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Abstract
Chronic psychosocial stress produces an array of adverse health consequences that are highly
comorbid, including emotional eating, affective disorders, and metabolic syndrome. The
consumption of high caloric diets (HCD) is thought to provide comfort in the face of unrelenting
psychosocial stress. Using social subordination in female rhesus monkeys as a model of continual
exposure to daily stressors in women, we tested the hypothesis that subordinate females would
consume significantly more calories from a HCD compared to dominant females, and this pattern
of food intake would be associated with reduced cortisol release and reduced frequency of anxiety-
like behaviors. Food intake, parameters of cortisol secretion, and socio-emotional behavior were
assessed for 3 weeks during a no choice phase when only a low caloric diet (LCD) was available
and during a choice condition when both a LCD and HCD were available. While all animals
preferred the HCD, subordinate females consumed significantly more of the HCD than did
dominant females. A flattening of the diurnal cortisol rhythm and a greater increase in serum
cortisol to an acute social separation occurred during the diet choice condition in all females.
Furthermore, the rate of anxiety- like behavior progressively declined during the 3-week choice
condition in subordinate but not dominant females. These data provide support for the hypothesis
that daily exposure to psychosocial stress increases consumption of calorically dense foods.
Furthermore, consumption of HCDs may be a metabolic stressor that synergizes with the
psychosocial stress of subordination to further increase the consumption of these diets.
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Introduction
Chronic exposure to stressful life events, resulting in a dysregulation of the limbic-
hypothalamic – pituitary – adrenal (LHPA) axis, leads to a number of adverse health
outcomes [1], including mood disorders [2–4]. The maladies induced from stressor exposure
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are often comorbid such that the incidence of depression and anxiety is typically associated
with eating disorders [5,6]. For example, animal studies show that chronic stressors [7,8] or
corticotropin releasing factor (CRF) administration [9–12] attenuates intake of standard
laboratory low calorie diets (LCD). Indeed, food intake and body weight in rats are reduced
by repeated restraint stress [13,14], chronic variable stress [15], or exposure to a predator
[16]. These effects are also observed in more naturalistic settings, as social subordination is
associated with reduced intake of standard diets and lower body weights in rats [15,17] and
rhesus monkeys [18–20]. These data are consistent with observations from clinical studies
showing anorexia in women is often associated with abnormal LHPA function [21].

However, these well-documented anorexic effects of stressor exposure are at odds with the
data linking mood disorders to obesity [22–26]. From an evolutionary standpoint,
consumption and storage of calories can enable an individual to more adequately deal with
stress exposure. These behaviors can become deleterious, however, if the stress becomes
chronic and consumption of high caloric diets (HCD) is excessive. Limited data in humans
support the well-accepted folklore of a relation between stress and comfort food ingestion
[27–31]. Data from a number of animal models show that stress leads to increased calorie
consumption under some circumstances. Rats exposed to physical stressors preferentially
consume a palatable, HCD versus a LCD, following a fast [32], gain weight, and show an
increase in abdominal fat mass [33,34]. The importance of chronic LHPA activation as a key
determinant of changes in food choice and intake is supported by observations that
corticosterone dose-dependently increases consumption of palatable diets, and increases
abdominal adipose tissue [34,35].

Studies using more naturalistic stressors support these observations. Intermittent social
defeat consistently increases food intake and visceral fat in male hamsters [36,37] while the
stress associated with group housing produces obesity in female hamsters [38]. Food intake
and metabolism are affected differently during and following the removal of the
psychosocial stress of subordination in rats. When housed in the visible burrow system,
subordination increases corticosterone, suppresses food intake, and decreases both fat and
lean body mass [17,39]. Once removed from social housing and transferred to single caging,
previously subordinate rats become hyperphagic and accumulate more fat in visceral regions
compared to dominant rats. Finally, socially housed subordinate female rhesus monkeys
consume less of a typical low fat, high fiber monkey diet compared with dominant animals
[40], consistent with their lower body weights [20]. However, when given access to a diet
high in fat or high in fat or sugar, subordinate females eat significantly more calories from a
high fat as well as a high sugar diet than do dominant females [41].

The fundamental question is why some foods are preferred during stressor exposure. One
possibility is that consumption of calorically dense diets acts centrally on neuropeptide
systems that influence the expression of anxiety and other adverse consequences of stress.
Indeed, corticosterone-induced increases in sucrose ingestion significantly attenuate CRF
expression in the PVN [33]. Furthermore, activation of the LHPA axis following restraint is
diminished in rats given a choice between lard and/or sugar vs. chow [42–44]. The
opportunity to choose between diets is a key feature of the effect, suggesting that choice or
control is more important than just calories [6,42]. It is unclear what signals mediate this
effect, but there is evidence that calorically dense foods may alleviate the adverse behavioral
effects of stressor exposure [45]. Importantly, withdrawal of a preferred HCD increases
locomotor and anxiety-like behavior in rodents [46–48]. Thus, it is important to understand
whether preferred consumption of a HCD reduces anxiety and if this is associated with a
reduction in glucocorticoids.
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The present study used socially housed female rhesus monkeys to determine whether food
choice and the availability of a HCD affects diurnal and stress-induced LHPA activity and
whether this is associated with a reduction in anxiety-like behavior. We hypothesized that
subordinate monkeys would prefer and consume more of the HCD than dominant monkeys.
Furthermore, we predicted the increased consumption of the HCD by subordinates would
normalize parameters of cortisol secretion and reduce the frequency of anxiety-like
behaviors.

Materials and Methods
The subjects were 10 adult female rhesus monkeys (Macaca mulatta) born and raised at the
Yerkes National Primate Research Center Field Station at Emory University. The previously
ovariectomized adult female monkeys (n = 10) were housed in an indoor-outdoor enclosures
as described previously [20]. The study was conducted from Oct to Dec 2008 coincident
with an approximate sunrise at 0700 and sunset at 1800 hr. Their indoor light cycle was
fixed at lights on at 0700 hr and off at 1900 hr. The ten subjects were housed in one of two
small groups of five females each and been previously been subjects in feeding studies [41],
the latest of which ended 5 weeks prior to the initiation of the present study. Unless
otherwise noted, animals were fed standard Purina monkey chow (Lab Diets, #5038, see
below for description). The Emory University Animal Care and Use Committee 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” approved this protocol.

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 [49]. Given the
recurrent exposure to harassment from more dominant females, subordinate females have
larger adrenal glands [50] and show a greater cortisol response to social challenges [51]. In
addition, pharmacological tests using a dexamethasone suppression [20,41,52–55] or ACTH
challenge [55] 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 [56], addictive behavior [57], central
monoamine changes [55,58,59], reproductive compromise [56,60], immune compromise
[53,61], and an increase in anxiety-like or displacement behaviors [41,62] known to be
stress dependent [63]. Group dominance ranks were determined based on the outcome of
dyadic interactions between females where a female clearly emitted a submissive response
to another animal [49]. As detailed in Results in Figure 1, females ranked 1 and 2 were
classified as dominant and females ranked 3–5 were considered subordinate [50] to increase
power beyond that provided by two subjects per dominance rank position. Groups had been
formed and dominance ranks stable for 96 months prior to the initiation of this study.

Food intake data for each subject was recorded 24 hours per day, 7 days each week by use of
automated feeding devices that have been previously validated [41]. Briefly, the feeders
were enclosed in a waterproof box and then attached to the front of the cage; one dispenser
in the indoor side and another located outdoors to allow two sources of ad lib access to food.
The opening of the dispenser, which the monkeys must reach through to obtain a food pellet,
contains an AVID reader (American Veterinary Identification Devices, Norco CA) that
identifies each monkey from the unique microchips implanted subcutaneously in both
wrists. Detection by the reader activates the dispenser and one pellet is delivered per
attempt. The dispensers are hardwired to a computer that captures the ID of the animal and
the time when the pellet is delivered. Using an Ethernet Connection the data was retrieved
remotely. The containers that hold the food pellets were refilled every 2 hours or as needed
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by research and animal care staff. The validation of the feeding system [41] showed that
dominant females do not restrict access by subordinate animals to the feeders. Furthermore,
the data showed that dominant animals rarely (~1% of the time) take a pellet of food that
subordinate females obtained. Thus, this automated feeding system allows the continuous
quantitation of calories consumed by individual monkeys housed in a social group setting.

Each group of animals had access to two different diets by means of the automated feeders.
The study was divided into two 3-week periods, during which animals had either a choice
between a high caloric (HCD) or low caloric diet (LCD) or no choice with only the LCD
being available. The order of choice vs. no choice was counterbalanced between the two
groups of monkeys. At the completion of the first 3-week treatment phase, the diets were
immediately switched to the other condition, such that no time elapsed between the
conditions. The LCD was the regular Purina monkey diet (diet #5038) that was re-pelleted
by Research Diets (C40040; New Brunswick, NJ) so that it could be dispensed by the
automated feeders. The LCD contains 3.61 kcal/gram and the calories were distributed as
16% from protein, 12% from fat, and 72% from carbohydrates. Of the total 2.59 kcal/gram
of carbohydrates, 2.44 were derived from fiber and 0.15 from sugar. The HCD (D07091204,
Research Diets) contained 5.42 kcal/gram and it was composed of 20% from protein, 40%
from fat, and 40% from carbohydrates. Of the total 1.62 kcal/gram of carbohydrates, 0.6
were derived from fiber and 1.02 from sugars. Thus, the HCD contains significantly more
fat (derived from lard and soybean oil) and more sugar than the LCD. Both diets had similar
amounts of cholesterol and the appropriate minerals and vitamins required to maintain the
health of the animals.

The effects of diet on plasma cortisol were assessed in two ways. Because the diurnal
cortisol rhythm is flattened in humans exposed to chronic stressors [64–66], we assessed
diurnal cortisol by collecting samples during week 2 of each phase. Samples were obtained
at 0730, 1200, and 1800 hr. In addition, the change in cortisol to an acute stressor was
examined on the second day during week 3 of each phase. Because the temporary removal
of a female rhesus monkey from her social group for 30 minutes to an unfamiliar location is
an acute stressor significantly increasing serum cortisol [67], each subject was removed
from her social group and confined in a transfer box (18 × 15 × 26 inches) for a 40-minute
period. These boxes are used to transfer animals between the home caging to a procedural
cage. Because animals are typically in these cages for no more than 5 minutes, we reasoned
that containment in the transfer box for 40 min would constitute a stressor. A blood sample
was obtained at time 0 (0730 hr) and 40 min later, after which females were returned to their
social groups. A third sample was obtained at 1200 hr to assess recovery from the stressor.
We chose the 4-hour time point as it matched the noon time sample collected as a part of the
diurnal cortisol assessment.

Behavioral data was obtained three times during each of the three weeks for the choice and
no choice conditions. Using a standard ethogram [20], observation sessions of 30 min were
done in the mornings between 0830 and 1030. Behaviors included affiliation (proximity,
grooming), aggression (open mouth threat with, slap or bite, chase), and submission
(grimace, withdraw). In addition, macaques exhibit a specific set of behaviors in stress-
eliciting situations that are considered anxiety-like, as they are relieved by benzodiazepines
[68–71]. Thus, these behaviors, including yawns, body shakes, self-scratches, self-explore,
and pacing were also measured.

The females had been trained for conscious venipuncture using procedures previously
described [72] to allow for the collection of blood without anesthesia. The samples were
assayed for cortisol in the Biomarker Core Laboratory at Yerkes using a commercially
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prepared kit (Beckman Coulter, Webster, TX). The assay had an inter- and intra-coefficient
of variation of 4.50% at 4.22 μg/dl and 8.74% at 19.68 μg/dl, respectively.

Repeated measures analysis of variance models evaluated the main and interaction effects of
social status (dominant vs. subordinates), diet choice (LCD vs. Choice of LCD and HCD),
weeks, days, and time of day. The behavioral data was transformed with a log10 to correct
for lack of homogeneity of variance. Bivariate correlations were performed on some
variables to evaluate their linear relationship. Statistical tests having a probability of p<0.05
were considered significant.

Results
Social Status Categorization

Figure 1 shows rates of aggression received and submissive behavior emitted for monkeys at
each social dominance rank position. These data reflect agonistic behavior throughout the
two 3-week study phases, independent of diet. Categorizing females ranked 1 and 2 as
dominant and those ranked 3 through 5 as subordinate results in a significant main effect of
status for aggression received (F 1, 8 = 19.97, p = 0.002) and submissive behaviors emitted
(F 1, 8 = 39.92, p < 0.001). In addition, there was a significant correlation of rank (1 – 5)
with the frequency of aggression received (r8 = 0.95, p < 0.001) and submissive behavior
emitted (r8 = 0.93, p < 0.001), such that 90% of the variance in aggression received and 86%
of the variance in submission emitted was accounted for by rank.

Food intake
Subordinate females consumed significantly more calories than did dominant females during
both the choice and no choice conditions (Figure 2; F1, 8= 14.32, p= 0.005). Furthermore,
there was a significant interaction between social status and diet condition (F1, 8 = 25.82, p =
0.001), as subordinate females consumed significantly more calories during the choice
compared to the no choice condition (p = 0.02), whereas total calories consumed by
dominant females did not vary significantly between the two conditions (p = 0.18). The
effect of status by diet interaction also varied significantly across the three weeks (status by
week interaction: F2, 16 = 4.83, p = 0.023). Subordinate females gradually increased the total
calories consumed each week regardless of the diet condition whereas dominant females
consumed similar number of calories in each week of both conditions. Females consumed
significantly more calories during the daytime (0600 – 1800 hr) compared with the
nighttime during both conditions (Table 1; F1, 8 = 70.14, p < 0.001), and this too varied
significantly by social status as subordinates consumed more calories at night than did
dominant females (F1, 8 = 6.22, p = 0.037) in a similar pattern during the choice and no
choice condition (F1, 8 = 0.34, p = 0.58).

During the choice condition (Figure 2, Table 1), the consumption of a specific diet varied
significant between the daytime and nighttime. All females consumed more calories from
the HCD compared with the LCD during the day (671 ± 134 vs. 366 ± 75) whereas no
preference was shown for either diet at night (114 ± 33 vs. 77 ± 148; F1, 8= 9.81, p= 0.014).
Furthermore, there was no status by diet interaction (F1, 8 = 0.45, p= 0.52) suggesting that
both dominant and subordinate females preferred the HCD (Table 1). However, this
preference for the HCD was largely due to subordinates, as the percentage of kcal derived
from the HCD for dominant females across the three weeks was 53.1% (± 13.1), 50.2%
(±14.54), and 50.0% (±12.2) whereas percentages of HCD intake for subordinates was
48.3% (±9.3), 63.5% (±11.6), and 70.0% (±10.7). Considering consumption of the LCD
only during the choice versus the no choice condition (Figure 2, Table 1), subordinate
females consumed significantly more calories than the dominant females (Table 1; F1, 8 =
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9.04, p = 0.017) in both diet conditions, and this status difference was unaffected by the
availability of the HCD during the choice phase (F1, 8 = 0.88, p = 0.37). Not surprisingly all
females consumed more of the LCD during the no choice compared with the choice
condition (F1, 8 = 19.50, p = 0.002).

Table 2 shows body weights at the start and end of each diet phase as well as the change in
weight during these intervals. With respect to absolute body weight, there was no effect of
diet (F1, 8 = 1.00, p = 0.35) or diet by status interaction (F1, 8 = 1.37, p = 0.28). However, an
examination of the change in body weight from the start to the end of each phase indicated a
diet effect (F1, 8 = 11.06, p = 0.01) that was significantly affected by status (F1, 8 = 8.46, p =
0.02). Subordinate females gained more weight than dominant females when on the choice
phase (p < 0.05).

Diurnal cortisol and the cortisol response to an acute stressor
As illustrated in Figure 3, females have higher levels of cortisol in the morning (730 hour)
that declined significantly through the midday (1200 hr) and early evening (1800 hr; F 2, 16
= 33.84, p < 0.001). This pattern was not significantly influenced by social status (F 1, 8 =
0.85, p = 0.45), diet condition (F 1, 8 = 0.66, p = 0.44) or a diet by status interaction (F 1, 8 =
1.39, p = 0.27). However, as illustrated in panel B of Figure 3, the change in serum cortisol
from the morning to the evening was significantly blunted during the choice condition (F 1, 8
= 8.53, p = 0.02) and this effect was independent of social status (F 1, 8 = 0.14, p = 0.91).

Serum cortisol was significantly elevated by the social separation test before returning to
below baseline levels several hours after the test (Figure 4A; F 2, 16 = 142.37, p < 0.001) but
this pattern was not significantly affected by diet condition (F 2, 16 = 2.73, p = 0.09), status
(F 2, 16 = 0.62, p = 0.55), or diet by status interaction (F 2, 16 = 0.60, p = 0.56). However, as
illustrated in Figure 4B, the increase in serum cortisol from baseline to the sample obtained
immediately following the 40-minute separation was significantly greater during the choice
compared to the no choice condition (F 1, 8 = 12.85, p = 0.007). This diet-induced difference
was not significantly affected by status (F 1, 8 = 2.75, p = 0.136). The recovery in serum
cortisol, reflecting the difference between the post stress value and the sample obtained at
noon, some 2.5 hrs following the test was not affected by diet availability (F 1, 8 = 3.92, p =
0.06) or status (F 1, 8 = 0.36, p = 0.56). However, serum cortisol at this noon sample (16.17
± 1.12 μg/dl) was nonetheless significantly higher than the noon value obtained during the
diurnal sampling (11.85 ± 1.28 μg/dl; F 1, 8 = 35.80, p < 0.001).

Effects of diet availability on behavior
As illustrated in Figure 5, rates of aggressive behavior directed at other females were
significantly higher during the no choice condition when only LCD was available (F 1, 8 =
16.16, p = 0.004) and this diet-dependent pattern was not influenced by status (F 1, 8 = 0.27,
p = 0.62). Furthermore, although dominant animals initiated more aggressive interactions
towards group mates (1.56 ± 0.39) when compared with subordinate females (0.95 ± 0.32),
the difference was not significant (F 1, 8 = 3.69, p = 0.09). Inexplicably, rates of aggression
directed towards others were significantly higher during week 2 compared with weeks 1 and
3 (Figure 5; F 1, 8 = 3.97, p = 0.04), a pattern that was attenuated by the availability of the
choice diet (F 1, 8 = 3.46, p = 0.56). This increase in aggression directed at group mates
during week 2 was most prominent in dominant females during both diet conditions (Figure
5; F 1, 8 = 16.05, p < 0.001).

Rates of harassment or aggression received from others was correspondingly lower during
the choice (0.70 ± 0.29) compared to the no choice condition (1.35 ± 0.55; F 1, 8 = 8.95, p =
0.02). However, targets of this behavior were not influenced by diet condition (F 1, 8 = 3.85,
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p = 0.09), as subordinate animals were significantly more often the recipients of aggressive
behavior (1.86 ± 0.53) than dominant females (0.19 ± 0.64; F 1, 8 = 19.92, p = 0.002). The
increase in aggressive behavior initiated by dominant females during week 2 of each diet
phase (Figure 5) was directed primarily at subordinate females, as rates of harassment varied
significantly by week and status (F 2, 16 = 16.05, p < 0.001) with aggression received by
subordinates higher during week 2 (2.67 ± 0.51) compared to weeks 1 (1.33 ± 0.50) and 3
(1.58 ± 0.67). Not surprisingly, in response to receiving more harassment, subordinate
females emitted more submissive behaviors than dominant females (8.17 ± 1.37 vs. 0.72 ±
1.69; F 1, 8 = 39.92, p = 0.009). This pattern of behavior was not influenced by diet
condition (F 1, 8 = 2.85, p = 0.13) or by diet and status interaction (F 1, 8 = 0.92, p = 0.37;
data not shown).

Overall rates of anxiety-like behaviors were not influenced by status (Figure 6; F 1, 8 = 0.69,
p = 0.43) nor were they affected by diet condition (F 1, 8 = 0.39, p = 0.55). However, there
was a significant status by week by diet interaction (F 2, 16 = 4.79, p = 0.023), as rates of
anxiety-like behaviors decreased significantly across the 3 weeks of the diet choice
condition in subordinate but not dominant females. In contrast, anxiety- like behaviors were
stable in dominant animals but increased from week 1 to week 3 in subordinates during the
LCD-only condition.

Regardless of diet condition, dominant females directed more affiliative behavior at group
mates (F 1,8 = 54.14, p < 0.001) than did subordinate females (Figure 7A). Diet condition
did not affect the frequency of affiliative behavior (F 1,8 = 0.93, p = 0.36) and there was not
a significant interaction between diet and status (F 1,8 = 0.18, p = 0.68). The higher rates of
affiliative behavior by dominant females were increased further during week 2 (F 2, 16 =
12.52, p = 0.001) and this pattern was not affected by diet availability (F 2, 16 = 0.74, p =
0.49). Furthermore, bouts of affiliation initiated by dominant females were significantly
longer than those initiated by subordinates (Figure 7B; F 1,8 = 8.47, p = 0.02). While the
time engaged in affiliation varied significantly by diet across the 3-weeks (F 2, 16 = 8.19, p =
0.004), this was further modified by status (F 2, 8 = 3.49, p = 0.055), as durations of
affiliation increased in dominant but not subordinates during the no choice condition but
decreased progressively during the choice phase in subordinate and dominant animals.
Finally, dominant females were more often the recipients of affiliative behaviors (3.14 ±
0.42 vs. 1.22 ± 0.35 per 30 minutes; F 1,8 = 12.36, p = 0.008). The increased rates of
affiliation initiated by dominant females during week 2 of each diet phase (Figure 7A) was
directed significantly more at other dominant females (F 2, 16 = 11.32, p = 0.001) as
affiliation received by dominant animals increased during week 2 (4.50 ± 0.63) compared to
weeks 1 (2.46 ± 0.43) and week 3 (2.46 ± 0.38). These effects of status were not influenced
by diet condition (data not shown; F 1,8 = 1.02, p = 0.34).

Discussion
Socially housed female rhesus monkeys preferred a palatable, high calorie diet to a standard
low calorie monkey chow but this is particularly evident in subordinate animals as 3 week
access to the diet progressed. Importantly, females classified as subordinate received
significantly less affiliation and higher rates of aggression from conspecifics and emitted
more submissive behavior. Importantly, subordinate females consumed significantly more
calories from the HCD during the diet choice condition as well as more LCD during the no
choice phase. The consumption of a HCD during the diet choice condition was associated
with a flattening of the diurnal rhythm in cortisol and increased cortisol response to an acute
social separation in all females. While aggressive behavior was significantly decreased in all
females during the diet choice condition, the increased consumption of HCD diet by
subordinate females was also associated with a progressive decline in anxiety-like behavior.
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In the current study, all animals, regardless of social status, preferred the HCD to the LCD
when the choice of diet was available. However, subordinate females consumed
significantly more calories from this HCD than did the dominant females. These results
corroborate our previous preliminary report in monkeys [41] and data from a number of
rodent models suggesting that exposure to chronic stressors increases intake and preference
for HCDs [43,44,73]. Data from humans also support the relation between stressor exposure
and the ingestion of comfort foods [27–30]. Furthermore, during the choice condition,
subordinate females consumed on average the same number of calories of the LCD as
dominant monkeys consumed the HCD. The social status difference in calorie intake during
the choice condition was also evident during the no choice phase, as subordinates consumed
nearly double the calories from the LCD compared with the dominant females. However,
subordinates nonetheless consumed significantly more calories during the choice compared
to the no choice condition and calorie consumption increased progressively during each of
the three-week phases. In contrast, dominant animals appeared to calorically regulate despite
the availability of the HCD during the choice condition, as total calorie consumption was
similar during the choice and no choice phases. These data imply that while calorie intake
by dominant females is regulated by the interplay between satiety and orexigenic signals
regardless of diet availability, food intake by subordinates is more than a satiety issue
particularly when the opportunity to consume a HCD is present. Finally, subordinate
females also consumed more calories than dominant animals during the nighttime hours
from the HCD, which is similar to the association between night snacking and high levels of
psychosocial distress seen in humans [74].

As noted above, subordinate females ate more calories than dominant animals during the no
choice condition when only the LCD was available. This observation is inconsistent with the
longstanding notion of the anorexic effects of stress in several different rodent models fed
standard lab diets [7,8,13–15] including exposure to a predator [16] and social subordination
[15,17]. Indeed, previous studies of rhesus monkeys indicate subordinates consume less
food [18,19], have significantly lower body weights and are hypoleptinemic when fed the
low fat, high fiber Purina diet used in this study [20]. On the other hand, studies with
hamsters that also employ a social component as a part of the stress paradigm indicate stress
increases consumption of laboratory chow [36,37,75]. Reconciling these discrepancies is
difficult given differences in species as well as stressor type and duration. Nevertheless,
previous diet history may also be an important consideration. In a preliminary analysis of the
cohort of females used in the present study before they had any history of HCD exposure,
subordinates indeed ate less of the Purina LCD than dominant monkeys [40]. Because this
same cohort was used in the initial validation of the automated feeding system in which
subordinates were observed to consume significantly more of both the high sugar or high
fat-high sugar diets [41], it is possible that a prior history of HCD consumption changed the
motivation of the subordinates to consume the LCD – implying that individuals attempting
to restrict calorie intake by eating less palatable foods may still overeat. Thus, whether
subordinates show reduced or excess intake of otherwise less calorically dense, laboratory
chow may depend on previous access for more palatable diets. Nonetheless, this hypothesis
is somewhat at odds with data from rodents, which indicate that following withdrawal of a
preferred HCD, animals become hypophagic and more anxious when only a LCD is
available but increase intake of the preferred food when it is re-introduced [46,76,77].
However, these rodent studies did not include a stress component and thus the data are not
directly comparable. Clearly, additional studies are needed to assess the interaction of stress
and diet history on emotional feeding.

The significantly greater intake of the HCD and total calories overall by subordinate
monkeys occurred in the context of significantly higher rates of harassment from more
dominant animals, a defining feature of social subordination in macaques [49]. Furthermore,
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subordinate animals less often initiated affiliative behavior and were less frequently the
target of these prosocial behaviors. Indeed, when the initiation of aggression and affiliation
by dominant females inexplicably increased during week 2 of each diet phase, the analyses
showed that the aggression was most often directed at subordinates and the dominant
females were affiliating with one another. However, these behavioral differences were not
associated with social status differences in morning or diurnal cortisol or the cortisol
response to a social separation. As noted previously, a dysregulation of the LHPA axis,
assessed by a dexamethasone suppression test [41,50,52,78] or ACTH challenge [55] is a
characteristic of socially subordinate macaques. Other approaches to show status differences
in cortisol may yield variable results [79–82]. Given the relation between a flattening of the
diurnal cortisol rhythm and stress exposure in people [64–66], we predicted this too might
be a characteristic of subordinate female monkeys. However, confirming a previous report
[83], no differences in diurnal cortisol were observed between dominant and subordinate
females. Furthermore, the acute social separation test was clearly a potent stressor for all
animals, as it did not differentiate dominant from subordinate females. Other parameters of
LHPA status, including assessments of glucocorticoid negative feedback tests, may provide
additional biomarkers of psychosocial stress exposure experienced by subordinate rhesus
monkey females.

One way that palatable, HCDs may provide relief from stress is by reducing LHPA
reactivity. HCD intake in rodents dampens the response of the LHPA axis in response to an
acute stressor [84,85] as well as repeated restraint stress [43], an effect that may be
dependent on diet choice [42]. Given the expectation that subordinate females would eat
significantly more calories from the HCD, we predicted their cortisol response to the social
separation test would be attenuated and diurnal cortisol rhythm normalized during the choice
condition. However, neither hypothesis was supported. Indeed, the diurnal cortisol rhythm
was flattened during the choice phase due to an elevation in early evening levels of cortisol,
and the cortisol response to the social separation was enhanced in all females. These
observations support other data that find consumption of calorically dense foods increases
both basal and stress-induced LHPA activity [86–90] and are consistent with clinical studies
showing a positive relation between central obesity and a hyperactive LHPA axis [91–93].
Taken together the data actually suggest that increased consumption of HCD may
exacerbate LHPA dysregulation resulting from exposure to psychosocial stress that could
further increase the motivation to eat palatable, calorically dense diets. Indeed, the most
parsimonious explanation for the increased consumption of HCD in chronically stressed
individuals, including our subordinate monkeys, is that consumption of these foods activate
reward pathways that are otherwise compromised by stressor exposure. Activation of central
CRF pathways decreases reward value of familiar stimuli and increases reward-seeking
behavior [94–96]. Previous studies in macaques show that dopamine 2 receptor (D2R)
binding density is significantly reduced in subordinate animals [57,58]. Furthermore,
calorically dense foods but not a standard diet or palatable food devoid of calories
(saccharin) increases levels of dopamine in the nucleus accumbens [97–100], linking intake
of these foods to stimulation of reward systems [100–104]. Furthermore, unrestricted
consumption of a HCD itself reduces D2R binding [105], providing evidence for the
hypothesis that the metabolic stress associated with eating these foods synergizes with
psychosocial stressor exposure to further increase compulsive consumption of these diets.

Clear effects of diet choice and the opportunity to consume the HCD on socio-emotional
behavior were evident. Most notably, however, social structure was not altered during the
choice condition. Aggressive behavior directed towards others was decreased during the
choice condition. Despite the decrease in frequency, subordinates were still most often the
target of the behavior from more dominant cage mates. In addition, measures of anxiety
progressively decreased during the 3-week choice condition in subordinate females in
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association with increasing consumption of the HCD. Data from rodent models using
standard tests of anxiety that involve no social component show a palatable, high caloric diet
is anxiolytic [47,85,90,106]. Under these testing conditions, withdrawal of a highly
preferred food is anxiogenic [46,47]. However, our counterbalanced design did not allow us
to fully examine that hypothesis. It is possible that the decrease in anxiety behaviors by
subordinates during the choice phase was also in part due to them receiving less harassment
from more dominant females. However, this decrease in anxiety could not be explained by a
corresponding increase in affiliation. Indeed, time spent in affiliation decreased over the
three weeks of the choice condition compared to the LCD only phase. We did not assess
how other behaviors, specifically solitary behaviors or simple locomotor activity, were
affected by diet choice. Importantly, our analysis cannot determine whether the reduced
aggression observed during the choice condition was due to a decreased motivation of
animals to aggress group mates or for animals, i.e., subordinates, to be less available targets
of aggression by being less active. One might expect that increased consumption of a HCD
would lead to more sedentary behavior [107,108], reducing the probability of aggression.

In summary, the present study shows that when given a choice of diets subordinate female
rhesus monkeys consume significantly more calories from a highly palatable high fat – high
sugar diet than do dominant females. Furthermore, dominant females regulated caloric
intake regardless of diet availability whereas subordinates consumed significantly more
calories when the calorically dense diet was available. Availability of the HCD during the
choice condition increased both basal and stress-induced activity of the LHPA axis in both
dominant and subordinate animals, supporting the notion that consumption of a HCD is a
metabolic stressor that may interact with the psychosocial stress of social subordination to
further enhance intake of these diets. The intent of this study was not to define the metabolic
consequences of these differences in food intake, although we report that the gain in weight
for subordinates during the choice phase was significant. As this represents a ~1% increase,
clearly this change is not clinically significant. Future studies, using a larger sample size
with longer access to these diets will show how an obese phenotype emerges in subordinate
animals and importantly how the structure of meals may change in response to diet
availability [109]. Indeed, a limitation of the present study was the use of status categories
rather than individual social status ranks, as resolution to detect differences may be lost
when females rank 2 and 3 in the five member groups are placed in different categories.
Nevertheless, the data support the notion that humans under chronic stress exposure increase
the consumption of a preferred diet when a choice is available as a coping strategy to reduce
perceived psychological stress [31,110]. The present study shows that socially housed rhesus
macaques represent a translational animal model of chronic psychosocial stress, as these
individuals face social challenges on a daily basis. The use of this model can define the
neurobiological mechanisms that lead to the comorbidity of stress and emotional feeding.

Research highlights

• Subordinate females eat more calories

• Subordinate female monkeys eat more calories from a high caloric diet

• Dominant females regulate calorie intake, regardless of diet

• Eating a high caloric diet may elevate serum cortisol
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Figure 1.
Mean ± SEM rates of aggressive behavior received and submission behavior emitted in
females at each social dominance rank throughout the course of the study. Rates of
aggression received and submission emitted were significantly higher (p < 0.002) in animals
categorized as subordinate females (ranks 3 – 5) compared with those categorized as
dominant (ranks 1 and 2).
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Figure 2.
Mean daily kcal consumed (± SEM) by dominant and subordinate females during three
weeks of the no choice condition when only the LCD was available (open bars) and the
three-week choice condition when the LCD (open bars) and HCD (closed bars) were
available. “NS” indicates the indicated comparison was not significant (p > 0.05).
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Figure 3.
Panel A shows mean ± SEM serum diurnal cortisol (μg/dl) concentrations at 0730, 1200,
1800 hours during week two of each diet phase for dominant (open bars) and subordinate
females (closed bars). The dashed line above the bars for the 1800 hr time point for the no
choice condition illustrates the mean of serum cortisol for the 1800 hr time point for the
choice condition. Panel B shows the change in serum cortisol from 0730 to 1800 hr for both
diet conditions, collapsed across dominance status. “NS” indicates the indicated comparison
was not significant (p > 0.05).
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Figure 4.
Panel A shows the mean ± SEM serum cortisol levels (μg/dl) prior to the separation
(“Baseline”), immediately following a 40 minutes social separation (“Post stress”), and 2.5
hours after being returned to the group (“Recovery”) for the dominant (open bars) and
subordinate monkeys (closed bars) during both the no choice and choice phases. Different
letters indicate time points are significantly different (post-hoc test, p < 0.001) within each
diet condition. “NS” indicates the interaction of status, time, and diet condition in serum
cortisol during the social separation test was not significant (p > 0.05). Panel B shows the
change in serum cortisol from baseline to post stress samples for both diet conditions,
collapsed across dominance status.

Arce et al. Page 20

Physiol Behav. Author manuscript; available in PMC 2011 November 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Mean ± SEM frequency of aggressive behavior directed at cage mates by dominant (open
bars) and subordinate females (closed bars) during the no choice and choice conditions.
Asterisk indicates that aggressive behavior in dominant females was significantly higher
during week 2 compared with weeks 1 and 3 during both diet conditions.
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Figure 6.
Mean ±SEM of anxiety-like behavior by dominant (open bars) and subordinate females
(closed bars) during both the no choice and choice conditions. Different letters indicate
significant status differences in rates of anxiety (post-hoc test, p < 0.02). “NS” indicates the
indicated comparison was not significant (p > 0.05).
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Figure 7.
Mean ±SEM of the frequency of affiliative behavior directed at cage mates (panel A) and
the durations of these behaviors (panel B) by dominant (open bars) and subordinate females
(closed bars) during both the no choice and choice conditions. Different letters indicate time
points are significantly different (post-hoc test, p < 0.05). Asterisk indicates that affiliative
behavior directed to others by dominant females was significantly higher during week 2
compared with weeks 1 and 3 during both diet conditions. “NS” indicates the indicated
comparison was not significant (p > 0.05)
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