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Abstract
Animals chronically exposed to stressors with access to diets high in fat and sugar consume and
prefer these diets, a result consistent with the association between stress and comfort food
ingestion in humans. As social subordination in rhesus monkeys provides an ethologically relevant
translational model of psychosocial stress, we tested the hypothesis that differences in food intake
between dominant and subordinate female monkeys are due to corticotropin-releasing hormone
(CRH) induced alteration in sensitivity to ghrelin, a potent orexigenic signal. We assessed food
intake of animals given a choice between a low (LCD) and high calorie diet (HCD) in response to
four-day treatment with the CRH receptor antagonist, astressin B, and to an acute treatment of
ghrelin. Ghrelin stimulated intake of LCD in subordinates but did not further increase
consumption of HCD, whereas ghrelin decreased LCD consumption without affecting HCD intake
in dominant females. Astressin B decreased cortisol levels and increased preference for and intake
of the HCD in subordinates and decreased calorie intake and HCD preference in dominant
animals. These results suggest that increased caloric intake by subordinates may, in part, be
explained by a greater sensitivity to postprandial increases in ghrelin and that CRH receptor
antagonism leading to a decrease in cortisol has mixed effects on food choice depending on an
individual's stress background.
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Introduction
Exposure to acute and chronic stressors plays a central role in energy balance by altering
food intake [1]. Rodents and non-human primates exposed to chronic stressors show a
reduction in body weight when fed a standard low fat, high fiber diet [1-5]. However, when
given access to diets high in fat and sugar, chronically stressed rodents eat greater amounts
of these diets in comparison to low calorie diets [6,7], allowing for a preference for this high
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fat high sugar diet to emerge. The preference for high calorie diets during extended exposure
to stressors is consistent with the association between stress and comfort food ingestion in
humans [8,9].

Corticotropin-releasing hormone (CRH), the central mediator of the limbic-hypothalamic-
pituitary-adrenal (LHPA) axis, likely affects food intake [1,10] and, through its stimulation
of glucocorticoids, increases preference and intake of high calorie diets (HCD) containing
sugars and fats [11]. Furthermore, CRH acts directly in the paraventricular nucleus of the
hypothalamus and in the arcuate nucleus of the hypothalamus to modulate food intake [12]
via its two receptors, CRH receptor type 1 (CRHR1) and CRH receptor type 2 (CRHR2)
[1,10]. Even though the specific mechanism mediating CRH's effects on food intake remains
unclear, CRH has the ability to disrupt feeding at the level of the arcuate nucleus of the
hypothalamus, as CRH activity modulates expression of the orexigenic signals neuropeptide
Y (NPY) and agouti-related protein (AgRP) [13,14]. Furthermore, CRH and cortisol activity
is capable of altering sensitivity to peripheral metabolic signals, such as leptin [15]. Another
peripheral signal whose actions have been suggested to be altered under conditions of
chronic stress is ghrelin [16], an orexigenic peptide secreted from the stomach. Heightened
CRH and LHPA activity characteristic of chronic stress exposure could alter the potency of
ghrelin via growth hormone secretagogue receptors in the arcuate nucleus and caudal
brainstem to stimulate food intake [17,18].

While studies that examine the interaction between chronic exposure to stressors and food
intake are difficult to perform in humans, socially housed female rhesus monkeys provide an
ethologically relevant translational model of psychosocial stress. Female monkeys, like
human beings, live in a stratified society wherein subordinate animals experience adverse
consequences due to their social status [19,20], including hypercortisolemic due to reduced
glucocorticoid negative feedback [21-23]. Furthermore, subordinate females show decreased
body weight and circulating leptin levels when maintained on a standard monkey diet in
comparison to dominant animals [3]. Interestingly, ghrelin concentrations are not lower in
subordinate female rhesus monkeys [3], suggesting differences in food intake during
subordination stress might be explained by differential sensitivity to ghrelin. However, when
given access to diets that are high in sugar and or fat, subordinate females consume
significantly more calories per day than do dominant females [23]. The mechanisms
responsible for this status difference in intake of high caloric foods are not known.

The objective of the current study was to define the relation between psychosocial stress
exposure (social subordination), ghrelin sensitivity, and food intake and preference in female
rhesus monkeys. We tested the hypothesis that differences in food intake between dominant
and subordinate female monkeys are due to alteration in ghrelin sensitivity. Furthermore, we
determined whether treatment with the CRH type 1/2 receptor antagonist peptide astressin
B, would alter CRH-induced changes in ghrelin sensitivity and decrease preference and
intake of a HCD in subordinate females to levels comparable to those seen in dominant
animals. Finally, because the psychosocial stress of subordination is imposed through
harassment or non-contact aggression by more dominant animals, we also evaluated
differences in social behaviors in response to astressin B.

Methods
Animals

Previously ovariectomized adult female rhesus monkeys (n = 9) living in indoor-outdoor
enclosures (in groups of 4 and 5) were used as subjects as previously described [23].
Animals had access to experimental diets ad libitum via automated feeders to allow for
quantification of individual caloric intake [23]. Briefly, each animal was implanted with a
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radio-frequency identification chip in each wrist. An antenna read these chips and signaled a
computer to dispense a single pellet of food via an automated pellet dispenser. This event
was recorded in a log on a computer, allowing for the constitutive monitoring of individual
animal food intake. A feeder is only activated and dispenses a pellet if the animal's hand
breaks the plane of the antenna surrounding the food cup. Under these conditions, pellets
were never discarded and dominant females rarely (<1%) took the pellet from a subordinate
animal. Thus, the system accurately records food intake and diet preference in socially
housed monkeys [23]. Subjects had a choice between a low calorie monkey chow (LCD;
3.61 kcal/g, Purina 5038) and a high calorie diet (HCD; 5.54 kcal/g Research Diets of
America). The caloric breakdown of the LCD was 12% fat, 18% protein, and 4.14% sugar
carbohydrate and 65.9% fiber carbohydrate. The calories of the HCD were distributed as
40% fat, 20% protein, 14.8% sugar carbohydrate and 25.2% fiber-starch carbohydrate.

Rhesus monkeys provide an ethologically valid, translational model in which to study
adverse health effects that are comorbid with psychosocial stress. Lower ranking animals
receive proportionately more aggression from higher-ranking group mates and these
subordinates terminate these interactions by emitting submissive behavior [19]. Given the
recurrent exposure to harassment from more dominant females, subordinate females have
larger adrenal glands [21] and show a greater cortisol response to social challenges [24]. In
addition, pharmacological tests using a dexamethasone suppression [3,25-29] or ACTH
challenge [29] show subordinate females are hypercortisolemic. The use of social
subordination in macaques is a well established model to study the adverse effects of
psychosocial stress on cardiovascular disease [30], addictive behavior [31], central
monoamine changes [29,32,33], reproductive compromise [30,34], alterations in immune
function [27,35], and an increase in anxiety-like or displacement behaviors [25,36] known to
be stress dependent [37]. Group dominance ranks were determined based on the outcome of
dyadic interactions between females where a female clearly elicited a submissive response
to another animal [19]. Females ranked one and two were classified as dominant (n=4) and
females ranked 3-5 were considered as subordinate (n=5) [21]. Groups had been formed and
dominance ranks stable for 96 months prior to the initiation of this study. The Emory
University Institutional Animal Care and Use Committee approved all procedures in
accordance with the Animal Welfare Act and the U.S. Department of Health and Human
Services “Guide for Care and Use of Laboratory Animals.”

Study design
Females were studied for two one-week treatment phases separated by a two-week washout
period. Each phase consisted of either a four-day saline treatment, designated hereafter as
the control condition, or a four-day treatment with the mixed CRH type 1/2 receptor peptide
antagonist, astressin B [38]. Astressin B was chosen as it reduces cortisol secretion in
monkeys when administered peripherally [39]. The dose of astressin B used (0.45 mg/kg/
day in saline) was based on studies assessing effects of LHPA activation on luteinizing
hormone secretion in monkeys [39]. For the control condition females received SC
injections at approximately 0800 hr on each of four consecutive days. The treatments
(control versus astressin B) were counterbalanced across the nine females between the two
four-day phases.

On the morning of day three of both the control and astressin B treatment conditions,
females received either saline (0.25 ml, IV) or ghrelin (100 μg/kg in saline, IV; [39])
coincident with the astressin B or control. On the morning of day four, females received the
other treatment. The order of ghrelin versus saline on these two days was counterbalanced
across females. A blood sample was obtained prior to each injection for plasma ghrelin and
serum cortisol determination. A one-hr behavioral observation was conducted beginning 30
minutes after the injection time using the standard rhesus monkey ethogram, including
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affiliative, aggressive, and submissive behaviors. Data were recorded using a Palm PDA and
the “Hands Obs” program developed by the Center for Behavioral Neuroscience [40]. Inter-
observer reliability exceeded 90%. Thirty minutes following the end of the behavioral
observation, a second blood sample (two hours following injection) was collected to assess
ghrelin and cortisol levels. We compared food intake in the four-hour period following the
ghrelin injection to the same period following the saline injection to assess status-related
differences in food intake.

Sampling and assay methods
All subjects were habituated to being removed from their group for conscious venipuncture
using previously described procedures [41] in place in the lab for over 30 years. Blood
samples were obtained within 10 minutes from entering the animal area to minimize arousal
[42]. Serum levels of cortisol were measured by radioimmunoassay with a commercially
available kit (Beckman-Coulter/DSL, Webster TX). Using 25 μl, the assay has a range from
0.5 to 60 μg/dl with an inter- and intra-assay CV of 4.9% and 8.7%, respectively. Acylated
ghrelin levels were determined by ELISA following sequential addition of aprotinin and 1M
HCl to the sample as to minimize ghrelin degradation (ALPCO, Boston MA). The assay has
a range from 1.96 to 250 pg/ml with an inter- and intra-assay CV of 4.47% and 5.50%,
respectively. All assays were done at the Yerkes National Primate Research Center
(YNPRC) Biomarkers Core Lab.

Statistical analyses
Data were summarized as mean ± standard error of the mean (SEM). The main and
interaction effects of status (dominant vs. subordinate), antagonist treatment (control vs.
astressin B), ghrelin challenge (saline vs. ghrelin) on consumption of the LCD versus the
HCD, over time was evaluated with analysis of variance for repeated measures (RM-
ANOVA). Feeding data following ghrelin or saline injections were analyzed using feeding
two-hours prior to injection time as a covariate to control for the amount of food a female
ingested prior to the assessment as some females had fed during these hours. Test results
with a p ≤ 0.05 were considered significant.

Results
Effects of astressin B on cortisol concentrations

There was a significant interaction between astressin B treatment and time on treatment for
morning cortisol levels (F 1, 7 = 6.92, p=0.03; Figure 1). Treatment with astressin B
decreased basal cortisol levels on the morning of day four in all animals regardless of status
compared to both day three and four of the control treatment phase and day three of astressin
B levels (Figure 1).

Assessment of sensitivity to ghrelin
Not surprisingly, acute ghrelin administration significantly elevated circulating ghrelin
levels compared to the saline treatment condition (91.58±18.12 vs. 25.76±11.14 pg/ml; F 1, 7
= 22.4, p=0.002). Furthermore, ghrelin administration did not affect cortisol levels (p >
0.05), as the change in cortisol two hours following ghrelin and saline administration was
not significantly different after injection (32.9±2.50 vs. 31.7±2.15 μg/dl). Finally, there was
no main or interaction effect of astressin B or social status on circulating concentrations of
ghrelin following injection (p > 0.05).

Because females were not fasted before administration of ghrelin or saline, total calorie
intake during the two hours immediately before these injections at 0800 hr was used as a
covariate in the analysis of ghrelin effects on feeding. There was no significant overall main
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effect of status, diet, astressin B, ghrelin (F 1, 3 = 0.01, p > 0.05) or an interaction between
social status and diet (p > 0.05). Because the effect of order of ghrelin versus saline injection
on days three and four of each phase was not significant (F 1, 3 = 0.38, p > 0.05), treatment
order was not considered in the analysis. Treatment with astressin B did not modify the
effects of ghrelin on food intake over the four-hour period in dominant and subordinate
females (F 1, 7 = 0.032, p > 0.05); consequently, the effects of these treatments are presented
separately for clarity. As illustrated in Figure 2, ghrelin treatment interacted significantly
with status to affect diet preference and calories consumed (F 1, 7 = 7.01, p=0.05), but not
with hours from ghrelin injection (P>0.05, Table 1). Consumption of the LCD was
significantly decreased by ghrelin in dominant animals but increased in subordinate females
(p < 0.05). Thus, while LCD consumption was similar between dominant and subordinates
females during saline, subordinates ate more LCD following ghrelin than did dominant
females. In contrast, consumption of the HCD was not statistically different following saline
or ghrelin in either dominant or subordinate females.

As shown in Figure 3, administration of astressin B also interacted with status to
significantly influence diet preference and food intake (F 1, 7 = 14.2, p=0.01). For dominant
females, astressin B decreased consumption of both the HCD and LCD compared to the
control condition (p < 0.05). In contrast, administration of astressin B increased
consumption of the HCD (p < 0.05) but did not affect consumption of the LCD in
subordinate females (p > 0.05). Consequently caloric consumption was significantly
increased by astressin B in subordinate animals (p < 0.05).

Treatment effects on behavior
Figure 4 shows the changes in behavior following saline and ghrelin administration during
both the control and astressin B conditions. A main effect of status (F 1, 7 = 14.4, p < 0.01)
on total aggressive behavior was present, as dominant animals displayed significantly more
aggressive behaviors towards subordinate females (Figure 4A). This constant harassment by
dominant animals was associated with correspondingly higher rates of submissive behaviors
by subordinate females (Figure 4B; F 1, 7 = 14.7, p < 0.01). There was no effect of ghrelin or
astressin B on submissive and aggressive behaviors, and there were no significant
interactions between status, ghrelin, and astressin B (p > 0.05).

Figure 4C shows that dominant females displayed significantly higher rates of affiliative
behavior than did subordinate animals (F 1, 7 = 7.68, p=0.03). Moreover, astressin B
administration significantly increased affiliation (F 1, 7 = 7.02, p=0.03), in a status dependent
manner (F 1, 7 = 5.44, p=0.05), as dominant animals directed significantly more affiliative
behavior towards group mates following astressin B administration whereas subordinate
females did not. There was no effect of ghrelin on affiliation and no significant interactions
between ghrelin, status and astressin B on affiliative behaviors (p > 0.05).

Discussion
Exposure to stressors in animal models suppresses feeding and leads to a decrease in food
intake when a low calorie diet is available [1,3,43,44]. This decreased food intake has been
linked to the activity of LHPA axis, specifically the anorexic actions of CRH, as this peptide
hormone acts at the level of the hypothalamus, caudal brainstem, and central nucleus of the
amygdala [18,45,46] to regulate food intake via its two receptors, CRHR1 and CRHR2
[1,10]. However, an increasing number of studies now suggest that when given access to
diets high in fat and/or sugar, rodents and monkeys exposed to chronic stressors prefer these
high calorie foods and consume more calories than do non-stressed controls [7,9,23,47], an
effect due to the central actions of glucocorticoids and insulin affecting food salience [11].
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Because we have previously shown that plasma ghrelin levels do not differ between
dominant and subordinate females [3], the present study tested the hypothesis that the
increased consumption of a HCD by subordinate females would be explained by a greater
sensitivity to ghrelin. Although the half-life of ghrelin in humans following a bolus
administration is between 10 and 31 minutes [48-50], its actions on food intake are rapid
[51]. Ghrelin in rodents acts at the level of the arcuate nucleus of the hypothalamus to
initiate food intake via the orexigenic neuropeptides NPY and AgRP within one hour
following its administration [52,53]. Additionally, central ghrelin administration in rats
increases fat ingestion two hours after ghrelin injection [54,55]. In our study, food intake
was monitored for four hours following ghrelin injection due to this described rapid onset of
ghrelin's action to initiate feeding. Ghrelin increased consumption of the LCD in
subordinates whereas intake of the LCD was decreased with ghrelin in dominant animals
compared to the saline treatment. These data suggest that subordinate but not dominant
animals are sensitive to the orexigenic action of ghrelin for a LCD, even in a fed state.
However, the data also indicate all animals are insensitive to ghrelin in increasing further
consumption of a diet high in sugar and fat. It is possible that the dose of ghrelin used in this
study was not capable of further stimulating HCD consumption by subordinates above
already high intake levels. Alternatively, the lack of an effect of ghrelin on HCD
consumption suggests that the overall preference for the HCD in all animals is driven by a
mechanism independent of ghrelin and its direct actions on ingestive neural networks. This
overall status-independent effect on HCD consumption during the ghrelin assessment
suggests that the acquisition and reinforcement of HCD feeding is similar in both groups of
animals, possibly acting through the mesolimbic dopamine system [56].

Previous data has shown that ghrelin increases glucocorticoid secretion, presumably acting
via NPY and AgRP to stimulate the LHPA axis [57,58]. In our study, we did not see an
increase in cortisol levels two hours following IV ghrelin administration. The lack of an
effect on cortisol release might be due to differences in the administration protocol, as we
injected a bolus while the continuous infusion of ghrelin over five hours in rhesus macaques
increases cortisol levels 45 and 90 minutes following initiation of ghrelin administration
[39].

To determine whether CRH receptor activity is necessary for these subordination-induced
differences in feeding behavior, we utilized the mixed CRHR1/2 peptide antagonist astressin
B [38]. We found daily subcutaneous administration of astressin B over four days was
physiologically efficacious as it decreased morning cortisol levels in all subjects, regardless
of social status, an effect most likely due to antagonism of pituitary CRH receptors leading
to the attenuation of adrenal cortisol secretion [39]. Even though this finding corroborates
previous data describing astressin B's ability to reduce cortisol levels in monkeys [38,39],
the administration of astressin B had a delayed response in the treatment paradigm employed
in the current study since there was a cumulative effect of the antagonist on cortisol, as the
decrease in cortisol levels was not seen until the fourth day of treatment. Discrepancies
between the current study and these other studies could be accounted by the different
administration protocols, as the previous studies used provocative agents concurrently with
astressin B such as CRH to assess its ability in blocking LHPA activation [38]. Our data are
the first to administer astressin B in a chronic manner and suggest that the agent might
require more time to dampen LHPA activity when there is a constant threat to homeostasis
(subordination) and not a concurrent provocative challenge.

The lack of a social status effect in the morning cortisol in response to astressin B is not
surprising the analysis of a single morning sample for cortisol may provide limited power to
detect these group differences and consequently be a poor surrogate measure of social status
differences in LHPA [59,60]. As subordination-induced dysregulation of the LHPA is best
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characterized by provocative tests [21,23,28], the use of a single sample to show status
differences in cortisol yields variable results [59-61]. Indeed, the use of a dexamethasone
suppression test reveals that subordinate females are hypercortisolemic due to diminished
negative feedback of the LHPA axis [22,23,62]. Importantly, the higher rates of aggression
or harassment directed towards subordinates provides evidence that social subordination is a
stressor in macaque groups [20] and administration of astressin B did not influence these
behaviors.

Astressin B administration modulated food intake differentially in dominant and subordinate
animals regardless of ghrelin treatment, as astressin B decreased overall calorie intake and
HCD preference in dominant animals and increased the preference and intake of HCD in
subordinate animals. Critically, there was no main effect of status on total calorie intake
over the four hours of the ghrelin challenge and no status by diet interaction indicating that
subordinate and dominant animals ate similar amounts of both diets overall within this
experimental design. The lack of this overall difference in intake suggests that the specific
context and experimental paradigm employed in this study were not sufficient to observe the
overall status difference in total calorie intake and diet preference that we have seen
previously in socially housed female monkeys [23]. Specifically, in the current study, only
four hours of food intake in the morning were assessed and status differences in food intake
emerge over the course of an entire 24-hour period as subordinate animals eat more during
the nighttime than dominant animals [23]. Regardless of the lack of a status difference in
overall intake and diet preference, the feeding data from subordinates on astressin B and
dominant animals during the control condition were similar even though the total number of
calories consumed by subordinates was unaffected by astressin B treatment. Assessing food
intake and responsivity to ghrelin after a longer treatment with astressin B may have
produced a different pattern of food intake in subordinate animals, such that calories
consumed would have been lower and the preference for the HCD diminished. Because
glucocorticoids shift diet preferences to calorically dense foods [11], it seems unlikely that
the pattern of food intake in subordinates given a choice between a HCD and LCD occurs
independent of LHPA involvement.

The administration of the astressin B did not alter dominance rankings within the groups, as
agonistic behavior was unaffected by peripheral CRH receptor antagonism. Interestingly,
daily administration of astressin B increased affiliative behavior directed at group mates by
dominant females. This change in the motivation to engage in affiliation in dominant
animals during astressin B treatment is consistent with other data showing an interaction
between glucocorticoid levels and affiliative behavior, as increases in affiliation and social
support result in decreased glucocorticoids levels (for review see [63]). In addition,
increases in affiliation in monkeys [64,65] and humans [66] are associated with decreases in
cortisol levels. The finding that affiliative behavior did not increase but cortisol levels
decreased in subordinate females, however, suggests that other factors are involved.
Alterations in the serotonergic system characteristic of chronic exposure to stressors [33]
might also account for the status difference in affiliative behavior seen in subordinate
animals, as serotonin also facilitates affiliation [67,68]. The possibility remains that changes
in CRHR receptor expression associated with chronic stress [69] in regions involved in
prosocial behaviors, such as the amygdala [70], are altered in subordinate monkeys in a
manner that renders them unable to respond behaviorally to decreased cortisol levels.

In conclusion, the data indicate subordinate females indeed have increased sensitivity to
ghrelin that promotes consumption of a LCD. Interestingly, ghrelin sensitivity towards
consumption of the HCD was unaltered in both dominant and subordinate animals,
suggesting that mesolimbic reward circuits [56] might be driving the increased preference
for this diet in both groups of animals. Additionally, the administration of the nonspecific
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CRH receptor peptide antagonist astressin B further increased intake of a HCD [23], thus
failing to elicit a change in sensitivity to ghrelin similar to that seen in dominant females.
These data suggest that even though the cumulative effect of a CRH antagonist might
provide relief from the hypercortisolism and behavioral disruptions characteristic of chronic
stress disorders such as depression [71], a more chronic treatment with such a
pharmacological intervention might be necessary to affect stress-induced disruptions in
ghrelin sensitivity and food intake. These and other findings that implicate ghrelin in stress-
induced neuroendocrine alterations in reproductive function [39] emphasize the importance
of studying multiple facets of one molecule's actions, as understanding how multiple
systems interact might provide insight regarding the etiology stress-induced deficits in
behavior, appetite, and reproductive competence observed in humans, such as women with
functional hypothalamic amenorrhea [72].
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Figure 1.
Peripheral cortisol levels (mean ± SEM) for dominant and subordinate animals at the
conclusion of each of the two treatment phases. Astressin B decreased peripheral cortisol
levels in both dominant and subordinate animals by day four of astressin B treatment
(marked by letters).
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Figure 2.
Mean ± SEM of kcal consumed of LCD (open bar) and HCD (closed bar) following saline
or ghrelin IV injection in dominant and subordinate animals over four hours. Ghrelin
administration decreased LCD consumption in dominant animals (depicted by *).
Conversely, ghrelin increased LCD consumption in subordinate animals (marked by #).
There was no main effect of ghrelin, and it did not interact significantly with either status or
astressin B administration.
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Figure 3.
Mean ± SEM of kcal consumed of LCD (open bar) and HCD (closed bar) following saline
or astressin B injection in dominant and subordinate animals over four hours. Astressin B
administration decreased total intake in dominant animals (depicted by letters). Astressin B
increased HCD ingestion in subordinate animals (depicted by *). There was no main effect
of astressin B, and it did not interact significantly with either status or ghrelin
administration.
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Figure 4.
Mean ± SEM of the frequency of aggressive (A), submissive (B), and affiliative (C)
behaviors per hr following saline (open bar) or ghrelin (closed bar) administration in
dominant (D) and subordinate (S) animals during control or astressin B treatments.
Dominant animals showed higher rates aggressive behavior in comparison to subordinate
animals (A), and subordinate animals showed increased submissive behavior in comparison
to dominant animals (B). Dominant animals showed increased affiliative behavior in
comparison to subordinate animals, and astressin B increased affiliation only in dominant
animals (C). Different letters indicate groups differed significantly (p < 0.05).
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