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Abstract

Socially aggressive interaction is stressful, and as such, glucocorticoids are typically secreted during aggressive interaction in a variety of
vertebrates, which may both potentiate and inhibit aggression. The behavioral relationship between corticosterone and/or cortisol in non-
mammalian (as well as mammalian) vertebrates is dependent on timing, magnitude, context, and coordination of physiological and behavioral
responses. Chronically elevated plasma glucocorticoids reliably inhibit aggressive behavior, consistent with an evolutionarily adaptive behavioral
strategy among subordinate and submissive individuals. Acute elevation of plasma glucocorticoids may either promote an actively aggressive
response via action in specialized local regions of the brain such as the anterior hypothalamus, or is permissive to escalated aggression and/or
activity. Although the permissive effect of glucocorticoids on aggression does not suggest an active role for the hormone, the corticosteroids may
be necessary for full expression of aggressive behavior, as in the lizard Anolis carolinensis. These effects suggest that short-term stress may
generally be best counteracted by an actively aggressive response, at least for socially dominant proactive individuals. An acute and active
response may be evolutionarily maladaptive under chronic, uncontrollable and unpredictable circumstances. It appears that subordinate reactive
individuals often produce compulsorily chronic responses that inhibit aggression and promote submissive behavior.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Agonistic; Corticosterone; Cortisol; Serotonin; Social; Stress

Contents
1. Aggression is stressful . . . . . . L L L e e e 22
1.1.  Overlapping neural CIrCUItIy. . . . . . . . . . . . o e e e e e e e e e 22
1.2 Social rank . . . . L L 22
2. Glucocorticoid response t0 ag@reSSiON . . . . . . . .o . e e e e e e e e e e e e e e e e e e e e e e 23
3. Aggression mediated by glucocorticoid action . . . . . . . L. L L L L e e e 25
3.1.  Predisposition for aggression—glucocorticoid influence . . . . . . . . . ... L 25
3.2.  Glucocorticoids stimulate or limit agg@ression . . . . . . . . . . ... e e e e e e e e 26
4.  Glucocorticoids influence neurotransmitters that regulate aggression. . . . . . . . . . . ... Lo 27
4.1.  Glucocorticoid influence on 5-HT. . . . . . . . o L o e 27
4.2.  Glucocorticoid influence on vasopressin or vasotoCin. . . . . . . . . v v v vt e e e e e e e e 28

* Corresponding author. Department of Biology, University of South Dakota, 414 East Clark Street, Vermillion, SD 57069-2390, USA. Tel.: +1 605 677 6177 fax:
+1 605 677 6557.
E-mail address: Cliffl@USD.Edu (C.H. Summers).

0014-2999/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.ejphar.2005.09.059



22 C.H. Summers et al. / European Journal of Pharmacology 526 (2005) 21-35

4.3.  Glucocorticoid influence on GABA . . . . . ... . ..
4.4.  Glucocorticoid influence on glutamate systems . . . . .
5. Reciprocal integration and timing . . . . . . . . ... ... ..
6. Conclusions . . . . .. ... Lo
Acknowledgements . . . . . .. ... oL
References . . . . . . . . . . .. ...

1. Aggression is stressful

Social conflict in vertebrates often includes posturing or
stereotypical displays to invoke agonistic intent, and may be
followed by specifically aggressive actions. Ancient
evolutionary conservation of the mechanisms involved, results
in similar behavioral neuroendocrine integration in vertebrates
from fish to mammals, in which both displays and actual
aggression are salient stressors for the target of aggression, but
also for the aggressor (Miczek et al., 2002; Overli et al., 1999).
The indications that social interactions are stressful are an
upregulated expression of stress related genes (Buitenhuis et al.,
2003; Feldker et al., 2003; Kollack-Walker et al., 1999; Lesch
and Merschdorf, 2000; Martinez et al., 2002; Miczek et al.,
2001, 2004)—including genes associated with the heritability
of stress coping styles (Benus et al., 1991; Korte et al., 2005;
Pottinger and Carrick, 2001), increased activity of stress related
neurotransmitters, such as serotonin (5-hydroxytryptamine, 5-
HT) in regions of the brain that comprise the stress and
aggressions neurocircuitries (see Section 1.1 below) (Blanchard
et al., 1993; Korzan and Summers, 2004; Qverli et al., 2004b;
Summers et al., 2003a), and increased secretion and plasma
concentrations of the glucocorticoid stress hormones: corticos-
terone and cortisol (see Section 2 below). In addition, the
reverse is also true: stress promotes aggression (Qverli et al.,
2004b). Stress is a major factor promoting aggression and
violence in humans (Barnett et al., 1991; Tardiff, 1992).

1.1. Overlapping neural circuitry

Aggression and stress are related, in part, because the central
circuitries serving aggressive response and behavior, and those
serving behavioral and neuroendocrine responses to stressful
conditions, overlap, at least in mammals. In other vertebrates, the
circuitries serving aggression and stress responsiveness are not so
well known, but appear to involve many of the same regions of the
brain (Greenberg et al., 1979, 1984b, 1988; Greenberg, 1983,
2003; Qverli et al., 2004b; Summers et al., 2003a, in press). The
regions connected by the neural circuitry that produces aggression
in mammals, and that modify aggression, also appear to be
relevant for birds, reptiles and fish as well, and probably include
the medial amygdala, hippocampus, septum, bed nucleus of the
stria terminalis, mediodorsal thalamic nucleus, ventral tegmen-
tum, periaqueductal gray, and anterior hypothalamus (David et al.,
2004; Delville et al., 2000; Gregg and Siegel, 2001; Halasz et al.,
2002; Kruk, 1991). The central and medial amygdala, nucleus
accumbens, and adjacent regions in the hypothalamus are
involved in both stress and aggression. Stimulating the neural
circuitry of one system, in these regions, will impact activity in the

circuitry of the other. For example, frustration in the absence of
reward produces, is a stressful condition that influences moti-
vation, and additionally stimulates a significant increase in
synaptic activity in the neural circuitry controlling aggression
(David et al., 2004). Intense aggression can be provoked by the
stress and frustration produced by removing reward (Azrin et al.,
1966; Cherek and Pickens, 1970; Gallup, 1965). These effects
may be influenced by the development of both aggression and
stress circuitries, as repeated or chronic stress applied during
puberty alters the progression of development of aggressive
behaviors in male (Delville et al., 2003; Wommack et al., 2003)
but not female hamsters (Taravosh-Lahn and Delville, 2004),
accelerating the onset of adult aggression.

In mammals, the circuitries of neural and endocrine stress
responses, and those mediating aggressive behavior appear to
converge in the hypothalamus, from where the ultimate output is
directed. The hypothalamus contains critical and adjacent
elements for both aggression, the anterior hypothalamus (attack
area), and neuroendocrine stress responsiveness, the paraven-
tricular nucleus. These adjacent regions of the hypothalamus are
directly interconnected (Roeling et al., 1994). The output of the
paraventricular nucleus is the portal vasculature of the median
eminence, through which corticotropin releasing hormone stimu-
lates secretion of pituitary corticotropin (adrenocorticotropic
hormone or ACTH). The cells generating output from the anterior
hypothalamus that produce aggressive behavior are excitatory
glutamatergic efferents to the periaqueductal or midbrain central
gray (Roeling et al.,, 1994). Direct stimulation of either area
produces the identical glucocorticoid response, although the
corticotropin (ACTH) response to stimulation of the attack area
was much smaller (Kruk et al., 1998). Taken together with the
faciliatory response of corticosterone on aggression (see Section 3
below) the data suggest a mutually stimulatory interaction
between hypothalamic regions, and perhaps other brain mecha-
nisms, involved in aggression and the stress response (Kruk et al.,
2004).

1.2. Social rank

A number of studies have indicated that aggressive
interaction is stressful for both dominant and subordinate
members of a social hierarchy (Fig. 1) (Qverli et al., 1999;
Summers, 2002; Summers et al., 2003a). The structure and
consequences of socially derived stress are not equivalent, as
dominant animals must aggressively establish and defend
territories and maintain priority access to scarce resources (Creel
et al., 1996; Kotrschal et al., 1998; Packer et al., 1995), while
persistent subordination is chronically stressful (Greenberg et
al., 1984a; Summers et al., 1998a; Summers, 2002). The level or
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Fig. 1. Mean plasma corticosterone (+S.E.M.) as a percent of control levels
(control=0% on the y axis) over time (on a log scale), for dominant (black
circles) and subordinate (open circles) male Anolis carolinensis during
aggressive interaction. This graph is comprised of data amalgamated from
several experiments (although control means were always similar, each set of
experimental animals were only compared to their own control). Animals
compared at 1.5 and 5 min were reacting to a video image of an aggressive
conspecific, and at all other time points against a real opponent. Also compare
corticosterone levels stimulated by a non-social stressor, after 1.5 min of restraint
in lizards previously determined to be dominant (black square) or subordinate
(open square). Data points at and before the zero time point have not been subject
to aggressive interaction, but were determined to be proactive/aggressive and
dominant (black circles) or reactive/less aggressive and subordinate (open
circles) by testing reaction time to feeding and courtship. Means designated with
* are significantly different from controls, and means designated ** are
significantly different from other samples at the same point.

timing of corticosteroid secretion due to subordination may
depend on the characteristics of the social system (Abbott et al.,
2003; Goymann and Wingfield, 2004). In addition, the
glucocorticoids produced by social stress may influence rank.
Fish with experimentally elevated plasma glucocorticoids are
more likely to become subordinate when paired with an
untreated control (DiBattista et al., 2004). What is more, fish
with a limited response to stressors; tend to become dominant in
dyadic encounters with highly stress responsive conspecifics
(Qverli et al., 2004a; Pottinger and Carrick, 2001).

2. Glucocorticoid response to aggression

Aggression produces an acute, rapid elevation in plasma
glucocorticoid concentrations, early in the course of an agonistic
encounter (Fig. 1) (Schuurman, 1980; Summers et al., 2003a). In
fact, prior to observable engagement in aggressive behavior, rats
begin secreting elevated levels of plasma glucocorticoids (Haller
et al., 1995). Dominant males have a rapid but short lived
elevation of plasma glucocorticoids, whereas subordinate
individuals also exhibit acute glucocorticoid secretion which
may be often converted into chronically elevated glucocorticoid
concentrations (Blanchard et al., 1993; Overli et al., 1999;
Winberg and Lepage, 1998; Yodyingyuad et al., 1985).

Aggressive social interaction stimulates a potent increase in
plasma cortisol concentrations in a variety of fish including
Astatotilapia (Haplochromis) burtoni, Arctic charr (Salvelinus
alpinus), and rainbow trout (Oncorhynchus mykiss) (Elofsson et

al., 2000; Fox et al., 1997; Winberg and Lepage, 1998). While
both more aggressive dominant fish, and less aggressive
subordinate fish respond to aggressive interaction with elevated
plasma cortisol concentrations, the timing and magnitude of the
response is different (Fig. 2A) (Qverli et al., 1999). The cortisol
response in aggressive dominant fish is very brief, significantly
elevated by 5 minutes, but returned to baseline by 3 h of
interaction in a stable hierarchy where the dominant individual
is not challenged. Less aggressive subordinate fish also respond
quickly, but show continued escalation of cortisol levels over
time (@verli et al., 2004a) that remain elevated for more than 24
h (@verli et al., 1999; Winberg and Lepage, 1998). Such chronic
elevation of plasma cortisol in less aggressive subordinate trout
may influence their level of responsiveness, by reducing
corticotropin sensitivity of interrenal cells and cortisol output
(Sloman et al., 2002).

Similarly in mammals, repeatedly subjugated hamsters had
lower cortisol levels following defeat than controls (Wommack
et al., 2004). However, it may be more important to consider the
intensity of the aggressive interaction, as in male convict cichlids
(Archocentrus nigrofuciatus), both winners and losers exhibit
significantly elevated cortisol levels, it is in escalated interac-
tions that cortisol is amplified most (Earley et al., in press).
Subsequent behavioral events also affect cortisol secretion.
Dominant rainbow trout subjected to defeat by a larger fish show
significantly elevated plasma cortisol levels (Fig. 2B), but when
they are allowed to reassert dominant behavior by bullying by a
subordinate fish, aggression increases dramatically (compared
to the first encounter with the subordinate; Fig. 2C), but while
cortisol levels and hippocampal serotonergic activity remain
significantly elevated, they fall from their highest levels (Qverli
et al., 2004b).

The lizard Anolis carolinensis provides an constructive
example of how aggressive interaction between males stimulates
enhanced glucocorticoid secretion (Summers, 2002). Green
anoles (4. carolinensis) will respond to actual aggression, or a
video image of conspecific aggression, with elevated plasma
corticosterone (Figs. 1, 4B). Anoles subjected to 10 min of
aggressive display in a video image over 5 days, exhibit elevated
corticosterone consistently over 1, 3 and 5 days, even though
aggressive displays returned to the image were reduced by day 5
(Yang and Wilczynski, 2003). This type of chronic response is
preceded by a very rapid reaction to aggressive social stress. The
most reactive males (these males are likely to be dominant, see
below) express elevated corticosterone only 90 s after the
beginning of an aggressive (video) encounter (Watt et al., 2004).
Although dominant social status cannot be established by
aggressively displaying to a video image, males whose dominant
status was established by a previous aggressive interaction with
a conspecific also show elevated plasma corticosterone 90 s after
a nonsocial stressor (Fig. 1, square symbols), whereas sub-
ordinate males do not (Watt et al., 2005). After 5 min of
aggression towards a video image, not only proactive
dominant males have elevated plasma glucocorticoids (Watt et
al., 2004). Although there is an initial distinction in gluco-
corticoid responsiveness based on social rank, socially aggres-
sive interaction is stressful for all combatants, and elevated
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glucocorticoids are evident after 10 min in both dominant and
subordinate males (Summers et al., 2003a). Regardless of the
duration of the aggressive social encounter, dominant males
have corticosterone concentrations that return to baseline levels
by 20 min of social interaction and are never elevated again.
Social status influences both acute and chronic glucocorticoid
responsiveness, because although plasma corticosterone con-
centrations of subordinate males also return to baseline at 20
min, they are elevated again after 40 min of social interaction
(Summers et al., 2003a) and also after 3 weeks of cohabitation
(Greenberg et al., 1984a). Even though persistent subor-
dination suggests chronically elevated glucocorticoids, A.
carolinensis males that will become subordinate in an
aggressive encounter staged later, have significantly lower
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glucocorticoid concentrations prior to the fight (Summers et
al., 2005b; Fig. 1).

In other reptiles such as the northern fence lizard (Sceloporus
undulatus) and male copperhead snakes (Agkistrodon contor-
trix) aggressive social or territorial interaction also stimulated
elevated plasma corticosterone concentrations (Klukowski and
Nelson, 1998), which may be rank (Schuett and Grober, 2000) or
season specific (Smith and John-Alder, 1999). Juvenile male
green iguanas (Iguana iguana) produce elevated secretion of
plasma corticosterone to upon exposure to adult males (Alberts
et al., 1994). In still other reptiles, such as the mountain spiny
lizard (Sceloporus jarrovi), tree lizards (Urosaurus ornatus), or
green turtle (Chelonia mydas) aggressive interaction did not
appear to influence corticosterone or testosterone (lizards only)
secretion (Jessop et al.,, 1999; Moore, 1987; Thompson and
Moore, 1992). However, in further studies of aggression in
freely living S. jarrovi plasma corticosterone is elevated in both
males and females (Woodley et al., 2000), and serotonergic
systems in are rapidly activated in territorial males (Matter et al.,
1998). In addition, in U. ornatus it is the type and duration of
interaction that determines the manner of corticosterone secretion
(Knapp and Moore, 1995). In longer interactions, dominant males
had lower plasma corticosterone levels than did subordinate males
over the first day, but this difference subsequently disappeared.
Winners of short-term encounters on the other hand, had elevated
plasma corticosterone levels which peaked the day after the
encounter (Knapp and Moore, 1995). Similarly, among displaying

Fig. 2. A) A slightly different view of mean plasma corticosterone (+S.E.M.) as
a percent of control levels (control=0% on the y axis) over time (on a log scale),
for dominant (black circles) and subordinate (open circles) male rainbow trout
Oncorhyncus mykiss after social rank has been achieved, so aggressive behavior
is emanating only from the dominant male. Means designated with * are
significantly different from controls, and means designated ** are significantly
different from other samples at the same time point. B) Bullying has a dramatic
effect on plasma glucocorticoid levels. Fish in the bullying study were dominant
fish, larger than their opponent in the original dyad. The portion of graph B to
the left of the hatched bars is simply a copy of graph A to depict the changes in
cortisol during the first interaction. After the first interaction, fish were either
isolated or matched with a much larger fish (they were bullied). The cortisol
levels represented in the hatched section of the graph depicting the effects of
bullying are fictitious; simply a guess estimate of the effects of being bullied by a
larger fish stolen from the last point on graph A. Actual mean plasma cortisol
(+S.E.M.) as a percent of control levels (control=0% on the y axis) were
measured following a third interaction, where the original fish, dominant after
the first interaction, were either returned to the dyad with a smaller fish after
isolation (black circle), returned to the dyad with a smaller fish after being
bullied (black inverted triangle), or isolated after being bullied. Fish bullied by
larger conspecifics exhibit elevated cortisol, but those that had access to a
smaller fish after, had lower cortisol levels and higher levels of aggression C.
C) Aggressive acts during three consecutive interactions, as a percentage of the
number of aggressive acts per individual during the first 10 min interaction
with a smaller conspecific (100%). During the second interaction, each fish
was either paired with a larger fish or isolated. Interaction with a larger fish
increased aggressive activity (* indicates an increase in aggression compared to
the original interaction). During the third interaction each fish was either
isolated (after second interaction with a larger fish) or re-paired with a smaller
conspecific. While re-pairing with a small conspecific after isolation resulted in
levels of aggression approximately equal to the original interaction, re-pairing
after a second interaction with a large fish yielded higher levels of aggression
(indicates an increased aggression compared with other groups during the
third interaction).
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male jacky dragons (Amphibolurus muricatus) those exhibiting
limited territorial response showed no change in corticosterone or
testosterone, but high-level territorial responders exhibited acute
corticosterone increases when faced with an intruder (Watt et al.,
2003). The results of these studies, especially the distinctions
resulting from the work by Watt et al. or Knapp and Moore,
suggest that social rank plus intensity and duration of the
interaction will define the profile of corticosterone secretion, and
is suggestive of a pattern in which short term elevation of
glucocorticoids stimulates aggression, as has been demonstrated
in rodents.

Among birds, there appears to be different styles for coping
with social stress, and aggressive interaction provokes varying
responses in plasma glucocorticoids. In the pied flycatcher
(Ficedula hypoleuca) territorial intrusion was enough to raise
plasma corticosterone concentrations, regardless of whether the
resident attacked the intruder (Silverin, 1993). When fly-
catchers responded aggressively, there was a significant
negative correlation between number of attacks and plasma
corticosterone (Silverin et al., 2004). Confrontation with an
aggressive resident male great tit (Parus major) stimulates a
relatively rapid increase in fecal corticosterone levels (Carere et
al., 2003). However, like mammals and fish, less aggressive
great tits showed a trend for a higher corticosteroid response
compared to more aggressive birds, which showed almost no
response. On the day after the challenge by an aggressive
resident the less aggressive birds exhibited significantly
reduced corticosteroid secretion, probably due to an increased
negative feedback (Carere et al., 2003). Similarly, more
aggressive chickens have lower plasma corticosterone and
brain serotonin than less aggressive birds (van Hierden et al.,
2002). Among male Japanese quail however, winners of
aggressive interactions had a greater elevation of corticosterone
early in the fight (7 min) than losers (Ramenofsky, 1985). On
the other hand, when redwing blackbirds were caught at the
height of an aggressive encounter they exhibited no change in
plasma corticosterone levels (Harding and Follett, 1979). The
differences in response may depend on social rank or role, as
resident European starlings (Sturnus vulgaris) showed no
change in corticosterone levels to intruders, but the intruders all
developed elevated corticosterone within 30 min (Nephew and
Romero, 2003).

3. Aggression mediated by glucocorticoid action

Acute glucocorticoid treatment stimulates increased ag-
gressive behavior in rats (Kruk et al., 2004; Mikics et al., 2004),
mice (Brain and Haug, 1992) and hamsters (Hayden-Hixson
and Ferris, 1991). Increased adrenal axis reactivity is also
correlated with human aggression (Guerra et al., 1995; Vaux
and Ruggiero, 1983). As most of the mechanisms and circuitry
for aggression and stress appear to be evolutionarily conserved,
we suspected that a similar, evolutionarily adaptive relationship
between glucocorticoids and social aggression would be evident
in other vertebrates. An evolutionarily adaptive relationship
would necessarily include a mechanism that would not prevent
the escalation of aggressive activity during the most socially

stressful period, and it must also include variable response
based on social rank.

3.1. Predisposition for aggression—glucocorticoid influence

The differential response of glucocorticoids based on social
rank in response to aggression may be based on fundamentally
distinct behavioral and physiological phenotypes, built from
specific genetic predisposition, stressful maternal or environ-
mental conditions in utero or in ovo, and early life history.
Behavioral and physiological traits are linked in such a way
that opposing stress coping styles (Koolhaas et al., 1999) result
in a coherent set of consistent responses, which are charac-
teristic for social rank or position. Proactive stress coping
styles are characterized by a high level of aggression, active
attempts to counteract the stressful stimuli, low hypothal-
amus-pituitary-adrenal (HPA) axis responsiveness, but high
sympathetic reactivity. Reactive or passive coping involves
immobility, low levels of aggression, elevated HPA axis
responsiveness, and low sympathetic reactivity. Individual
stress coping styles are present in rainbow trout such that the
heritable magnitude of the cortisol response to stress also
predicts behavioral and social rank (@verli et al.,, 2001,
2002b, 2004a; Pottinger and Carrick, 1999; Pottinger and
Carrick, 2001). Specifically, trout that evince a weak cortisol
response to stress (as compared with highly responsive fish)
show a strong tendency to become socially dominant
(Pottinger and Carrick, 2001), a more rapid recovery of food
intake after transfer to a novel environment, a reduced
locomotor response in a territorial intrusion test (Qverli et al.,
2001), and increased ability to form or recall memories of a
stressful event (Moreira et al., 2004).

In the lizard Anolis carolinensis, and in rainbow trout, it is
possible to predetermine the level of aggressiveness and the
future social rank of males (@Qverli et al., 2004a; Summers et al.,
2005b). It has been known for some time with 4. carolinensis,
that the latency to darkening of the postorbital skin (eyespots) at
the beginning of an aggressive encounter would accurately
predict social rank at the end of the encounter (Korzan et al.,
2004; Larson and Summers, 2001; Summers et al., 2005a;
Summers and Greenberg, 1994). Not surprisingly, the mag-
nitude and latency of aggression are also correlated strongly with
eyespot latency (Hoglund et al., 2005; Summers et al., 2005a),
such that rapid eyespot formation, and elevated aggression occur
in individuals that will become dominant. However, the
possibility of a dichotomy in stress coping styles suggested that
aggressiveness, and social rank, could be predicted before any
fighting occurs, and such is the case in both anoles and trout.
Anolis lizards and trout that recover from the stress of capture
and transfer to a new environment more quickly, confirmed by a
shorter latency to resumption of eating, are more proactive, and
are more aggressive more quickly (Korzan et al., 2004; Qverli et
al., 2004a). Aggressive dominant lizards are also prone to court
females more rapidly. When these putatively aggressive lizards
are examined before fighting they exhibit elevated plasma
corticosterone concentrations (Fig. 1), and reduced serotonergic
activity in regions of the brain associated with aggression
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(Summers et al., 2005b). Similarly, between two congeneric
Peromyscus mice, the more aggressive species has higher basal
corticosterone levels (Bester-Meredith and Marler, 2001).
Among rainbow trout there is a very strong negative correlation
between stress-induced cortisol levels and aggressiveness,
regardless of whether the animals are prone to have high or low
responsiveness to physical stress (Qverli et al., 2004a). There
are several questions prompted by the data collected from
predetermining rank in trout or lizards. Do prior stress tests, and
the level of cortisol they provoke exclude a short-term positive
relationship between glucocorticoids and aggression in fish?
The most highly aggressive fish were in the highly responsive
group, and had higher cortisol levels than trout that were less
responsive to physical stress, but became dominant (Qverli et
al., 2004a). Are elevated basal corticosterone concentrations in
proactive lizards associated with promoting aggressive behavior
in these animals?

3.2. Glucocorticoids stimulate or limit aggression

The effect of acute corticosteroid treatment in rats is evident,
and very rapidly produced (less than 7 min), with intraperitoneal,
intracerebroventricular or intrahypothalamic injections (Hayden-
Hixson and Ferris, 1991), suggesting that glucocorticoid sti-
mulated aggression is centrally mediated, but amenable to
changes in peripheral glucocorticoids that are stimulated by stress.
For example, an acute surge of corticosterone produced by
stimulating the anterior hypothalamus facilitates the aggressive
response also produced by the hypothalamic stimulation (Kruk et
al., 2004). The importance of the role of peripheral gluco-
corticoids is also corroborated by experiments in which adre-
nalectomy (Kruk et al, 2004), or peripherally inhibited
corticotropin (ACTH) or corticosterone impede aggressive
behavior, the latter reversed by corticosterone treatment (Haller et
al., 1996; Mikics et al., 2004). This is especially significant
because aggression itself is stressful enough to increase plasma
glucocorticoid concentrations. In addition to being rapidly
produced, glucocorticoid stimulated aggression is rather long
lasting (over 25 min). The more rapid effects were demonstrated
to be mediated by non-genomic mechanisms, while the later
phases of aggressive encounters were mediated by classical
genomic mechanisms requiring protein synthesis (Mikics et al.,
2004), however it is important to remember that rapid effects
are potentially mediated by very fast genomic effects as well
(Joéls and de Kloet, 1994). The rapid effects of glucocorticoids
on aggression play a role in a fast positive feedback system
that links stress with aggression (Kruk et al, 2004) (see
Section 5).

In the female fish Aequidens pulcher immersion in cortisol
increased both submissive and aggressive behaviors (Munro and
Pitcher, 1985). The glucocorticoid synthesis inhibitor mety-
rapone greatly reduced aggression, suggesting that the role of
cortisol was to facilitate aggressive components of behavior,
however, the effects of metyrapone were not reversed by cortisol
treatment. The duration of cortisol treatment appears to be
important for its effect on aggression. In rainbow trout given
exogenous cortisol in their feed, longer term treatment (48 h)

produced a significant reduction in both locomotion and
aggression (@verli et al., 2002a). On the other hand, acute
treatment (1 h) not only increased locomotory behavior, but did
not inhibit aggression. Acute cortisol treatment produced small,
not statistically significant, increases in aggressive acts and
reduction in latency to attack, which suggest at least a short-term
permissive relationship between glucocorticoids, behavioral
activation and aggression. If glucocorticoids allow aggressive
behavior to continue during early combative progression, it may
be the necessary evolutionary precursor to short-term gluco-
corticoid exposure enhancing aggressive behavior. Alterna-
tively, it may be that some trout are predisposed to react to short-
term elevated glucocorticoids with aggressive behavior, while
others are not.

In the lizards Anolis sagrei and Uta stansburiana long term
(7 or 12 days) corticosterone implants significantly inhibit all
forms of aggressive display and attack and blocked gonadal
activity as well (DeNardo and Licht, 1993; Tokarz, 1987).
Blocking corticosterone synthesis (using metyrapone) in the
green anole (4. carolinensis) had no effect on aggressive
behavior toward a video image of aggressive males (Yang and
Wilczynski, 2003). Similarly, an acute intraperitoneal injection
of corticosterone (2 mg/kg) 30 min prior to aggressive
interaction in A. carolinensis had no effect on the level of
aggression displayed (Fig. 3A). These data suggest that during
the early stages of aggressive interaction glucocorticoids are
permissive to aggressive behavior, but that more prolonged
elevation of glucocorticoids inhibit aggressive social inte-
raction. However, when the glucocorticoid receptor blocker
mifepristone (RU486, 20.16 mg/kg) was delivered acutely (30
min prior), there was significant (two way main effect:
Fg440=2.67, P<0.007; drug effect: F,r449=3.13, P<0.045)
inhibition of aggressive activity between male green anoles,
suggesting that glucocorticoids are necessary, if only in a
permissive role. This seems a likely reason that putatively
dominant, proactive male A. carolinensis have significantly
higher baseline glucocorticoid concentrations prior to any social
interaction (Fig. 1). The necessity for glucocorticoids to ensure
a full and vigorously aggressive social interaction appears to be
most important during the initiation and early phases of
aggressive interaction, as it is only during the first 7 min of
social interaction that blocking glucocorticoid receptors limited
aggression (Fig. 3B). This is significant because, it is during the
initial phases of aggression when the celerity of the social sign
stimulus (darkening of postorbital skin: eyespots) in this species
limits aggression and promotes social dominance (Korzan et al.,
2000; Korzan et al., 2002; Summers and Greenberg, 1994), and
the period when proactive males show a shorter latency to
aggression (Korzan et al., 2004), and the latency to aggression
and eyespot darkening are linked (Hoglund et al., 2005).

Chronic elevation by exogenous glucocorticoids appears to
have one of four effects in birds. In chickens (Gallus gallus
domesticus) chronic elevation of plasma corticosterone
prenatally, by applying it in ovo resulted in decreased
aggression (feather pecking) after hatching (Lay and Wilson,
2002), but corticosterone applied continuously to the food of
adults stimulated an increase in feather pecking (El lethey et al.,
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Fig. 3. A) Corticosterone (2 mg/kg) given via intraperitoneal injection to one
male of a pair, 30 min prior to combat between these two males permits unabated
aggressive behavior (measured as total aggressive acts; mean+S.E.M.). B) The
glucocorticoid receptor blocker mifepristone (RU486, 20 mg/kg) given to one
combatant of a pair 30 min prior limited aggression (aggressive acts per min) in
that combatant for the first 7 min of social interaction, that is during the early (1
to 3 min; * indicates groups with significantly more aggression than lizards
treated with glucocorticoid receptor blocker at this time period) and middle (4 to
7 min; indicates groups with significantly more aggression than lizards treated
with glucocorticoid receptor blocker from 4 to 7 min) stages, but had no effect
on the last stage (8 to 10 min; ¥indicates significantly>controls at 8—10 min).
Males treated with the glucocorticoid receptor blocker displayed significantly
less aggression during the first 7 min than controls or corticosterone treated
lizards at that time, and also significantly less aggression than the same males
treated with glucocorticoid receptor blocker during the last 3 min.

2001). In addition male chickens treated prenatally with
exogenous corticosterone were also subject to more aggression
(Lay and Wilson, 2002). Chronically elevated corticosterone
applied to adult white crowned sparrows (Zonotrichia
leucophrys gumbelii) resulted in decreased territorial aggression
(Meddle et al., 2002). On the other hand the frequency of
conflicts was not correlated with average corticosterone level in
red knots (Calidris canutus) (Reneerkens et al., 2002). Similar
to fish, experimentally elevated corticosterone caused no
significant decrease in male territorial aggressive behavior in
male tree sparrows (Astheimer et al., 2000) Smith’s longspur,
(Calcarius pictus) (Meddle et al., 2003), or male ducklings

(Anas platyrhynchos) (Deviche, 1979), which like fish and
lizards may represent an evolutionarily adaptive mechanism
permissive to aggression during the most stressful early stages
of aggression (Summers et al., 2005a). The differences in
corticosteroid effects on aggression may result from different
social, environmental or physiological conditions, such as rank,
reproductive activity or incubation periods (Meddle et al., 2002;
Nephew and Romero, 2003).

4. Glucocorticoids influence neurotransmitters that
regulate aggression

A wide variety of neurotransmitters and modulators influence
aggression, including 5-HT, anabolic steroids, dopamine, GABA,
glutamate, nitric oxide, vasopressin and of course, glucocor-
ticoids. Of these neurochemical mediators of aggression, the one
most studies suggest is responsible for limiting aggression is 5-
HT. In fact, despite the fact that many other molecules appear to be
involved, it has recently been suggested that 5-HT remains the
primary molecular determinant of inter-male aggression, and that
the influence of all other modifiers of aggression is accomplished
indirectly through 5-HT signaling (Nelson and Chiavegatto,
2001). This view may be complicated by the recent evidence that
5-HT can both stimulate and inhibit aggression via 5-HT;
receptors (Ricci et al., 2004, 2005b).

4.1. Glucocorticoid influence on 5-HT

Although the exact mechanism remains elusive, the inhi-
bitory effects of 5-HT on aggression have been widely
demonstrated (Nelson and Chiavegatto, 2001; Summers et al.,
2005b). As 5-HT plays an essential role in regulating aggression,
what affect do glucocorticoids have modulating this effect?

First, timing of social stress responses during aggressive
interaction results in a concomitant rise in serotonergic activity
and HPA production of glucocorticoids (Fig. 4A, B) (Summers,
2002). In addition, a similar but opposite correlation of
glucocorticoids, serotonergic activity and aggression occurs in
males prior to fighting (Summers et al., 2005b). It is important to
consider that the correlations between concentrations of gluco-
corticoids and 5-HT are caused by direct or indirect interactions
between the systems that produce them. The rate-limiting steps in
5-HT synthesis include tryptophan uptake and tryptophan
hydroxylase activity, which are stimulated by stress and elevated
plasma glucocorticoid concentrations (Azmitia and McEwen,
1969, 1974; Hillier et al., 1975). Glucocorticoids appear to act
directly on neuron terminals to modify tryptophan uptake, and
permissively induce tryptophan hydroxylase to regulate 5-HT
synthesis (Neckers and Sze, 1975; Sze et al., 1976). The result is
that both corticotropin (ACTH) and glucocorticoids, stimulate
central 5-HT formation from tryptophan (Millard et al., 1972;
Millard and Gal, 1971). The behavioral outcome of the
relationship between glucocorticoids and 5-HT synthesis can be
quite serious, especially if they become faulty as in humans,
where a specific subtype of depression driven by anxiety and
aggression is precipitated by stressors and cortisol, but produces
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Fig. 4. A) Comparison of mean plasma corticosterone (circles dashed line) and
serotonergic activity (estimated by 5-HIAA/5-HT) in nucleus accumbens as a
percent of control levels (control=0% on the y axis) over time (on a log scale),
for dominant (black symbols) and subordinate (open symbols) male Anolis
carolinensis during aggressive interaction. Notice that there are temporally
specific points at which corticosterone and serotonergic activity are positively
correlated (after agonistic interaction begins), and where they are negatively
correlated (before aggression begins). B) Add a comparison to the temporal
resolution of aggressive interaction (% aggressive acts+S.E.M), which between
size-matched male A. carolinensis is mostly concluded by 10 min.

reduced, rather than enhanced, 5-HT synthesis and 5-HTj
sensitivity (Van Praag, 1996).

In addition to influencing synthesis, glucocorticoids appear to
also rapidly stimulate 5-HT release. Glucocorticoids directly
delivered via dialysis to specific regions of the brain (including
amygdala, medial prefrontal cortex, and hippocampus) stimulate
increased 5-HT overflow (Inoue and Koyama, 1996; Summers et
al., 1998b, 2003b) within minutes.

Glucocorticoids delivered peripherally by ingestion or
injection also stimulate increased central 5-HT levels (Luine
et al., 1993; Summers et al., 2000). In addition, adrenalec-
tomy changes 5-HT concentration in the brain (Azmitia et al.,
1970; De Maio, 1959), decreases 5-HT turnover, and is
reversed by corticosterone substitution (de Kloet et al., 1982;
Korte-Bouws et al., 1996). Rapid effects of glucocorticoids
may also occur via 5-HT,; , mediated hyperpolarization (Joéls,

2001; Karten et al.,, 2001). Some rapid effects of gluco-
corticoids on serotonergic transmission and ionic currents
appear to require DNA binding of glucocorticoid receptors
(Karst et al., 2000), although glucocorticoids also have non-
genomic mechanisms available via membrane receptors (Orchi-
nik et al., 1991, 1992).

Serotonin receptor subtypes 5-HTa, 5-HT;3—HT,, 5-HTj,
and 5-HT; receptors and 5-HT transporter (5-HTr) are also
affected by adrenalectomy, glucocorticoids, and stress (Le
Corre et al., 1997; Mendelson and McEwen, 1991, 1992a,b;
Yau et al., 1997), perhaps via glucocorticoid mediation of
mRNA expression, as has been demonstrated for 5-HT 5, 5-
HT5, and 5-HTt (Chalmers et al., 1993; Kuroda et al., 1994; Le
Corre et al., 1997). Glucocorticoids appear also to influence 5-
HT binding to 5-HT 5, 5-HT;, and 5-HT, receptors (Kuroda et
al., 1994; Mendelson and McEwen, 1992a,b). Glucocorticoids
effect the most basic events associated with serotonergic
production, release, receptor expression and binding, and ion
current, and as such glucocorticoids exert a broad influence on
serotonergic activities in the brain (McEwen et al., 1986), which
is widely innervated by serotonergic terminals (Greenberg et al.,
1990; Jacobs and Azmitia, 1992).

In should not be forgotten that, reciprocally, 5S-HT is a part of
the neurochemical milieu that regulates the hypothalmo-
pituitary-adrenal axis via limited direct innervation of the
hypothalamic paraventricular nucleus (Herman and Cullinan,
1997), with synaptic contact between 5-HT terminals and
neurons containing corticotropin releasing hormone (Liposits et
al., 1987). Direct stimulation of corticotropin releasing hormone
release by 5-HT has been demonstrated in vitro (Calogero et al.,
1989; Tsagarakis et al., 1989). In addition, 5-HT also regulates
sympathetic nervous system function, and may also play a role
in limbic regulatory actions (Chaouloff, 1993; Dinan, 1996).
Serotonin has been demonstrated to stimulate adrenal axis
activity in a variety of organisms from fish (Lepage et al., 2003;
Winberg et al., 1997; Winberg and Lepage, 1998) to humans
(Lewis and Sherman, 1984; O’Keane and Dinan, 1991).

Serotonin in the hypothalamus has been directly linked with
aggressive behavior, especially associated with its influence on
the neuropeptide vasopressin (Ferris et al., 1997).

4.2. Glucocorticoid influence on vasopressin or vasotocin

The neuroactive peptide vasopressin has been localized to
cells in the anterior hypothalamus that enhance activity of the
glutamatergic output, and enhance aggressive behavior.
Administration of vasopressin has a positive effect on aggression
and dominance behavior in voles (Winslow et al., 1993),
hamsters (Bamshad and Albers, 1996; Ferris et al., 1997), and in
humans cerebrospinal fluid vasopressin correlates positively
with aggression (Coccaro et al., 1998). In rats facing antagonism
from more aggressive rats, although corticosterone levels
increase, plasma vasopressin concentrations do not (Suzuki et
al., 1998). Perhaps that is because rats subjected to aggression
and social subordination stress exhibit an increase in stored
hypothalamic vasopressin while corticosterone levels are high
(De Goeij et al., 1992). In normal stress axis negative feedback,
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glucocorticoids regulate vasopressin as well as corticotropin-
releasing factor (Urban et al., 1991), but in hyperanxious rats it is
vasopressin via the vasopressin V4 receptor which produces
hyper-glucocorticoid responses through diminished negative
feedback (Keck et al., 2002). This is an important envi-
ronmental/physiological alteration of glucocorticoid sensitivity
as corticosteroids modify V5 receptor gene and protein
expression in the brain via several glucocorticoid response
elements (GRE) in the promoter and enhancer region of the gene
(Watters et al., 1996a,b). Although glucocorticoids also appear
to diminish vasopressin in extrahypothalmic regions of the brain,
at least in the medial amygdala or bed nucleus of the stria
terminalis, the effect is indirect via inhibition of androgens that
regulate the vasopressin gene (Urban et al., 1991; Watters et al.,
1998). The most important question still remaining about
glucocorticoid regulation of vasopressin is whether gluco-
corticoids play a special role regulating vasopressin in the
anterior hypothalamus, where both vasopressin and gluco-
corticoids are effective in stimulating aggression.

As the evolutionary precursor to vasopressin, vasotocin
could play a similar role augmenting aggression. However, in
starlings (Sturnus vulgaris) where crowded conditions sti-
mulated aggressive interaction, peripherally injected vasotocin
reduced aggressive behavior while stimulating plasma corti-
costerone (Nephew et al., 2005). In other wild birds, where
central injection of the stress neuropeptide corticotropin
releasing factor reduced territorial aggression, vasotocin had no
effect (Romero et al., 1998).

4.3. Glucocorticoid influence on GABA

The y-aminobutyric acid (GABA) type A receptor (GABA )
is implicated in aggressive behavior bimodally, both enhancing
and reducing aggressive acts and behavior (Miczek et al., 2002).
This effect is related to GABA synthesis, via the enzyme
GADygs, and function in specific aggression areas, such as
anterior hypothalamus and medial amygdala (Grimes et al.,
2003; Ricci et al., 2005a). Defensive aggression and predatory
attack appear to be interrelated via a GABAergic pathway
between the subsets of neural circuitry that serve these two
kinds of aggression (Gregg and Siegel, 2001). There has been a
long-established link between alcohol, which binds to the
GABA 4 receptor, and heightened aggressive behavior (Miczek
et al., 1993, 1994a,b). Aggression induced by alcohol can be
potentiated by benzodiazepines, which also bind to the GABA 5
receptor. Steroids produced in the brain de novo, like
allopregnanolone, that are positive allosteric modulators of
GABA , receptor function, have been demonstrated to heighten
aggressive behavior (Fish et al., 2002a).

Although there is no suggestion that physiological con-
centrations of glucocorticoids effect ligand binding or GABA-
stimulated CI uptake via GABA, receptors, glucocorticoids
have been demonstrated to alter GABA function by mo-
difying GABA, receptor subunit expression and heteroge-
neity (Orchinik et al., 1994a,b, 1995, 2001). In addition, a
glucocorticoid that binds only weakly to classic minera-
locorticoid and glucocorticoid receptors, tetrahydrodeoxycor-

ticosterone (THDOC) is a potent positive allosteric modulators
of GABA A Cl™ influx. This neurosteroid has been demonstrated
to inhibit conflict and aggressive behavior (Auta et al., 1993;
Barbaccia, 2004; Kavaliers, 1988).

4.4. Glucocorticoid influence on glutamate systems

Glutamate acting at the levels of the hypothalamus and the
periaqueductal gray, and as transmitter between them facilitates
aggressive behavior in a variety of vertebrates (Brody et al.,
1969; Gregg and Siegel, 2001; Hoffmann et al., 1993; Marcucci
and Giacalone, 1969; Roeling et al., 1994; Siegel et al., 1999).
Two kinds of glutamate receptors that are functionally linked,
AMPA and NMDA receptors appear to mediate these effects
(Brodkin et al., 2002; Carobrez et al., 2001; Ossowska et al.,
1997; Vekovischeva et al., 2004). This role of glutamate on
aggression may require both concomitant changes in GABA
and socially aggressive experience. A microdialysis study of
naive and experienced rats (recent and previous) suggests that
only combined perfusion of the glutamate agonist kainate and
the GABA, receptor antagonist bicuculline together into the
hypothalamic attack area caused a significant increase in
aggressive behavior, and only in animals with a recent
aggressive experience (Haller et al., 1998). It is experience,
and reinforcing its influence, where plasma glucocorticoids
may impact on glutamate function and aggression, and do so in
more than one way. First, aggression appears to activate the
same neurocircuitry associated with reward that is stimulated
during drug addiction, and certain drugs of addiction also
promote aggression (DeLeon et al., 2002; Fish et al., 2002b;
Melloni et al., 1997; Miczek and Tidey, 1989). Second, stress
and glucocorticoids promote addiction and especially its social
reinforcing mechanisms (Piazza and Le Moal, 1997). Stress
and glucocorticoids also regulate glutamate NMDA receptors
(Bartanusz et al., 1995; Meyer et al., 2004; Weiland et al., 1997).
Glutamate from the hippocampus and central amygdala produce
context dependent increases of dopamine in the nucleus
accumbens. Receptors for NMDA and glucocorticoids appear
to be necessary for development of behavioral sensitization,
promote addiction, and enhance relapse (Deroche-Gamonet et
al., 2003). Similarly increased accumbal dopamine may be
stimulated by glucocorticoids enhancing the effect of glutamate
acting on NMDA and AMPA receptors that induce burst firing
of ventral tegmental neurons (Cho and Little, 1999). Therefore,
glucocorticoid influence of glutamatergic activity may be most
important for setting contextual events and conditions that
reinforce aggressive behavior, much as they do for addiction,
and affecting the likelihood of repetitive aggressive events.

In the lizard 4. carolinensis, aggression stimulates upre-
gulation of subunits of the glutamate NMDA receptor in CAj
region of the hippocampus, where NR,, and NR,p subunits are
increased in both dominant and subordinate males (Meyer et al.,
2004). Increased NR; 5 and NR,g subunits in the CAj3 region, but
not dentate gyrus, may also be established by exogenous
corticosterone. This is important because, in mammals coincident
upregulation of NRy, +NR,p stimulates NR; upregulation, and
more importantly, an increase in the total number of NMDA
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receptors (Saito et al., 2003). In our experiments, expression of
NR,p subunits is enhanced to a greater degree than NR,,
subunits (Summers et al., 2005a). Genetically over-expressed
hippocampal NR;g subunits enhance learning (Tang et al., 1999)
and knock-out mice lacking 5-HT;, receptors have reduced
hippocampally dependent learning (Sarnyai et al., 2000). These
results suggest that stress-related glutamatergic, serotonergic
and glucocorticoid changes in the hippocampus may modify
critical learning events important for recognizing opponents
during aggression, and learning social status roles. Male A.
carolinensis are capable of distinguishing familiar opponents
after one aggressive interaction of 10 min (Forster et al., 2005).
There was no distinction in NR, subunit upregulation across
social status, which suggests that learning the elements and
characteristics of social rank is important for both dominant
and subordinate males.

5. Reciprocal integration and timing

The key to distinguishing the effect of glucocorticoids on
aggression, and the resulting outcome in social status, may be
the celerity, magnitude and duration of the glucocorticoid
response. This is because, while social interactions have an
immediacy that promotes stress responses from both dominant
and subordinate individuals, chronic social subordination
involves long-term neuroendocrine stress activity that imposes
deleterious physiological consequences and influence future
aggressive encounters and rank (DeVries et al., 2003; Gilmour
et al.,, 2005; Sloman and Armstrong, 2002; Summers, 2002;
Summers et al., 2005a,b). In mammals, the combined elements
of the hypothalamic attack area stimulating adrenal axis
secretion of glucocorticoids, just as actual aggression does, and
peripheral glucocorticoids rapidly mediating aggression
stimulated centrally via the hypothalamus, suggests a fast
positive feedback mechanism to the adrenocortical stress
response promoting central neurocircuitry that enhance ag-
gressive interaction (Kruk et al., 2004). The short-term nature of
positive glucocorticoid feedback promoting aggression may be
facilitated by the pulsatile nature of glucocorticoid secretion
(Lightman et al., 2000, 2002). These highly adaptive responses
to social aggression that promote actively aggressive responses
in rodents have not, as yet, been demonstrated in all
vertebrates. However, the pattern of evidence suggests at least
a permissive effect of short-term glucocorticoid secretion
(Fig. 3A, B). However, even though glucocorticoids may be
permissive in some animals, rather than stimulatory to ag-
gression, it does not mean that they are not necessary, and the
effect of glucocorticoid receptor activity to permit aggression,
may be most important in the initial phases of combative
interaction (Fig. 3B). The necessity for and permissive role of
glucocorticoids during the initial phases of aggression is
followed by strongly inhibitory influence of chronically elevated
glucocorticoid secretion that often accompanies social subor-
dination or environmental conditions that produce uncon-
trollable and unpredictable circumstances.

A critical juncture therefore, is the time between the acute
and chronic phases in stress responsiveness, and glucocorticoid

secretion, where permissive or stimulatory actions must be
integrated with the suppressive effect of glucocorticoids
(Sapolsky et al., 2000). There appears to be a distinction in the
sensitivity of the glucocorticoid response at this time period, and
in the initial phase of aggressive interaction, between potentially
dominant and subordinate individuals. There are also significant
differences between dominant and subordinate, or proactive and
reactive individuals in baseline concentrations of plasma
glucocorticoids, the timing and magnitude of response to
aggression and other stressors, and the propensity for mounting a
secondary long-term glucocorticoid response to social or other
stressors. These differences are reflected in several neurotrans-
mitter systems, many of which are influenced by the presence of
elevated plasma glucocorticoid concentrations (Fig. 4A).
Specifically, at least in A. carolinensis, serotonergic activity in
brain regions that in mammals are a common part of stress,
aggression and addiction neurocircuitry, such as nucleus
accumbens are positively correlated with glucocorticoid levels
and also positively correlated with aggression (Fig. 4B). At the
point in time when aggression is most intense, at the beginning
of combative interaction, two neurochemicals often associated
with inhibiting aggression, are on the rise. Clearly they are not
inhibiting aggression at this time, but prior to aggressive
interaction, serotonergic activity is negatively correlated, and
plasma glucocorticoid concentrations are positively correlated
with aggressive potential. To fully understand the progression
and consequences of aggressive interaction, it is the specific
local neuroendocrine events that must be investigated at the two
critical time points: 1) initiation of aggression, and 2) the
confluence of acute and chronic stress responses.

6. Conclusions

The relationship between glucocorticoids in non-mamma-
lian as well as mammalian vertebrates appears to be very
complex, with behavioral results dependent on timing,
magnitude, context, and coordination of physiological and
behavioral responses. Corticosterone and/or cortisol appear to
have the capacity for both potentiating as well as inhibiting
aggression. Consistently across vertebrate taxa chronically
elevated glucocorticoids inhibit aggressive behavior. This is
consistent with an evolutionarily adaptive behavioral strategy
among subordinate and submissive individuals, and is
characteristic of that group. Acute stress on the other hand,
may generally be best counteracted by an actively aggressive
response, while such a response would be evolutionarily
maladaptive under chronic, uncontrollable and unpredictable
circumstances. The collected evidence indicates that short-
term glucocorticoid action in the brain, perhaps in specialized
local regions such as the anterior hypothalamus, -either
promotes an actively aggressive response, or is necessary but
permissive to escalated aggression and/or activity. The acute
proactively aggressive response appears to be more available
to dominant individuals. Subordinate or reactive individuals
often reveal neuroendocrine machinery that produces com-
pulsory chronic responses that inhibit aggression and promote
submissive behavior.
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