows a higher percentage of offensive behaviors than the
subordinate rat (t = 3.646, df = 5, p < 0.05), but showed no
maintenance of the hierarchy when evaluated 1 week later
through the WCT: in some cases, the same hierarchy was
found, in others the opposite hierarchy, leading on average
to both animals in the pairs (former dominant and sub-
ordinate) showing similar levels of offensive behavior (n.s.;
Fig. 1).
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Figure 1 The percentage of offensive behaviors (mean
� S.E.M.) between two opponents shown in the social interac-
tion test on day 1 and the water competition test on day 8 in the
vehicle-treated group (n = 6). The status ‘dom’ (dominant) or
‘sub’ (subordinate) refers to the status that was obtained during
the social interaction test on day 1. ‘veh’ = vehicle. *p < 0.05.
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3.2. The effects of corticosterone treatment
before a social encounter on the establishment
and long-term maintenance of a social hierarchy

Pre-social encounter corticosterone treatment did not affect
the establishment of the hierarchy during a first social
encounter (Fig. 2A): 5 out of 12 rats with pre-social encounter
corticosterone injections became dominant and 7 out of 12
rats became subordinate (n.s.). Similarly, no evidence for an
effect of corticosterone was observedwhen the same animals
were further tested for their dominance hierarchy 7 days
after the first encounter through the water competition test
(n.s.; Fig. 2A). Since some of the corticosterone-injected
animals became dominant and others subordinate in the first
interaction, we reasoned that corticosterone might have
influenced the long-term establishment of the particular
hierarchy established. Thus, we divided the results from this
[(Figure_2)TD$FIG]

Figure 2 The percentage of total offensive behavior (mean � S.E.M
day 1 and the water competition test on day 8 in the pre-social enc
vehicle or corticosterone before the first encounter (n = 12). (B) Rats
and their vehicle-treated subordinate opponents (n = 5). (C) Rats tha
and their vehicle-treated dominant opponents (n = 7). The status ‘do
obtained during the social interaction test on day 1. ‘veh’ = vehicle
experiment into two categories depending on whether the
pre-social encounter corticosterone-injected rat became (i)
dominant or (ii) subordinate, and then analyzed the impact of
each condition on the establishment of the long-term mem-
ory for the hierarchy. In the condition in which pre-social
encounter corticosterone-injected rats became dominant
(Fig. 2B), a hierarchy, in terms of differences in the percen-
tage of offensive behavior presented by both rats of the pair,
was formed on day 1 (t = �3.709, df = 4, p < 0.05). When
evaluated 7 days afterwards through the WCT, the hierarchy
was maintained (t = �5.150, df = 4, p < 0.01). In the condi-
tion in which pre-social encounter corticosterone-injected
rats became subordinate (Fig. 2C), a hierarchy was also
evident during the first encounter (t = 4.442, df = 6,
p < 0.01), but no memory for the hierarchy was found in
the WCT (n.s.).

3.3. The effect of corticosterone treatment
after a social encounter on the long-term
maintenance of a social hierarchy

We then investigated whether increasing corticosterone
levels after a first social encounter in one of the two con-
fronted individuals — either the dominant or the subordinate
of the recently established hierarchy — would affect the
long-term establishment of the social hierarchy. Thus, pairs
ofmaleswere submitted to the first social encounter and one
of them, half of the times either the dominant or the
subordinate animal, was injected with corticosterone and
the other with vehicle. When the dominant rat of the pair
(first social encounter, t = 3.363, df = 6, p < 0.05) received a
corticosterone injection, no memory for the hierarchy was
found on the WCT performed 7 days afterwards (n.s.;
Fig. 3A). However, when the subordinate rat (t = 5.342,
df = 6, p < 0.01) was the one injected with corticosterone,
evidence for the establishment of a long-term memory was
observed, with corticosterone-injected rats behaving again
as subordinates in the WCT (t = 5.744, df = 6, p < 0.01;
Fig. 3B).
.) between two opponents shown in the social interaction test on
ounter injection groups. (A) The hierarchy of rats injected with
that became dominant after pre-social encounter corticosterone
t became subordinate after pre-social encounter corticosterone
m’ (dominant) or ‘sub’ (subordinate) refers to the status that was
, ‘CORT’ = corticosterone. *p < 0.05 and **p < 0.01.
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Figure 3 The percentage of total offensive behavior (mean � S.E.M.) between two opponents shown in the social interaction test on
day 1 and the water competition test on day 8 in the post-social encounter injection groups. (A) Post-social encounter corticosterone
for dominant rat, post-social encounter vehicle for subordinate rat (n = 7). (B) Post-social encounter vehicle for dominant rat, post-
social encounter corticosterone for subordinate rat (n = 7). The status ‘dom’ (dominant) or ‘sub’ (subordinate) refers to the status that
was obtained during the social interaction test on day 1. ‘veh’ = vehicle, ‘CORT’ = corticosterone. *p < 0.05 and **p < 0.01.
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3.4. The effect of corticosterone injections
without exposure to a social encounter on the
long-term maintenance of a social hierarchy

The results obtained under some of the conditions examined
above imply that corticosterone injections around the time
of the first encounter have an impact on the long-term
maintenance of the hierarchy established on the day of
the injection, as evaluated 1 week after the injection/
encounter. However, the alternative possibility that corti-
costerone by itself — regardless of the associated social
experience — has a long-term effect on the expression of
the social hierarchy cannot be discarded. Therefore, we set
an experiment to specifically test whether a corticosterone
injection, given to one of the animals in a pair (while the
other received a vehicle injection) 1 week before their first
encounter would affect the emerging hierarchy at that later
time point. As shown in Fig. 4, administration of corticoster-
one without an associated social encounter on day 1 had no
[(Figure_4)TD$FIG]
Figure 4 The percentage of total offensive behavior (mean
� S.E.M.) between two opponents shown in the water competi-
tion test on day 8 in the group that was not submitted to a social
encounter on day 1, but only to injection of vehicle or cortico-
sterone (n = 7). ‘veh’ = vehicle, ‘CORT’ = corticosterone.
long-term effect on the hierarchy that was established during
the WCT 1 week later (n.s.).

3.5. The effect of corticosterone injections
administered after a first social encounter on the
long-term maintenance of the acquired hierarchy
as evaluated through a social interaction test

As shown in Fig. 3B, administering corticosterone immedi-
ately after the first social encounter to the animal that had
just become subordinate resulted in a long-term potentia-
tion of the hierarchy, as evaluated on day 8. This is a
particularly relevant finding in this study since it resembles
previously reported effects of stress leading to a subordinate
status and facilitating the long-term establishment of the
social hierarchy (Cordero and Sandi, 2007). However, since
the WCT delivered on day 8 differed from the initial social
interaction test, it could be argued that the novelty aspects
(i.e., water deprivation for 6 h with the potential stress
associated; novel situation) might have interfered with
the expression of the hierarchy in the controls, the corti-
costerone-treated animals, or in both cases. To check for this
possibility, we performed an additional experiment in which
in one group both rats were injected with vehicle after the
encounter, while in the other group the subordinate rat was
injected post-encounter with corticosterone and the domi-
nant rat with vehicle. Both the vehicle-injected group and
the group with post-encounter corticosterone for the sub-
ordinate rat showed a clear hierarchy on day 1 (t = 2.949,
df = 7, p < 0.05 for the vehicle group, Fig. 5A; t = 5.499,
df = 7, p < 0.001 for the post-encounter corticosterone
group; Fig. 5B). On day 8, the rats were submitted to a
second social encounter test, without being submitted to
any preceding water deprivation. The post-encounter
vehicle-treated group showed no memory for the hierarchy
(n.s.; Fig. 5A). The post-encounter corticosterone-treated
group showed the same hierarchy as on day 1, with the
corticosterone-injected subordinate rat displaying less
offensive behavior than the vehicle-injected dominant rat
(t = 3.275, df = 7, p < 0.05; Fig. 5B).
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Figure 5 The percentage of total offensive behavior (mean � S.E.M.) between two opponents shown in the first social interaction
test on day 1 and the second social interaction test on day 8 without a preceding water deprivation period. (A) Rats that were treated
with post-encounter vehicle injections (n = 8). (B) Post-social encounter vehicle for the dominant rat, post-social encounter
corticosterone for the subordinate rat (n = 8). The status ‘dom’ (dominant) or ‘sub’ (subordinate) refers to the status that was
obtained during the social interaction test on day 1. ‘veh’ = vehicle, ‘CORT’ = corticosterone. *p < 0.05 and ***p < 0.001.
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3.6. Analyses of the nature of the social
interactions maintained during the first
encounter in animals submitted to either pre- or
post-social interaction treatments

Since corticosterone injections given before the first social
encounter had an impact on the long-term establishment of
the social hierarchy only when given to animals that became
dominant, but not when applied to those that became sub-
ordinate, we hypothesized that the corticosterone treatment
might have affected differently the social interaction in each
of those two conditions. Therefore, we analyzed the nature
of the social interactions maintained by the animals in those
pairs and conditions in terms of the percentage time spent in
the characteristic offensive behaviors, as well as the inter-
actions maintained by non-injected animals (i.e., those that
among the whole study received post-social encounter injec-
tions, either saline or corticosterone). As can be observed in
Fig. 6, the nature of the social interactions maintained
between the pairs in which corticosterone was injected
before that particular encounter when the corticosterone-
injected animal became dominant (Fig. 6A) was markedly
different than the pattern of interaction observed under
conditions in which the corticosterone-injected male
became subordinate (Fig. 6B) or in which none of the animals
of the pair had yet been injected (Fig. 6C). In both cases,
when the corticosterone-treated rats became subordinate
(Fig. 6B) or had not been injected (Fig. 6C), the subordinate
rats displayed significantly lower lateral threats (corticoster-
one-injected: t = 3.021, df = 6, p < 0.05; not-injected:
t = 5.696, df = 32, p < 0.001) and keeping down behaviors
(corticosterone-injected: t = 4.490, df = 6, p < 0.01; not-
injected: t = 4.978, df = 32, p < 0.001) than their dominant
opponents, while the differences in attacks and offensive
upright postures while observed in both conditions only
reached significance for the untreated rats (t = 4.268,
df = 32, p < 0.001 for attacks and t = 5.068, df = 32,
p < 0.001 for offensive upright). On the contrary, when
the corticosterone-treated rat became dominant, the inter-
action between the two animals in the pair did not differ in
terms of attacks (n.s.), lateral threats (n.s.) or offensive
upright postures (n.s.). In this case, it was specifically the
keeping down behavior what defined that the corticosterone-
treated animal became dominant in the encounter
(t = 3.746, df = 4, p < 0.05; Fig. 6A).

4. Discussion

We have recently developed a model for the assessment of a
long-term hierarchy between a pair of rats that, on their first
encounter, have equal opportunities to become either domi-
nant of subordinate. Under control conditions, the social rank
established through a social interaction and food competition
test on the first day, is not maintained when the same animals
are confronted 1 week later. However, if one of the rats is
stressed just before their first encounter, the dominance
hierarchy developed on day 1 is still clearly observed 1 week
later, with the stressed animal becoming subordinate in both
social interactions. The potentiation of memory for the
hierarchy by stress during the first encounter was shown to
be blocked by injection of a protein synthesis inhibitor
(Cordero and Sandi, 2007).

The stress hormone corticosterone has been implicated in
the modulation of aggressive behavior and in the modulation
of memory (see Section 1). Thus, in this study, we evaluated
whether enhancing corticosterone levels in one of the rats in
each dyad either before or immediately after the first social
confrontation would facilitate the maintenance of the hier-
archy order established on that initial encounter when exam-
ined through a water competition test 1 week later. Since
corticosterone treatments were given to either the dominant
or the submissive animal in each contest, we also evaluated
whether corticosterone effects might depend on the social
rank of the treated animal. Our results show that while
enhancing corticosterone levels before the first social
encounter does not determine the social order that is about
to be established, such treatment can promote the long-term
maintenance of the resulting hierarchy when the animal that
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Figure 6 The percentage of the different offensive behaviors (attacks, lateral threat, offensive upright, keeping down; mean
� S.E.M.) between two opponents shown in the social interaction test on day 1. (A) The percentage of the different offensive
behaviors in the pre-social encounter corticosterone group where the corticosterone-treated rat became dominant (n = 5). (B) The
percentage of the different offensive behaviors in the pre-social encounter corticosterone group where the corticosterone-treated rat
became subordinate (n = 7). (C) The percentage of the different offensive behaviors in the groups that received post-social encounter
injections (vehicle-treated group and corticosterone-treated group, n = 33). ‘dom’ = dominant, ‘sub’ = subordinate, ‘veh’ = vehicle,
‘CORT’ = corticosterone. *p < 0.05, **p < 0.01 and ***p < 0.001.

Corticosterone and social memory 1549
becomes dominant is the one who had been injected with the
hormone. Importantly, when the enhancement of corticos-
terone occurs after resolution of the contest, this treatment
is effective to promote the long-term establishment of the
hierarchy when received by the rat that had just become
subordinate, but not by the dominant. Altogether, these
results support a complex, but important role of corticoster-
one in the long-term establishment of social hierarchies.

First, we performed a control experiment to discard
potential unspecific effects of the injection procedure, by
itself, on the establishment and/or maintenance of the social
hierarchy. By applying vehicle injections to each rat in the
dyad either before or after the first social encounter, we
confirmed that, as previously observed in untreated animals
(Cordero and Sandi, 2007), the emergence of a social hier-
archy was clear on day 1 (in terms of offensive behavior
respectively displayed by animals that developed each social
status) but it was not maintained when the same individuals
were confronted 1 week later.

When examining the role of increased corticosterone
levels in the establishment of an enduring hierarchy, the
clearest results were those obtained when the hormone was
applied after the social contest. Enhancing corticosterone
levels after a first social encounter facilitated the transfer of
the established social hierarchy to a future contest only when
the hormone was given to the animal that has just become
subordinate. No long-term impact was observed when the
dominant animal was the one that received the treatment.
The specificity of this effect to the linkage between corti-
costerone treatment and the emerging subordinate status
was further confirmed by an experiment in which injecting
corticosterone to one of the animals in each dyad (without
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any associated social experience on the same day) had no
effect on the outcome of a water competition test given 1
week later. Moreover, it could be argued that stress asso-
ciated with the water deprivation procedure (6 h) required
for the water competition test on day 8 might affect the
internal milieu of the animals and consequently acting on
state-dependent mechanisms that could, in turn, interfere
with the expression of the formerly acquired hierarchy in
controls and/or facilitate its expression by mimicking inter-
nal conditions of day 1 in formerly corticosterone-treated
rats. However, results from a further experiment including a
social interaction test on day 8 without former water depri-
vation did not support the state-dependent hypothesis.
Instead, these results further confirmed that the potentiation
of hierarchy expression by enhancing corticosterone levels in
the subordinate animal after the social encounter is a robust
phenomenon not only circumscribed to testing conditions
involving acute stress.

This facilitation of the long-term expression of the hier-
archy when subordinate rats receive corticosterone post-
encounter is reminiscent of the effect induced by stressing
one rat before the first social encounter; i.e., the stressed rat
becomes subordinate and this manipulation leads to a long-
term expression of the established hierarchy (Cordero and
Sandi, 2007). Our current findings suggest that reinforcing
the subordinate rat on its subordinate state is a sufficient
condition to maintain the initially established hierarchy in
future encounters. They also fit with the idea that, once a
hierarchical relationship is established, the subordinate ani-
mal will play a central role in the maintenance of the
hierarchy by showing submissive behavior presumably to
avoid repeated physical exchanges with the dominant con-
specifics (Summers et al., 2005). The fact that glucocorticoid
effects were linked to keeping memory of a defeat, rather
than of a victory, seems also congruent with the evolutionary
reflection that remembering conditions leading to loss is
particularly adaptive. Such an effect of glucocorticoids is
in line with a wide body of evidence implicating post-training
glucocorticoids in the consolidation of memories for a variety
of learning types (Oitzl and de Kloet, 1992; Sandi and Rose,
1994, 1997; Roozendaal and McGaugh, 1996; Cordero et al.,
1998, 2002; Cordero and Sandi, 1998; Oitzl et al., 2001;
Roozendaal et al., 2002, 2006; Akirav et al., 2004; Okuda
et al., 2004; Tronel and Alberini, 2007; Brinks et al., 2009a,b;
Conboy and Sandi, 2009; Gourley et al., 2009). Particularly
relevant in this context are those studies in which a long-term
memory was potentiated by injecting corticosterone imme-
diately after training, including spatial learning acquired at a
moderately stressful temperature (Sandi et al., 1997; Conboy
and Sandi, 2009), fear conditioning involving low intensity
shocks (Cordero and Sandi, 1998), inhibitory avoidance eli-
cited through mild stressors (Sandi et al., 1995; Venero and
Sandi, 1997), and object recognition (Okuda et al., 2004;
Roozendaal et al., 2006). Interestingly, the corticosterone-
induced facilitation of object recognition memory — a task
which is clearly less stressful than the former three learning
challenges — was only evident when corticosterone was
administered to emotionally aroused, but not to non-aroused
rats (Okuda et al., 2004; Roozendaal et al., 2006). It is
tempting to compare these results with the differential
effects of post-social encounter corticosterone injections
found in our study for subordinate and dominant animals.
Genomic effects have previously been described for delayed
effects of both stress (Cordero and Sandi, 2007) and gluco-
corticoids (Mikics et al., 2004) in social interactions.

When corticosterone injections were given before the
first social encounter, the treatment had no effect on the
immediate establishment of the dominance hierarchy
(about half of the injected rats became dominant and
the other half subordinate), and it only led to the formation
of a long-term memory for the hierarchy when the corti-
costerone-treated rat became the dominant rat of a dyad.
Thus, the impact of this pre-social encounter hormonal
manipulation greatly differs from our published model in
which prior stress forces the resulting hierarchy, with the
stressed male turning into the subordinate status in both
the immediate and the delayed tests (Cordero and Sandi,
2007). This might be surprising according to earlier studies
in diverse species reporting a link between increased glu-
cocorticoid levels and increased aggressiveness (Brain and
Evans, 1977; Heller, 1978; Hayden-Hixson and Ferris,
1991a,b; Haller et al., 1997). However, a close examination
of the literature reveals the existence of several studies in
which increasing corticosterone levels was found to
increase submissive behaviors (Leshner and Moyer, 1975;
Leshner et al., 1975, 1980; Moyer and Leshner, 1976;
Leshner and Politch, 1979). The explanation for this appar-
ent discrepancy seems to be explained by the fact that the
effects of corticosterone treatment are context-depen-
dent: the experimental conditions used in the studies in
which corticosterone increased aggressiveness elicited, by
themselves, aggressive responses (i.e., confrontation with
rather passive opponents); conversely, those conditions in
which corticosterone increased submissiveness elicited, by
themselves, aggressive responses (i.e., confrontation with
rather aggressive opponents). These findings led to the
hypothesis that corticosterone would act by increasing
animals’ arousal (Leshner et al., 1980) and, hence, its
capability to recognizing the type of opponent it is exposed
to. As a result, when exposed to an aggressive opponent,
the increase in corticosterone would lead to an increase in
submissive behavior. When exposed to a passive opponent,
the increase in corticosterone would lead to an increase in
aggressive behavior. In our experimental conditions, ani-
mals are matched for their body weight and anxiety levels
with the goal of confronting two animals with equal oppor-
tunities to become either dominant or subordinate. There-
fore, our findings suggesting that about 50% of the
corticosterone-injected animals becomes dominant and
the other 50% subordinate in this first encounter fit with
the idea that enhanced corticosterone levels would facil-
itate the naturally emerging social responses. In this con-
nection, Haller et al. (1997) have also proposed an
interesting concept of context-specificity for corticoster-
one actions in aggressive behavior related to the prior
history of social encounters of the treated animal.

These results also indicate ‘immediate’ effects of increas-
ing corticosterone levels in social behaviors and fit with
previously described rapid effects of glucocorticoids in beha-
vior (Sandi et al., 1996a,b; Mikics et al., 2005). In particular,
they support a growing body of evidence indicating that
social behaviors are susceptible to be influenced by rapid,
non-genomic effects of increasing glucocorticoid levels (Hal-
ler et al., 1997; Makara and Haller, 2001; Mikics et al., 2004).
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The fact that pre-social encounter corticosterone injec-
tions promoted a long-term hierarchy for the condition in
which the corticosterone-treated was the dominant, rather
than the subordinate, rat is somehow an unexpected find-
ing. In both stress pre-social encounter (Cordero and Sandi,
2007) and corticosterone post-social encounter conditions
(this study), long-term expression of the hierarchy is evi-
dent when the steroid-treated rat was the subordinate.
Evaluation of the interaction profile in terms of the sepa-
rate offensive behaviors displayed by each of the rats in
the dyad (Fig. 5A) reveals a very different pattern to the
one observed in control animals (Fig. 5C) or in the dyad in
which the injected rat became subordinate (Fig. 5B). In
contrast to control conditions, no differences were found
in offensive behaviors such as attacks or lateral threats in
the dyad in which the corticosterone-treated rat became
dominant, with the dominance hierarchy being defined in
this case by a very strong difference in keeping down
behaviors. Although our data does not allow excluding a
direct effect of corticosterone in the rat that became
dominant, it is tempting to speculate that this difference
in the nature of the interaction might have provoked an
alteration in the stress reactivity and/or perception of the
interaction in the animal that became subordinate, even-
tually reinforcing the establishment of a long-term mem-
ory for the emerging social hierarchy. Since the
consolidation of the endurance of the social hierarchy
by stress was blocked by a protein synthesis inhibitor
(Cordero and Sandi, 2007), one way to investigate whether
a particular individual in the dyad keeps a long-term
memory when corticosterone is given before the first social
encounter could be by injecting a protein synthesis inhi-
bitor to either the steroid- or the vehicle-treated rat. In
any case, the open question still remains as to why pre-
encounter corticosterone treatment in animals that
became subordinate would not have as well facilitated a
long-term establishment of the hierarchy as one would
have expected from the reported effects of stress (Cordero
and Sandi, 2007).

It is important to note that the current findings refer to
experimental conditions in which glucocorticoids are
enhanced acutely. Chronic elevation of glucocorticoids have
been shown to generally inhibit aggression (Summers et al.,
2005), while chronic glucocorticoid deficiency to promoting
abnormal, even pathological, aggression in rats (Haller et al.,
2001, 2004; Haller and Kruk, 2006).

In summary, the main finding of this study is that enhan-
cing glucocorticoid levels in the rat that has just emerged as
subordinate in a dyadic encounter facilitates the long-term
establishment of the resulting hierarchy that — under control
conditions — would not be kept, mimicking the effect of
stressing one rat in the dyad just before the social confronta-
tion (Cordero and Sandi, 2007). These findings support a role
for glucocorticoids on the consolidation of memories for a
recently established hierarchy and, hence, on the induction
of neuroadaptive changes that mediate the ‘‘loser’’ effects.
As opposed to the rapid effects of the steroid discussed
above, genomic effects are expected to mediate these
long-lasting changes. This study provides an ideal model to
investigate the mechanisms whereby glucocorticoids
potentiate the long-term establishment of emerging social
hierarchies.
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