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Summary
Stress-induced eating disorders cause significant health problems and are often comorbid with
mood disorders. Emotional feeding, particularly in women, may be important for the development
of obesity and failed attempts to lose weight. However, prospective studies assessing the effect of
chronic psychosocial stress on appetite in different dietary environments in females are lacking.
The present study tested the hypothesis that chronic psychosocial stress would increase
consumption of high caloric diet and this emotional feeding would persist even when a healthier
diet was available. Socially housed female rhesus monkeys were studied to address whether
subordination increases caloric intake when a high fat and sugar diet (HFSD) was available
concurrently with a low fat, high fiber diet (LCD). Cortisol responsivity and food intake were
quantified during this choice phase and when only the LCD was available. The order of diet
condition was counterbalanced to assess whether a history of HFSD would affect appetite. All
females preferred the HFSD but subordinates consumed significantly more calories during the
choice phase. The increased calorie intake was maintained in subordinate monkeys even after
withdrawal of the HFSD. Subordinate females demonstrated reduced glucocorticoid negative
feedback, with post dexamethasone serum cortisol levels significantly predicting intake of the
HFSD but not the LCD during the choice condition. The cortisol response to an acute stressor
significantly predicted subsequent intake of a HFSD in all females. Continual exposure to the
psychosocial stress of subordination in female monkeys results in excess caloric intake of foods
that mimic a western dietary environment. In addition, this social stressor interacts with a history
of HFSD intake to promote increased feeding even in a healthy dietary environment.
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1. Introduction
In 2009, nearly 73 million adults in the US were obese, representing 28% of the population
and an increase of 7% over 2001 rates (CDC, 2010). Additionally, 34% of adults in the US
are overweight (Flegal, 2005). Because the health (Hill, 2006) and economic burden
(Withrow and Alter, 2010) imposed by obesity is enormous, effective programs to prevent
or alleviate obesity are a high priority. While gene variants regulating satiety or metabolism
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are known to influence appetite and body weight control (Hinney et al., 2010),
environmental triggers are likely key determinants of this phenotype (Font et al., 2010).
Indeed, emotional feeding resulting from the chronic exposure to psychosocial stressors is a
probable contributing factor for excess food intake (Bjorntorp, 2001; Dallman et al., 2005;
Rosmond, 2004; Scott et al., 2008). Importantly, attempts to lose weight often fail (Kassirer
and Angell, 1998), as eating behaviors become disinhibited and people overeat in response
to emotional states (Hays and Roberts, 2008).

Emotional feeding is coincident with both periods of acute and chronic exposure to
psychosocial stressors (Adam and Epel, 2007). Psychopathologies with etiologies related to
chronic exposure to psychosocial stressors, such as depression and anxiety disorders, are
highly comorbid with obesity (Simon and Arterburn, 2009; Werrij et al., 2006). It is
uncertain which factors increase an individual's vulnerability to augment caloric intake
under stressful circumstances. While intake of highly palatable foods is rewarding via
activation of the dopaminergic reward system (Bassareo and Di Chiara, 1999; Blackburn et
al., 1986; Johnson and Kenny, 2010; Small et al., 2003), it remains unclear how
consumption of a calorically dense diet or one that is high fat and sugar diet (HFSD) alters
physiological responses to both chronic and acute stressors.

There is a great deal of uncertainty surrounding the effects of HFSD consumption on the
activity of the limbic–hypothalamic–pituitary–adrenal (LHPA) axis in the literature. This
could be due to a number of factors including the specific animal model employed and
whether a dietary choice was available as a part of the stress paradigm (Adam and Epel,
2007; Warne, 2009). Another important consideration for the study of stress-induced
emotional feeding that is often neglected in animal models is gender. Indeed, emotional
eating (Zellner et al., 2006, 2007) and an obese phenotype (Barry et al., 2008; Jones and
Carney, 2006; Weissman and Olfson, 1995; Wurtman, 1993; Wurtman and Wurtman, 1995)
occur significantly more often in women. The discrepancies in the current animal models
available, and the alarming rate at which obesity epidemic is rising, necessitates that an
appropriate animal model of stress-induced eating is developed so that the mechanisms
responsible for stress-induced caloric intake can be elucidated.

Social subordination in female rhesus monkeys (Macaca Mulatta) is a well-characterized
ethologically relevant, translational animal model used to study the adverse health effects of
chronic psychosocial stress exposure in women (Adams et al., 1985; Cohen, 1999; Gust et
al., 1991; Jarrell et al., 2008; Kaplan et al., 1996; Michopoulos et al., 2009; Morgan et al.,
2002; Paiardini et al., 2009; Sapolsky, 2005; Shively, 1998; Wilson et al., 2008). We tested
the hypothesis that socially subordinate females would increase overall caloric intake in a
dietary environment mimicking a typical western situation wherein both low fat, high fiber
diet and a HFSD were made available. In addition, we tested the hypothesis that a history of
HFSD consumption would interact psychosocial stress promote excess calorie consumption
even in a healthier dietary environment.

2. Methods and materials
2.1. Animals

Previously ovariectomized adult female rhesus monkeys (n = 39) living in indoor–outdoor
enclosures at the Yerkes National Primate Research Center (YNPRC) Field Station (in
groups of 4 and 5 females and 1 male) were used as subjects. No hormone replacement was
used during the study. All animals had access to experimental diets ad libitum via previously
validated automated feeders that allow for constitutive quantification of individual caloric
intake (Arce et al., 2010; Wilson et al., 2008). Briefly, activation of a radio-frequency (RF)
antenna via a RF identification chip within each animal's wrists signaled a computer to
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dispense a single pellet of food via a pellet. Each group of animals had access to two
different feeder systems and a computer recorded each feeding event in a log. Dominant
females rarely (<1%) take the pellet from subordinate animals and pellets are never
discarded (Wilson et al., 2008). 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.”

Social stability in macaque groups, regardless of size, is maintained by a dominance
hierarchy (Bernstein, 1976). Lower-ranking individuals in a social group receive a greater
frequency of aggression from higher-ranking group mates and emit higher levels of
submissive behaviors towards these more dominant individuals. A direct consequence of
low social status in female rhesus monkeys is reduced control over both social and physical
environments (Sapolsky, 2005) that result in disruption of LHPA function including
diminished glucocorticoid negative feedback (Jarrell et al., 2008; Shively, 1998; Wilson et
al., 2008). Therefore, social subordination in female rhesus monkeys is a well-characterized
model with which to study the negative effects of chronic psychosocial stress exposure on
behavior and physiology, including reproductive dysfunction (Adams et al., 1985;
Michopoulos et al., 2009), immune compromise (Gust et al., 1991; Paiardini et al., 2009),
addictive behavior (Morgan et al., 2002), and cardiovascular disease (Kaplan et al., 1996). In
the current study, the outcome of dyadic interactions between females obtained from four
30-min observations throughout each study phase using an established ethogram (Jarrell et
al., 2008), was used to establish group dominance ranks. As previously described (Kaplan et
al., 1984), females ranked one and two were classified as dominant (n = 15) and females
ranked 3–5 were considered as subordinate (n = 24). Social groups had been formed and
dominance ranks stable for 108 months prior to the initiation of this study.

2.2. Experimental design
Females were studied for two two-week diet condition phases separated by a three-week
washout period. Each phase consisted of either a dietary choice between a low calorie
monkey chow (LCD; 3.45 kcal/g, Purina 5038) and a high fat and sugar diet (HFSD; 3.73
kcal/g Purina Typical American Diet #5038) or access to only the LCD (no choice
condition). The order of diet condition presentation was counterbalanced so that half the
females received the choice condition first and the other half the no choice condition first.
The caloric composition of the LCD was 12% fat, 18% protein, and 4.14% sugar
carbohydrate and 65.9% fiber carbohydrate. The calories of the HFSD were distributed as
36% fat, 18% protein, 16.4% sugar carbohydrate and 29.6% fiber–starch carbohydrate.

Body weights and non-fasted blood samples for the analysis of serum leptin, insulin, and
glucose were taken at the beginning and end of each phase of the study at 0800 h to assess
changes due to diet availability. To assess the effects of social status on glucocorticoid
negative feedback, a dexamethasone suppression test (DST) was administered the week
prior to the start of the study. Serum samples were collected at 0800, 1100, and 1730 h.
Immediately following the sample at 1730 h, females received the dexamethasone injection
(0.25 mg/kg, IM). Samples were collected the following morning at 0800 and 1100 h for
cortisol analysis.

To assess the effects of diet availability and intake on cortisol response to an acute stressor,
all females were exposed to a social separation stressor (SSS) paradigm on the second week
of each diet phase. Isolation of a female rhesus monkey from her social group and
confinement for 30 min results in a significant increase in serum cortisol levels (Collura et
al., 2009). Blood samples for cortisol analysis were obtained at time 0 (1300) and 40 min
later, after which animals were returned to their home caging.
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2.3. Blood sampling and assay methods
All subjects were habituated to being removed from their group for conscious venipuncture
using previously described procedures in place in the lab for over 30 years (Walker et al.,
1982). Blood samples were obtained within 10 min from entering the animal area to
minimize arousal (Blank et al., 1983). 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 (Michopoulos et al., 2009). Serum leptin was measured
by a RIA using a commercially available kit (Millipore, St. Louis, MO). Assaying 100 μl,
the assay has a range of 0.5–100 ng/ml. Intra-assay CVs were 6.84% and inter-assay were
7.24% (Wilson et al., 2003). Serum insulin was assayed with a RIA kit from Siemens having
a sensitivity of 3–372 IU/L and an inter-and intra-assay CV of 9.02%and 5.87%,
respectively (Jarrell et al., 2008). Serum glucose was determined by a commercially
available colorimetric enzyme assay (Stanbio Laboratory, Boerne, TX), having a range from
0 to 27 mmol/L and inter-and intra-assay CVs of 2.12% and 4.21%, respectively (Jarrell et
al., 2008). All assays were done at the YNPRC Biomarkers Core Lab.

2.4. Statistical analyses
Data were summarized as mean ± standard error of the mean (SEM). The main and
interaction effects of status (dominant vs. subordinate), order of diet presentation (choice
first vs. no choice first), diet condition (choice vs. no choice), weeks, days, and time of day
on caloric intake, metabolic measures, and cortisol response to an acute stressor were
evaluated with analysis of variance for repeated measures (RM-ANOVA) using SPSS 19 for
Mac (IBM). The feeding data were transformed with a log 10 to correct for the lack of
homogeneity of variance. The change in cortisol levels due to the SSS was analyzed in this
manner to assess the effects of diet availability and history on LHPA response to an acute
stressor. Finally, Pearson product moment correlations were used to assess the association
between selected variables and caloric intake. Test results with a p < 0.05 were considered
significant and post hoc analysis conducted when necessary.

3. Results
3.1. Social status categorization and DST

As shown in Fig. 1A, rates of aggression received and submissive behavior emitted for
monkeys at each social dominance rank position. Social rank significantly affected the
amount of aggression received (F4, 29 = 8.15, p < 0.001) and submission emitted by females
(F4, 29 = 5.13, p = 0.003). Categorizing females ranked 1 and 2 as dominant and those
ranked 3 through 5 as subordinate results in a significant main effect of status on submissive
behaviors emitted (F1,35 = 13.6, p = 0.001) and increased levels of aggression received
(F1, 35 = 10.0, p = 0.003).

Glucocorticoid negative feedback, assessed by suppression of cortisol following
dexamethasone administration, was affected significantly by a time–status interaction (F1, 35
= 4.41, p = 0.049). Comparing cortisol concentrations following dexamethasone to those
obtained at baseline the previous day showed that the change in cortisol at 0800 due to
dexamethasone suppression was significantly greater in dominant females than in
subordinate females (p = 0.034; Fig. 1B). At 1100, dominant animals had similar levels of
cortisol as subordinate females (p > 0.05).

3.2. Effects of diet availability on calorie intake
Irrespective of the initial diet condition (choice or no-choice), total caloric intake was
significantly affected by the interaction of social status and diet condition (F1, 35 = 4.67, p =
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0.034; Fig. 2). Dominant females ate a similar number of total calories during the no choice
and choice diet conditions (F1, 28 = 2.28, p = 0.142; Fig. 2). Subordinate females, however,
consumed significantly more calories during the choice condition compared to the no choice
diet condition (F1, 35 = 4.19, p = 0.048; Fig. 2). During the choice condition, subordinate
females ate more calories from the LCD than did dominant females (p = 0.05; Fig. 2). Both
dominant and subordinate females preferred the HFSD to the LCD during this choice
condition (F1, 37 = 7.10, p = 0.011; Fig. 2) and, while it appeared subordinate females
consumed more calories from the HFSD than did dominant animals, the difference was not
significant (p = 0.121). Nonetheless, during the choice phase, total caloric intake was greater
in subordinates compared with dominant monkeys (p = 0.01). This preference for the HFSD
over the LCD was most evident during the daytime (26.0 ± 4.35 kcal/h vs. 14.3 ± 1.57 kcal/
h) than during nighttime feeding (10.1 ± 2.44 kcal/hvs. 4.8 ± 1.42 kcal/h). Finally, the intake
of the HFSD during the choice condition was significantly predicted from both baseline (r37
= 0.33, p = 0.04) and post dexamethasone serum concentrations of cortisol (r37 = 0.39, p =
0.02). Furthermore, these parameters of cortisol secretion also significantly predicted total
caloric intake during the choice condition (baseline: r37 = 0.33, p = 0.04; post-
dexamethasone: r37 = 0.44, p = 0.01) but not LCD during the choice condition (baseline: r37
= 0.05, p = 0.77; post-dexamethasone: r37 = 0.15, p = 0.37). Similarly, neither parameter of
cortisol secretion was associated with intake of LCD during the no choice condition
(baseline: r37 = 0.27, p = 0.09; post-dexamethasone: r37 = 0.26, p = 0.12).

Importantly, the order of diet phase, whether animals received the no choice or choice
condition first, had a significant effect on caloric intake (F1, 35 = 7.12, p = 0.011), and this
effect was modified by social status (F1, 35 = 4.07, p = 0.05, Table 1, Fig. 3). The total
number of calories consumed in the two diet conditions did not vary significantly by order
of diet presentation in dominant females (F1, 13 = 0.002, p = 0.966). Similarly, when the no
choice preceded the choice phase, subordinate females consumed a similar number of
calories during this LCD-only condition compared with that of the dominant animals (p =
0.479). In contrast, if the choice condition came first, subordinate females consumed
significantly more calories during the subsequent no choice phase than did dominant
females (749 ± 87 kcal/day vs. 480 ± 112 kcal/day, p = 0.030; Fig. 3) and significantly more
than subordinate counterparts who had no history of HFSD intake (749 ± 87 kcal/day vs.
356 ± 83 kcal/day) (p = 0.006; Fig. 3), suggesting exposure to a HFSD diet changed appetite
regulation for a healthier LCD in subordinates but not dominant females.

3.3. Effects of diet availability on cortisol response to an acute stressor
The increase in cortisol following the social separation was significantly greater during the
diet choice phase compared to the no choice condition (F1, 35 = 20.5, p < 0.001; Fig. 4). This
effect of diet condition on cortisol responsivity was not affected by social status (F1, 35 =
0.339, p = 0.564) or diet order (data not shown; F1, 35 = 0.013, p = 0.909). However, during
the choice dietary condition, the change in serum cortisol following the social separation
significantly predicted caloric intake of the HFSD (r35 = 0.44, p = 0.007) but not the LCD
(r35 = 0.01, p = 0.976; Fig. 5) in all females. In contrast, the change in serum cortisol
following the social separation did not predict subsequent intake of the LCD during the no
choice phase (r35 = 0.06, p = 0.70).

3.4. Effects of diet availability on body weight and serum hormones
Prior to the start of the study and while females were maintained on the LCD, dominant
females (9.26 ± 0.40 kg) weighed significantly more than subordinates (7.60 ± 0.29 kg;
F1, 35 = 11.1, p = 0.002), a phenotype consistent with earlier reports of socially housed
female rhesus monkeys (Jarrell et al., 2008). As illustrated in Table 2, the change in body
weight was significantly different during the no choice (−0.18 ± 0.04 kg) compared with the
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choice diet phases (−0.01 ± 0.04; F1, 35 = 11.1, p = 0.002). The diet phase dependent change
in body weight was not affected by social status (F1, 35 = 1.32, p = 0.259) or diet order
(F1, 35 = 2.66, p = 0.112).

At the start of the study and while females had been maintained on the LCD, dominant
females (15.61 ± 2.01 ng/ml) had significantly higher serum levels of leptin more than
subordinates (8.53 ± 1.51 ng/ml; t1, 37 = 2.81, p = 0.01), a phenotype again consistent with
earlier reports of socially housed female rhesus monkeys (Jarrell et al., 2008). During the
course of the study, social status and diet condition interacted to significantly affect the
change in serum leptin over the two weeks of the choice vs. the no choice phase (F1, 35 =
8.04, p = 0.008; Table 2), as serum leptin increased significantly during the choice condition
in subordinates (p = 0.005), but not dominant females (p = 0.196; Table 2) regardless of
order of diet condition.

At the start of the study and while females had been maintained on the LCD, serum insulin
was higher in dominant compared to subordinates but the difference was not significant
(103.2 ± 23.0 IU/ml vs. 73.8 ± 14.5 IU/ml, t37 = 1.25, p = 0.22). Serum concentrations of
insulin and glucose at the end of the LCD-only or choice diet condition, regardless of diet
order, did not vary significantly by status (F1, 35 = 1.13, p = 0.296; F1, 35 = 2.74, p = 0.107,
respectively; Table 2). However, the change in insulin levels was significantly affected by a
diet condition–order of diet availability interaction (F1, 35 = 6.67, p = 0.014; Table 2). When
the LCD-only condition was first, serum insulin increased significantly during the choice
condition relative to the LCD-only condition (p = 0.005). However, when the choice
condition was first, the increase in serum insulin during the choice phase was similar to the
subsequent LCD only phase (p = 0.906; Table 2). Although the increase in serum insulin
was greater in subordinates during the choice condition, the difference was not significant (p
> 0.05).

A similar pattern prior to any diet intervention was observed for serum glucose, with non-
significantly higher levels in dominant females (105.3 ± 4.9 mg/dl vs. 95.47 ± 2.6 mg/dl, t37
= 1.77, p = 0.09). Serum glucose levels were higher in all females at the end of the choice
compared to the no choice condition (98.0 ± 2.37 vs. 91.4 ± 2.33; F1, 35 = 4.60, p = 0.039).
A diet condition–order of diet presentation effect was also seen in glucose levels (F1, 35 =
7.63, p = 0.009). Glucose levels were not different between the two diet conditions when the
LCD-only condition was first (p = 0.262). However, when the choice condition was first,
decreased during the choice condition but increased during the no choice condition (p =
0.001; Table 2).

4. Discussion
Results here, summarized in Table 3, suggest that the chronic psychosocial stress
experienced by subordinate females increases calorie intake only when these females are
exposed to a dietary environment similar to human beings, where both a LCD and HFSD are
available. These data are in agreement with a number of studies in male rodents (Dallman et
al., 2007; Foster et al., 2006; Warne, 2009) and people (Epel et al., 2004; Torres and
Nowson, 2007; Wallis and Hetherington, 2009) that show that stressor exposure increases
intake of calorically dense diets. However, our data extend these findings to show that a
history of HFSD consumption sustains excess calorie intake of the healthier LCD following
removal of the HFSD choice in females experiencing the chronic stress of social
subordination but not dominant females whose LHPA axis is more tightly regulated. Indeed,
dominant females consume a similar number of calories regardless of diet availability or
history. This pattern of emotional feeding in subordinate females is associated with a
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dysregulation of feedback inhibition of the LHPA axis, a phenotype similar to many stress-
induced disorders in people (Chrousos, 2009).

The significantly greater food intake by subordinates in a calorically rich dietary
environment is consistent with other data showing exposure to chronic stress increases food
intake (Arce et al., 2010; Tamashiro et al., 2006; Warne, 2009). However, we did not
observe a significant increase in body weight in subordinates despite the substantial increase
in caloric intake. It is possible that the increased energy intake was obviated by increased
activity and energy expenditure in subordinates (Solomon et al., 2011). However, it could
also be that that the duration of access to the HFSD was too short, as we have previously
shown that three week access significantly increases body weight in subordinates (Arce et
al., 2010). Novel, however, is the finding that the consuming a HFSD also increases
consumption of low fat, low sugar foods but only in subordinate females. This was not the
case prior to the availability of the HFSD because groups that started initially with the no-
choice LCD condition did not show any difference in caloric intake between subordinate and
dominant females (347 ± 112 kcal/day vs. 356 ± 87kcal/day). These data imply that in an
environment where a choice of diets with different palatable qualities is available, females
exposed to continual psychosocial stressors increase total overall caloric intake, not just
excess calories from highly palatable food.

In addition, exposure to a high fat, high sugar diet interacted with social subordination to
produce changes in subsequent caloric intake after the highly palatable diet had been
removed. Dominant animals consumed a similar number of calories during both diet
conditions regardless of order of diet presentation, indicating diet history had no lasting
effect on food intake in these animals. However, when the diet choice condition preceded
the no choice phase, subordinates ingested more calories than did dominant females during
the subsequent no-choice diet condition and significantly more calories than subordinates
who had the no choice condition first and no previous history of HFSD consumption (Table
2, Fig. 3). These data support our previous preliminary observations (Arce et al., 2010) and
suggest that exposure to psychosocial stress interacts with diet history to promote additional
caloric intake even in a healthy dietary environment. The lasting effect of stress and
experience of comfort food ingestion may account for the high probability of failure
observed in human beings when attempting to lose weight by adopting a healthier dietary
environment after years of eating calorically dense foods (Kassirer and Angell, 1998).

Presentation of the diet choice first resulted in an increase in both insulin and glucose levels
in all females that remained high during the following no choice diet condition. Because
total calorie consumption was not different in any of the conditions for dominant females,
these data raise the possibility that the lasting effect of HFSD exposure on caloric intake in
subordinate females may be due to a synergistic stress- and HFSD-induced loss of
sensitivity to satiety signals, like insulin and leptin that are critical for maintaining
homeostatic energy balance (Lustig, 2008). In rats, the combination of chronic stress and a
high-fat diet exacerbates insulin resistance compared to the effect of either a high fat diet or
chronic stress alone (Fu et al., 2009). As evidence of this, serum leptin levels were increased
in subordinate but not dominant females during the choice diet condition, yet subordinates
maintained high caloric intake in the following no-choice phase. In humans and in rats
(Mietus-Snyder and Lustig, 2008), increased levels of glucocorticoids produce overeating
and weight gain despite increased leptin levels, suggesting that glucocorticoids may lead to
leptin insensitivity. Although serum glucose was not elevated during the choice phase in
subordinates, continued access to this rich dietary environment may have significantly
reduced insulin sensitivity, increased serum glucose and worsened leptin sensitivity (Lustig,
2008).
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Based on studies in rodents, a possible explanation for increased consumption of calories by
subordinate female monkeys when a HFSD is available is that intake of a palatable diet acts
to reduce LHPA reactivity, most typically shown by an attenuation of the LHPA response to
an acute stressor in previously stressed animals given access to a dietary environment that
includes a choice of macronutrients (Dallman et al., 2005; la Fleur et al., 2005; Pecoraro et
al., 2004; Ulrich-Lai et al., 2010). These observations in male rats are supported by data
showing obese women who report a high degree of emotional feeding have a reduced
cortisol response to an acute stressor (Tomiyama et al., 2011). Furthermore, the data from
rodents argue that availability of a choice between a LCD and a sugar or fat diet is important
to show this effect of stress hormone attenuation by diet (Warne, 2009). We chose to present
females with a choice between a LCD and HFSD rather than just a HFSD condition as we
felt it more closely mimicked the dietary environment available to people. Nonetheless, we
observed that the increase in serum cortisol following the social separation stressor was
significantly higher during the choice diet condition compared to the no choice diet
condition regardless of social status or order of the diet regimen. This result is consistent
with our previous data showing that intake of a calorically dense diet augments the cortisol
response to an acute stressor in both dominant and subordinate animals (Arce et al., 2010).
Our data are consistent with those showing intake of calorically dense foods increases
LHPA activity in rodents (Kamara et al., 1998; Tannenbaum et al., 1997) and in humans
(Pasquali et al., 2002). The most parsimonious explanation for this is that when more energy
resources are available, due to increased caloric intake, more cortisol is released to mobilize
these increased energy resources. Furthermore, data showing that glucocorticoids are key
signals changing food salience and increasing caloric intake (Warne, 2009) are consistent
with the notion that emotional feeding is sustained by an activation and not a diminution of
the LHPA axis. Indeed, data from the present study show that post dexamethasone and post
acute stressor serum levels of cortisol significantly predict intake of a HFSD but not a LCD.
These data suggest that acute stress superimposed on chronic stress may promote continued
intake of high caloric diets. Nonetheless, additional prospective studies are needed to better
understand the neuroadaptations that sustain emotional feeding in the face of chronic stress.

An important consideration in understanding the factors the initiate and sustain emotional
feeding are possible sex differences. Human data indicate that women (Zellner et al., 2006)
and not men (Zellner et al., 2007) most often show emotional feeding in response to socio-
emotional stressors and are twice as likely as men to suffer from eating and affective
disorders (Barry et al., 2008; Weissman and Olfson, 1995; Wurtman and Wurtman, 1995).
One could argue that the well-established sex difference in stress responsivity (Dalla et al.,
2005; Handa et al., 1994; Kaplan et al., 1996; Kirschbaum et al., 1992; Young, 1998) may
translate to differences in stress-induced ingestion of calorically dense diets. Nonetheless,
data from male rodents clearly show males that experience restraint (Dallman et al., 2007;
Warne, 2009) or social stress (Foster et al., 2006; Tamashiro et al., 2006) become
hyperphagic in a high caloric dietary environment. A smaller number of studies in female
rodents also indicate that stressor exposure promotes food intake and visceral obesity
(Bartness, 1996; Solomon et al., 2011). Although ovarian estradiol is known to reduce food
intake (Wade and Schneider, 1992) by limiting the size of a meal (Asarian and Geary,
2006), its effect on stressed-induced consumption of calorically dense diets is unknown. For
example, a recent study in premenopausal women reported that subjects expressing high
levels of stress engage in more emotional feeding and show a blunted response in cortisol to
an acute stressor (Tomiyama et al., 2011). However, it is unclear how ovarian cycle stage
affected this pattern. Our model using ovariectomized rhesus monkeys holds the promise of
determining how replacement therapy with estradiol may alter the social status differences
in consumption of calorically dense diets. Because estradiol exacerbates the loss of
glucocorticoid negative feedback in subordinate females (Wilson et al., 2005) and increased
exposure to glucocorticoid is a key signal in the emergence of stress eating (Dallman et al.,
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2007), one might predict that the effects of estradiol limiting food intake will be lost in the
face of a chronic stressor.

Although we did not see a reduction in LHPA activity following acute stress in subordinate
or dominant females during the choice diet condition, we did observe that the cortisol
response to the social separation predicts the subsequent intake of the HFSD and not LCD
independent of social status. These data presented in the current study parallel findings in
women indicating that responses to acute stressors may influence subsequent eating
behavior by altering food intake and preference for calorically dense food (Adam and Epel,
2007; Appelhans et al., 2010; Epel et al., 2001, 2004). What our data show is that the
chronic stress of subordination promotes persistent, increased caloric intake in a rich dietary
environment but that the cortisol response to an acute stressor, regardless of a chronic stress
background, predicts the subsequent short term intake of a calorically dense but not a lower
caloric diet.

Evidence suggests that changes in dopamine (DA) activity is a potential mechanism linking
stress to comfort food ingestion (Bassareo and Di Chiara, 1999; Martel and Fantino,
1996a,b; Pelchat, 2002; Rada et al., 2005) as chronic psychosocial stress exposure reduces
DA function, characterized by reduced DA D2 receptor (D2R) availability that is associated
with anhedonia and increased susceptibility to addiction (Anisman and Matheson, 2005;
Harfstrand et al., 1986; Izzo et al., 2005; Koob and Kreek, 2007; Lucas et al., 2004; Macey
et al., 2000; Sauvage and Steckler, 2001; Swanson et al., 1983). Indeed, the imposition of
social subordination in macaques leads to a reduction of D2R binding potential assessed by
PET in striatal regions (Grant et al., 1998; Morgan et al., 2002) and increased cocaine self-
administration (Morgan et al., 2002). This “reward deficiency syndrome”, characterized by
reduced DA activity (Blum et al., 1996), is both predictive of an addictive phenotype
(Volkow et al., 2003; Volkow and Wise, 2005) and observed in obesity (Wang et al., 2001).
Therefore, it is hypothesized that a biobehavioral strategy to activate DA pathways
compromised by stress is to consume a HFSD, thereby increasing levels of DA in the
nucleus accumbens (Bassareo and Di Chiara, 1999), a finding not seen when consuming a
LCD or palatable food devoid of calories such as saccharin (Bassareo and Di Chiara, 1999;
Blackburn et al., 1986; Marinelli et al., 2006; Small et al., 2003). What is compelling,
however, are data showing that consuming a HFSD, independent of stress, produces deficits
in mesolimbic D2R availability (Geiger et al., 2009; Johnson and Kenny, 2010; Lee et al.,
2009). Because both insulin and leptin can reduce the rewarding value of food (Berthoud et
al., 2011; Lustig, 2006; Shizgal et al., 2001), possibly by attenuating DA release (Krugel et
al.,2003) and/or increasing D2R binding in these reward pathways (Pfaffly et al., 2010), the
insulin and leptin insensitivity that the emergences as obesity develops could account for
this diet-induced suppression of mesolimbic D2R availability. Together, these data suggest
that psychosocial stress exacerbates diet-induced reductions in D2R, further sustaining the
drive for unhealthy eating and creating a downward spiral often observed in addiction.
Indeed, the persistence of increased caloric intake by subordinate females following the
removal of the HFSD and re-establishment of a healthier dietary environment may be a
compulsive food-seeking behavior driven by the motivation to engage a hypoactive reward
system.

In summary, these data are consistent with previous data showing exposure to psychosocial
stress increases consumption of overall calories. In addition, these data suggest that chronic
psychosocial stress increases eating of low caloric food choices in the presence of a high
caloric food choice. Moreover, results show that stress interacts with a history of HFSD
consumption to increase food intake even when high caloric food is no longer available.
Although it is well established that exposure to social stressors can act as an environmental
trigger to induce alterations in appetite regulation, caloric intake, and body weight gain
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(Bjorntorp, 2001; Dallman et al., 2005; Rosmond, 2004; Schwartz, 2009; Scott et al., 2008),
the present study indicates that stressor exposure is a key explanatory factor for determining
how an individual's eating can be modulated immediately and for the long-term by the
ingestion of calorically dense diets.
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Figure 1.
(A) Mean ± SEM rates (per 30 min) of aggressive behavior received and submission
behavior emitted by females at each social dominance rank. Rates of aggression received
and submission emitted were higher in animals categorized as subordinate females (ranks 3–
5) compared with those categorized as dominant (ranks 1 and 2). (B) Mean ± SEM
suppression in cortisol levels following dexamethasone administration in dominant (closed
bars) and subordinate (open bars) females. Reduced suppression at 0800 by subordinates (*p
< 0.05) reflects diminished glucocorticoid negative feedback.
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Figure 2.
Mean ± SEM daily (24-h) caloric intake in dominant and subordinate females by diet
condition (choice vs. no choice). Open bars represent intake of the low calorie diet (LCD)
and closed bars indicate caloric intake of the high fat and sugar diet (HFSD) diet. Asterisks
(*) denote overall preference of the HFSD over the LCD during the choice condition.
Different letters (a and b) above each of the four group – diet conditions indicate caloric
intake was significantly different (p < 0.05) based on post hoc tests. Overall caloric intake
and intake of the LCD was significantly increased during the choice condition in subordinate
compared to dominant females (p < 0.05).
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Figure 3.
Mean ± SEM daily (24-h) caloric intake in dominant (A) and subordinate (B) females by
diet condition and order of diet condition. Open bars represent intake of the low calorie diet
(LCD) and closed bars indicate caloric intake of the high fat and sugar diet (HFSD).
Asterisks (*) denote overall preference of the HFSD over the LCD during the choice
condition (p < 0.05). Subordinate animals consumed more overall calories when the choice
condition preceded the no choice condition (#) whereas order of diet condition did not affect
caloric intake in dominant animals. Letters denote significant (p < 0.05) differences in intake
during each diet condition in subordinate females due to order of diet presentation.
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Figure 4.
Mean ± SEM increase in cortisol levels due to social separation stressor test during the no
choice (open bars) and choice (closed bars) diet conditions broken down by social status
(dominant vs. subordinate) and order of diet presentation. *p < 0.01.
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Figure 5.
Simple linear regression using the increase in cortisol following the social separation
stressor to predict consumption of high fat and sugar diet (HFSD; panel A) and low calorie
diet (LCD; panel B) in the 9-h period following the stressor in all animals. Two animals
whose intake of the HFSD exceeded 2 standard deviations from the group mean were
excluded. Not shown is the non-significant regression of the change in cortisol following the
social separation predicting caloric intake of the LCD during the no choice condition (r35 =
0.06, p = 0.70).
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Table 3

A summary of major outcome differences between dominant (Dom) and subordinate (Sub) females during the
two diet conditions. If a difference is stated between groups or dietary conditions, it was significant (p < 0.05).

Outcome measure Result

Aggression received Sub receive more aggression

Submission emitted Sub emit more submissive behaviors

Dex suppression test Sub have reduced glucocorticoid negative feedback

Post-stressor increase in
serum cortisol

Dom and Sub respond similarly and the response is greater during the choice compared to LCD-only condition

Average caloric intake • During LCD-only with no history of HFSD, Dom and Sub ate a similar number of calories

• During the choice condition, Sub ate more calories than did Dom

• During the choice both Dom and Sub ate more calories from the HFSD compared to the LCD.
However, during this condition Sub ate more LCD than did Dom

• If the LCD-only condition followed the choice condition, Sub ate more calories than did Dom

• Dom ate a similar number of calories regardless of diet condition

• Pre and post dexamethasone cortisol predicted HSFD but not LCD intake

• Post stressor cortisol predicted HFSD but not LCD caloric intake

Body weight • At the initiation of study, Dom weighed more than Sub and this status difference was maintained
throughout each 2 week diet condition

• Despite increased caloric intake during the choice condition, Sub did not gain more weight than Dom

Serum leptin Serum leptin increased significantly during choice diet condition in Sub but not Dom females

Serum insulin • If the LCD-only condition was first, serum insulin increased significantly during the choice condition

• If the choice condition was first, the increase in serum insulin was similar between both diet
conditions

• Although the increase was greater in Sub during the choice condition, the difference was not
significant

Serum glucose Serum glucose was higher at the end of the choice condition
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