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Abstract
Obesity results from a number of factors including socio-environmental influences and rodent models
show that several different stressors increase the preference for calorically dense foods leading to an
obese phenotype. We present here a non-human primate model using socially housed adult female
macaques living in long-term stable groups given access to diets of different caloric density.
Consumption of a low fat (LFD; 15% of calories from fat) and a high fat diet (HFD; 45% of calories
from fat) was quantified by means of a custom-built, automated feeder that dispensed a pellet of food
when activated by a radiofrequency chip implanted subcutaneously in the animal’s wrist. Socially
subordinate females showed indices of chronic psychological stress having reduced glucocorticoid
negative feedback and higher frequencies of anxiety-like behavior. Twenty-four hour intakes of both
the LFD and HFD were significantly greater in subordinates than dominates, an effect that persisted
whether standard monkey chow (13% of calories from fat) was present or absent. Furthermore,
although dominants restricted their food intake to daylight, subordinates continued to feed at night.
Total caloric intake was significantly correlated with body weight change. Collectively, these results
show that food intake can be reliably quantified in non-human primates living in complex social
environments and suggest that socially-subordinate females consume more calories, suggesting this
ethologically relevant model may help understand how psychosocial stress changes food preferences
and consumption leading to obesity.
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INTRODUCTION
Rates of obesity have been increasing rapidly in the US with 32% of adults now considered
obese (1) and 31% of children and adolescents are at risk for obesity (2). Although obesity may
result from a number of factors, socio-environmental influences likely play a significant role
in its etiology (3,4). Recently, a number of studies using rodent models have shown that chronic
restraint stress (5) or an elevation in corticosterone can increase the preference for calorically-
dense foods, produce a re-distribution of fat to abdominal stores and decrease insulin sensitivity
(6–8). Because a signal from the accumulating fat mass may attenuate the neuroendocrine
response to new stressors (5) and the consumption of these calorically dense foods may activate
reward pathways in mesolimbic regions of the brain (9,10), these data lend empirical evidence
for the popular notion that comfort foods provide relief from environmental stressors while at
the same time increasing the risk of developing obesity (11–13). Despite these compelling data,
the relations between psychosocial stress, diet, and metabolism is complex. Typically, restraint
stress (14,15) or the stress associated with social subordination in a visible burrow system
(16) decreases food intake and body weight relative to non-stressed subjects regardless if
animals are maintained on a low fat or a high fat diet (16,17). The attenuation in food intake
is reversed following the stressor (17,18). Following removal from the visible burrow system,
the increase in body weight in the previously subordinate animals is due to an accumulation
of visceral fat (18), particularly in rats consuming a high fat diet (16). This effect is thought to
be due to a sustained stressed-induced increase in glucocorticoids (19).

Even though these data show that exposure to chronic stressors has a significant impact on
metabolism that can lead to the emergence of an obese phenotype in rats (6,7), rodent models
indicate that animals exposed to stressors nevertheless eat less than non-stressed animals (16,
17). By contrast, excess consumption of calories is an essential component for the development
of obesity in human populations and it has been suggested that individuals chronically exposed
to stressors do consume excess calories (12). Indeed, in exception to the rodent models of stress
and changes in adiposity/caloric consumption, group housing Syrian hamsters produces obesity
in females (20). Furthermore, in a model that more closely represents the tendency of humans
to increase body food intake when stressed, male Syrian hamsters show increased food intake
and an accumulation of visceral mesenteric fat in response to a resident-intruder paradigm
(21,22). Although this model shows the impact of an acute psychosocial stressor on food intake,
the use of socially-housed macaques living in long-term stable groups also may illustrate how
chronic exposure to psychosocial stress affects ingestion and adiposity. Socially subordinate
monkeys characteristically exhibit reduced glucocorticoid negative feedback indicative of
chronic stress (23,24) and a significantly higher incidence of abdominal obesity (25,26). It is
unclear, however, whether this central obesity is due to a redistribution of body fat and/or an
increase in calorie consumption. The present study was designed to accomplish two goals.
First, to validate a method for quantifying food intake in rhesus monkeys living in complex
social environments and, secondly, to use this system to begin to examine how social status
affects the consumption of calorically dense diets.

METHODS
Characteristics of subjects

Subjects were female rhesus monkeys (Macaca mulatta) who had been born and raised at the
Yerkes National Primate Research Center Field Station at Emory University. Females ranged
in age from 14 to 18 years and all had been ovariectomized for at least 6 six years. Females
had been subjects in a number of studies assessing hormone replacement (27,28), but had not
been treated with any steroids or selective estrogen receptor modulators for one year prior to
the start of this study. Females were housed in one of two small social groups (n = 4 and n =
5). The housing unit provided a total of 27.4 m2 of floor space and 3.1 m of vertical space and
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was divided. The protocol was approved by 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”.

Social status positions were determined by the outcome of dyadic agonistic interactions (29)
and had been stable for six years. In these stable groups, social dominance is maintained not
through contact aggression, but rather through harassment and the threat of aggression (30).
For this study, agonistic data was obtained at least six times each week for 9 weeks from in
the morning or afternoon as a part of routine checks on each group. Each assessment typically
lasted 20 minutes. The outcome of these dyadic interactions was tabulated to generate a weekly
average of submissive gestures to determine a linear hierarchy (Table 1). There was no
ambiguity in the social status positions in these two groups as females ranking 2 through 5
each exhibited unequivocal submission gestures (31), e.g., grimace, squeal, and avoid, at either
the approach or directed threat from a more dominant female.

Social subordination in macaque groups is a chronic psychosocial stressor (32) and is evidenced
by a dysregulation of the HPA axis (23,33). Consequently, each female was administered a
dexamethasone (Dex) suppression test to assess glucocorticoid negative feedback. This test
was done prior to the start of the presentation of the experimental diets and while the females
were consuming the Purina monkey diet (see below). A blood sample was obtained at 2100 hr
followed by an IM injection of Dex (0.25 mg/kg). Subsequent samples were collected at 11,
15, and 18 hours the following day. All females had been trained for conscious venipuncture
using procedures previously described (34) to allow for the collection of samples without
anesthesia. Samples were assayed for cortisol using a commercially available kit (Diagnostics
products Corporation, Webster, TX) as described previously (24). The assay had a inter- and
intra-coefficient of variation of 6.1% and 3.4%, respectively. In humans, a decrease in
glucocorticoid negative feedback is present in several psychiatric disorders, most notably major
depression and anxiety (35) and is believed to reflect decreases in central and pituitary
glucocorticoid receptor activity (36,37).

Automated feeders
Females had access to two feeders in the outside portion of their pens. The automated feeding
system is contained in three waterproof boxes. Two boxes each contain a Med Associates
ENV-203 pellet dispenser (St. Albans, VT) and AVID 1015 microchip ID reader (Norco CA).
The reader is compatible with all AVID and fecava coded microchips. In this study, AVID2004
microchips were implanted subcutaneously in both forearms of each animal. Each ID chip
contains a unique nine-digit number that is read by the reader and recorded by the computer.
In this way, each individual monkey is identified. The feeder boxes were hung directly on the
animal enclosure. A plastic shield protected the boxes and connecting wires from animal
manipulation. The AVID 6” ring antenna is located directly in front of the treat cup opening.
An opening in the shield allows the monkey to place her hand through the opening and access
the pellet cups. As the monkey’s hand breaks the plane of the ring antenna, a single pellet is
drops into a custom made cup through a clear polypropylene tube. An optical sensor built into
the dispenser detects a pellet passing through the tube. The dispenser must be activated again
by the monkey for the next pellet to be dispensed and a 4 second delay was built into the
software program controlling the dispenser for the delivery of the next pellet. The feeder boxes
are hard wired to the control computer box that is located on the building wall adjacent to the
animal pen. The computer records the AVID ID codes and controls the two pellet dispensers.
The computer is a compact low-power Via EPIA PE1000G based PC with a 1 GHz C3 CPU,
512MB RAM, a 40GB disk drive and 4 serial ports. A custom built interface drives the pellet
dispensers. A thermo-electric cooler is located to the right of the dispenser interface. A
thermostat set to 70F controls the cooler. A D-Link DWL-G710 802.11g wireless adaptor
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provides a network connection for the computer. The computer is controlled remotely using
VNC software. A simple Visual Basic program monitors the AVID ID readers and controls
the dispensers. The program outputs a log of AVID ID numbers recorded by the microchip
reader and the time they were recorded driven by the optical sensor detected the pellet passing
from the dispenser. The program also monitors the pellet dispensers and will report empty or
jammed conditions. Thus, the system records intake of a diet by individual members of a group
24 hours a day, 7 days a week.

Experimental design
Groups were given access to two different experimental diets for 21 days each, with a 3 week
period separating the diet presentation during which time they were fed only standard low fat
monkey chow. One group had access to the low fat diet (LFD) followed by the high fat diet
(HFD) whereas the order was reversed for the other group. The experimental diets were
obtained from Research Diets (New Brunswick NJ). The kcal distribution for the LFD
(#D05080902) was 20% protein, 65% carbohydrate, and 15% fat while the HFD (D05080901)
was 20% protein, 35% carbohydrate, and 45% fat. Differences in fat content were achieved by
the addition of lard. Both diets were banana flavored. The LFD had 3.90 kcal/gm while the
HFD had 4.62 kcal/gm. Monkeys had continuous access to the feeders except for approximately
45 minutes each day when the outside portion of their pens was sanitized. Following the three-
week feeding sessions, each female was given solitary access to the LFD and the HFD on
separate one-hour occasions to determine if consumption of the experimental diets during a
solitary feeding session was similar to that when all group members were present. Other group
members were locked in the indoor portion of their pens during the solitary feeding periods.
These solitary feeding sessions occurred between 1300 and 1500 hr corresponding to the time
of the day when they typically received their afternoon allotment of Purina chow.

During both three-week periods and solitary sessions, animals also had ad libitum access to
the standard monkey diet (#5048; Ralston Purina Company, St. Louis MO). The monkey chow
had 3.22 kcal/gm and was comprised of 18% protein, 69% carbohydrate, and 13% fat (by
calories). Of the total 2.18 kcal/gram derived from carbohydrates, fiber comprised the greatest
component (2.05) for the Purina diet whereas sugars comprised the greatest component for the
experimental LFD (2.39 out of 2.53 kcal/gram) and HFD (1.16 out of 1.61 kcal/gm). The Purina
diet was presented to the monkeys by filling a bin attached to their caging, although the animals
ad libitum access. Consequently, consumption of the Purina diet was not quantified. The
rationale for supplementing the animal’s normal diet with the LFD and HFD rather than
restricting them to a specific diet was based on observations that male laboratory rats given
the choice of eating a HFD or LFD show a greater attenuation in stress responsivity compared
to rats restricted to one diet (38). Importantly, this situation also resembles the choice people
have to consume foods with different caloric densities. Nevertheless, in order to determine
whether the availability of the Purina diet changed the pattern of ingestion of the experimental
diets, we compared diet consumption during one week for the LFD and the HFD when the
Purina diet was available or unavailable. Animals were weighed at the start and end of the LFD
or HFD availability. In addition, females were weighed during a comparable interval when
only the standard monkey diet was available. This interval started two-weeks after the
completion of second experimental diet session.

During all feeding sessions, animals received a daily supplement of food enrichment, in
accordance with the Institution’s animal husbandry standard operating procedure. This
enrichment consisted of a daily piece of fruit (e.g., orange, apple, pear, banana) or vegetable
(e.g., sweet potato, celery, carrots) and scratch (e.g., mixture of cracked corn, sunflower seeds,
peanuts, oats, and cereal). This food enrichment was spread throughout the floor of the housing
unit by the animal care staff to minimize competition so that each animal received a piece of
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fruit or vegetable and was able to forage for scratch. Calorie consumption from these
enrichment foods was not quantified and we assume all animals ate the same amount. On
average, a piece of fruit or vegetable would provide approximately 15 kcal/kg while the scratch
enrichment would provide a maximum of 30 kcal/kg.

Behavioral data were also collected during the period when the Purina diet was unavailable
and the monkeys only had access to the HFD or the LFD. Using a standard ethogram (28),
observations sessions were 45 minutes to one hour and were done in both the morning and
afternoon, totaling 10 hours for each diet. Data were collected as a group scan, with focus on
affiliative (proximity, grooming) and agonistic (open mouth threat, bite, slap/grab, grimace,
squeal, avoid). In addition, anxiety-like behavior (body shake, scratch self, yawn, and orally
groom self) also was recorded. These behaviors are used to assess anxiety in monkeys, as their
occurrence is reduced by administration of anxiolytics (39,40). On a given day, the sessions
were timed to coincide with distribution of the food enrichment. The behavior of the female
at the automated feeding dispenser also was recorded to determine whether she consumed a
pellet that was delivered and whether a higher-ranking female displaced her from the feeder
and consumed the pellet she had obtained. Finally, although it was not possible to quantify the
amount consumed, note was made whether each animal was able to obtain a piece of fruit/
vegetable and forage for scratch.

Data analyses
Data were analyzed by an analysis of variance. Data were transformed before analysis to
normalize the variances. Given the small sample size, specific ranks were combined to compare
dominant (ranks 1 and 2; n = 4) to subordinate females (ranks 3 through 5; n = 5) using
previously described conventions (26). Thus, main effects were social status (dominant vs.
subordinate), diet (LFD vs. HFD), availability of the Purina diet, and time (weeks and time of
day). For ease of presentation, time of day was divided into daytime (0600 – 1759 hr) and
nighttime (1800 – 0559 hr). Bonferroni adjustment (p = .05/n) was used for pair wise
comparisons at each time point. In addition, linear regression was used to show the relation
between an outcome measure and the specific rank of an animal. All statistical tests with a p
≤ 0.05 were considered significant.

RESULTS
Characteristics of the feeder system

Throughout the course of the study, the output log listed a valid ID chip number, corresponding
to an individual animal in the study. In no instance was an invalid ID number listed in the
output log. In order to verify that a single pellet was consistently dispensed when the feeder
was activated, research personnel activated each feeder with a chip and counted the number of
times more than one pellet was dispensed. Of the 112 attempts, a single pellet was dispensed
in 109 cases while 2 pellets were dispensed in the other 3 (2.7% of total). In another trial,
feeders were filled with a known number of pellets each. After 3 hours of feeding by the
animals, the number of pellets remaining in each feeder was subtracted from the number at the
start yielding the number consumed. The count of pellets consumed (169) was 1.1% higher
than the number indicated on the the computer log file (167). Thus, the feeding system
accurately identified the animal that activates the feeder and delivered a single pellet between
97.5 and 98.9% of the time. In the rare instances where more than one pellet was delivered,
dust from the pellet likely blocked the optical sensor in the Med Associates dispenser, allowing
a second pellet to drop before resetting. Thus, cleaning the optical sensor with a can of
compressed air was done multiple times during the day.
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In addition, behavioral observation data were obtained that exclusively recorded the an
animal’s consumption of a pellet obtained from the feeder to match it to the computer log file.
During the four hours of observation, the computer recorded 411 individual feeding bouts. This
compared to 358 bouts recorded by the observers or a 12.9% underestimation. Notes made
during these observations indicated that an animal activated the feeder multiple times during
a session before placing the pellets in her mouth. Importantly, the animal observed to be eating
at a specific time point from a specific feeder matched the computer-identified monkey in 100%
of the cases.

Social status and glucocorticoid negative feedback
A Dex suppression test was performed to determine whether the subordinate females used in
the present study showed reduced glucocorticoid negative feedback, characteristic of socially
subordinate macaques. The response to Dex varied significantly between dominant and
subordinate females (Figure 1; F3, 21 = 4.83, p = 0.01). Although plasma concentrations of
cortisol were not statically different between groups at baseline or at 11 and 15 hr following
Dex, levels had increased significantly in subordinate animals by 18 h following Dex. These
data indicate that glucocorticoid negative feedback is less efficacious in subordinate females.

Diet intake with Purina diet available
Consumption of both the LFD and HFD was significantly affected by social status (Figure 2;
F1, 7 = 7.81, p = 0.03) with subordinate females consuming more kcal per day in each of the
three weeks compared to dominant animals. This significantly greater intake by subordinate
females did not depend on whether the LFD or HFD was available, as there was no status by
diet interaction (F 1, 7 = 0.06, p = 0.90). Furthermore, this effect of status on diet consumption
did not vary across the three weeks (status by week interaction: F 1, 7 = 1.03, p = 0.83).
Consumption of both diets occurred primarily during the daytime rather than at night (F1, 7 =
36.93, p < 0.01). The effect of status was still evident at night, however, as subordinate females
nevertheless consumed significantly more of both diets during this time period than did
dominant females (Figure 2; F 1, 7 = 6.06, p = 0.04). Although animals consumed more HFD
compared with the LFD diet, the differences were not significant (F1, 7 = 3.67, p = 0.10). The
order in which females were given access to these two diets did not contribute significantly to
the effect of social status (F 1, 5 = 0.52, p = 0.05) nor did the order affect the amount of each
diet consumed by all of the animals (F1, 5 = 5.01, p = 0.08) or as a function of the social status
(F1, 5 = 0.01, p = 0.96). Finally, the effect of status on energy intake also was evident during
the one-hour solitary feeding sessions (Figure 3), as the correlation between social status rank
and kcal consumed was significant for both the LFD (r7 = 0.76, p = 0.02) and HFD (r7 = 0.70,
p = 0.04) showing that the lower the rank, the greater the energy intake.

Consumption of the diets decreased over the three-week period (F 2, 14 = 10.82, p < 0.01), with
intake greater during Week 1 compared to Week 3 (p < 0.05). Overall, intake amounts stabilized
by Week 2, as calories consumed during Weeks 2 and 3 were not significantly different.
Furthermore, this pattern was significantly influenced by status and time of day (F 2, 14 = 5.05,
p = 0.02), as the decrease was less evident in dominant females at night.

The change in body weight during each 3-week period was compared to a comparable period
when only the Purina monkey chow was available (Table 2). Both dominant and subordinate
females gained significantly more weight during the LFD and HFD feeding periods compared
with the control period when only the standard monkey chow was available (F2, 14 = 4.51, p
= 0.03). There was no effect of status on the percent change in weight during the three feeding
phases (F2, 14 = 0.50, p = 0.55). The amount of kcal consumed, independent of social status,
significantly predicted the amount of weight gain during the LFD (r7 = 0.71, p = 0.03) and
HFD sessions (r7 = 0.67, p = 0.05; Figure 4).

Wilson et al. Page 6

Physiol Behav. Author manuscript; available in PMC 2009 July 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Diet intake in the presence and absence of the Purina monkey chow
Females consumed significantly more of the LFD and HFD when Purina was unavailable
(Figure 5; F1, 7 = 37.75, p < 0.01). Importantly, subordinate females consumed significantly
more of the diets regardless of whether the Purina diet was available or not (F 1, 7 = 9.75, p =
0.02), but the availability of Purina chow did not affect the effect of social status on diet intake
(no status by availability interaction, F 1, 7 = 0.78, p = 0.41). The pattern of significantly greater
diet intake at night by subordinate compared to dominant females (F 1, 7 = 16.23, p < 0.01) was
not affected by the availability of the Purina diet (F 1, 7 = 0.63, p = 0.45). Finally, the preference
for the HFD and LFD was significantly affected by Purina availability (F 1, 7 = 9.34, p = 0.02),
as females consumed significantly more of the HFD compared with the LFD when the Purina
diet was unavailable, but not when it was available. This change in preference was observed
for both dominant and subordinate females, as there was no interaction between status, diet,
and Purina availability (F 1, 7 = 0.02, p = 0.87).

Behavior and Diet
There were no significant differences between dominant and subordinate females nor a
significant status by diet interaction for proximity for rates of social and anxiety-like behavior
exhibited by females during the LFD and HFD phases when the Purina diet was unavailable
(Table 3; F1, 7 = 0.39, p = 0.55, F1, 7 = 0.15, p = 0.71), or for groom frequencies (F1, 7 = 0.54,
p = 0.49, F1, 7 = 3.36, p = 0.11) as well as the amount of time females spent in proximity
(F1, 7 = 0.04, p = 0.85, F1, 7 = 3.45, p = 0.10) or grooming (F1, 7 = 0.21, p = 0.66, F1, 7 = 2.53,
p = 0.16). In contrast, rates of anxiety-like behavior were significantly higher in subordinate
compared with dominant females (F1, 7 = 29.62, p < 0.01) and this pattern was similar during
both the LFD and HFD (F1, 7 = 0.18, p = 0.68).

The dominant females rarely displaced subordinate females from the feeders or took a pellet
of diet obtained by the subordinate animal. On average, subordinate females acquired 745
pellets during the time when behavioral observations were done. Pellets that had been obtained
by more subordinate females were taken by a more dominant female in 8 cases or 1.07% of
the total. This always involved the more dominant female taking the pellet from the cup
following activation by the subordinate animal. No instances were observed in which the
subordinate female dropped a pellet she had obtained or a more dominant animal physically
taking a pellet away from a subordinate female. Subordinate animals were displaced from the
feeders by dominant animals even less frequently (0.08%). Uniformly, females placed the
pellet in their mouth while standing at the feeder, regardless of social status. Finally, when the
observations sessions coincided with the distribution of the food enrichment, it was noted that
all females uniformly obtained a piece of fruit and generally foraged for the scratch provided.

DISCUSSION
The results of this study show the utility of the system developed to quantify food intake in
socially-housed macaques as well as the relation of social status to energy intake. Specifically
in terms of the former, no formalized training was required for the animals to successfully use
the feeders. Although the data reported here summarized the pattern of food intake between
daylight and nighttime periods, the program is capable of providing finer resolution to ascertain
how any number of factors may influence calories ingested throughout a 24-h period. The data
show that the feeders correctly identify monkeys having radiofrequency chips and record the
number of pellets actually dispensed within approximately 2%. The difference is related to the
very rare occurrence of two pellets being dispensed rather than one. This can be minimized by
routinely cleaning the optical sensor in the dispensers. Further assessment of the feeders
indicated that the number of pellets consumed by individual females was underestimated by
12.9% based on actual observations of females eating pellets when compared to the computer
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output file. Notes made during these observations suggest the underestimation of the feeding
bouts by the observers is due to the animals accumulating pellets in the cups through multiple
activations of the dispensers before consuming the pellets. This behavior does not result in
other animals “stealing” pellets as this occurred so infrequently (1.1% of the time).
Unfortunately, it was difficult to reliably document females accumulating pellets through
multiple activations of the system, as the actual delivery of the pellet into the cup could not be
seen by the observer (given the location of the feeder to the observation post) nor could the
sound of the pellet dropping into the cup be easily heard (due to the ambient noise in the animal
housing facility). In addition, it is also difficult to see if a female places one or more pellets in
her mouth, underscoring the difficulty in attempting to quantify food intake of socially housed
monkeys through behavioral observations alone. Although the discrepancy between the
computer log and the observation record could be problematic, the accuracy of the dispenser
for delivering a pellet when activated coupled with the system correctly identifying an animal
activating the feeder indicate the feeder system can reliably quantify food intake for individual
monkeys housed socially. Nevertheless, future use of this feeder system will require that the
computer recorded feeding data be periodically compared to actual observations of food
consumption to ensure its continual reliability.

The justification for evaluating how social status affects the consumption of high caloric diets
was based on the notion that social subordination in macaque societies represents a chronic
psychosocial stressor (23,32,33,41). The subordinate females used in the present study had
elevated plasma cortisol following a dexamethasone suppression test, indicative of reduced
glucocorticoid negative feedback (35–37). Although rates of social behavior were similar
between dominant and subordinate females, the frequency of anxiety-like behaviors was
significantly higher in subordinate animals, again indicative of chronic stress exposure (42–
44). These physiological and behavioral data support the hypothesis that social subordination
represents a psychosocial stressor in macaques (41).

The data clearly show that subordinate females consumed significantly more of both the LFD
and HFD over the three week feeding periods. These data are compelling for a number of
reasons. It is evident that the dominant animals do not restrict the subordinates from accessing
the feeders. Although social status differences in access to resources is a characteristic of
macaque groups (29) and dominant females could access the feeder at any time, the behavioral
observations revealed that dominant animals displaced subordinates from the feeders in fewer
than 1% of the cases in which subordinates were feeding. Furthermore, pellets that had been
obtained by more subordinate females were taken by a more dominant female in about 1% of
the cases. This always involved the more dominant female taking the pellet from the cup
following activation of the feeder by the subordinate animal. No instances were observed in
which the subordinate female dropped a pellet she had obtained or a more dominant animal
physically taking a pellet away from a subordinate female. These data indicate that that food
intake as measured by this feeder system may over estimate calories consumed by subordinates
by approximately 1%. Based on the data presented here, subordinate animals consumed on
average 55% more of the special diets than did dominant females. Thus, an overestimation of
1% of pellet intake for subordinate females does not invalidate the results. It is likely that social
status competition for the diets was minimized in this study because the diets were available
24 hours each day and the dominant animals could eat anytime they chose to and, based on the
data, these dominant females simply ate less frequently than did subordinate females. This
social status-dependent pattern also was evident during the solitary feeding sessions, as social
rank significantly predicted calories consumed of both the low fat and high fat diets. Thus, in
the presence or absence of more dominant cage mates, subordinate females nevertheless eat
more of these diets.
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Because the Purina monkey chow was available during the three-week sessions when the high
fat or low fat diets were accessible through the feeders, it is possible that the dominant females
were eating more of the Purina chow, forcing subordinate animals to consume the special diets.
Comparing the calories consumed of the high fat and low fat diets when the Purina chow was
available or unavailable, however, showed that the subordinate females ate more of these
special diets regardless of whether the Purina chow was present. All animals consumed more
of both the high fat and low fat diets when the Purina chow was unavailable but the subordinates
continued to consume significantly more during both the daytime and nighttime. These data
suggest that dominant animals restricted their intake of these diets compared to subordinate
animals. The food enrichment provided to the animals during all feeding sessions likely
provided minimal nutrition to the animals compared to the Purina chow and special diets.
Observations that coincided with the distribution of the food enrichment indicated all females,
regardless of rank, obtained the fruit or vegetable and ate some of the scratch enrichment,
indicating that whatever calories were derived from these food was similar among the animals.
Although future studies should account for the calories provided by these items, the data
nevertheless indicate that socially subordinate females consume more of the high fat and low
fat diet than do dominant females.

Restraint stress (14,15) or the stress associated with social subordination in a visible burrow
system (16) decreases food intake and body weight (16,17). However, food intake is no longer
suppressed following the stressor (17,18) and the subsequent increase in body weight in
formally subordinate animals is due to an accumulation of visceral fat (18), particularly in rats
consuming a high fat diet (16). Studies of male Syrian hamsters show chronically defeated
animals over consume a standard laboratory chow and develop an obese phenotype (21).
Although one could argue that this represents a more ethologically relevant stressor than
restraint, it is unclear how social defeat is different than that of social subordination in the
visible burrow system, other than the intensity of the social interactions. Indeed, the amount
of time animals are together is significantly less in the social defeat paradigm (21,22) compared
with the visible burrow system (18). On the other hand, socially-housed Siberian hamsters are
fatter (20,45,46), suggesting a consequence of social housing may lead to excess calorie
consumption and/or that hamsters, in general respond to stress more similarly to humans (and
macaques here) by increasing food intake and body fat. Indeed, Syrian hamsters given foot
shock increase food intake and body fat as well (22). The data from the present study are the
first to quantify food intake in socially housed female macaques and would suggest that in this
context, social subordination could produce an obese phenotype resulting from a greater
consumption of calories. This effect, however, may be dependent on the diet available. These
discrepancies between different animal models reflect the complex relation between
psychosocial stress, food intake and species underscoring the importance of conducting more
research to better understand what situations lead to reduced food intake and decreased body
fat and what circumstances produce excess food consumption and increased body fat.

Based on data from laboratory rat models (8), we predicted that the high fat diet would be
preferred, particularly by subordinate females. Given the small sample size and individual
variability, however, the observed greater consumption of this diet approached but was not
statistically significant (p = 0.09). An unanticipated outcome was the significantly greater
consumption of the low fat diet by the subordinate compared to dominant females. At this time,
it is difficult to determine what may account for this. Although the experimental low fat diet
used in this study had slightly more fat than the Purina monkey chow (15 vs 13% of kcal), it
is unlikely that this accounts for the increased consumption of the special diet. Rather the
banana flavor, coupled with the fact that the carbohydrate component is derived from sugars
rather than fiber, may make the low fat experimental diet more palatable than the Purina chow.
Furthermore, the caloric difference (~0.70 kcal/gm of diet) between the high fat and low fat
diet was similar to that of the low fat diet compared to the Purina chow. Thus, assuming the
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banana flavor can be controlled, the appropriate “low fat control” for future studies may be the
Purina chow. Furthermore, as noted in rodent studies (38), in order to fully understand diet
preference and consumption patterns related to psychosocial factors associated with social
status hierarchies, diets need to be presented simultaneously and total daily calories consumed
from a low fat and a high fat diet needs to be quantified.

In summary, the present study shows that food intake can be quantified in rhesus monkeys
housed in complex social environments. The data collected as a part of the validation of the
automated feeding system show that socially-subordinate female rhesus monkeys consume
more calories from these palatable diets throughout a 24 h. The system provides a reliable
means to study any number of factors related to food intake, including changes in satiety and
orexigenic hormones, food preferences, meal timing and caloric consumption, as well as factors
that affect these feeding patterns and the metabolic and physiological consequences. Because
psychosocial stress exposure increases the risk of engaging in addictive behaviors (47), and
because calorically dense foods can activate dopamine reward pathways (48), the use of this
automated feeding system with a rhesus monkey model can help elucidate the complex
interaction between psychosocial stress, comfort food ingestion, and obesity.
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Figure 1.
Mean ± sem plasma cortisol concentrations aligned from hours from a dexamethasone (Dex)
injection. An asterisk indicates a significant difference (P < 0.05) between dominant (open bar)
and subordinate females (black bar) at a specific time point.
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Figure 2.
Mean ± SEM kcal per kg per day consumed by dominant and subordinate females during three-
week access to a LFD and a three-week access to a HFD diet. Data illustrate daytime (0600 –
1759 hr) and nighttime (1800 – 0559 hr) food intake. An asterisk indicates values at a specific
time point are significantly different between dominant and subordinate females (p < 0.05).
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Figure 3.
The linear relation, reflected by the coefficient of determination between a female’s social rank
(1 through 5) and the number of kcal consumed during solitary access to a LFD (open symbol)
and access to a HFD diet (closed symbol).
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Figure 4.
The linear relation, reflected by the coefficient of determination, between the change in body
weight and the number of kcal consumed by a female during three-week access to a LFD (open
symbol) and a three-week access to a HFD diet (closed symbol).
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Figure 5.
Mean ± sem kcal per kg per day consumed of the LFD and the HFD by dominant and
subordinate females when Purina monkey chow was available ad libitum (right panel) and
when it was unavailable (left panel). Each of the four phases (LFD alone or with the Purina
diet and HFD alone or with the Purina diet) were one week in length. Data illustrate daytime
(0600 – 1759 hr) and nighttime (1800 – 0559 hr) food intake. An asterisk indicates values at
a specific time point are significantly different between dominant and subordinate females (p
< 0.05). Significantly more of the LFD and HFD were consumed when the Purina diet was
unavailable.
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Table 3
Mean ± sem rates of social (initiate proximity or groom) and anxiety-like behavior for dominant (n = 4) and subordinate
females (n = 5) in the morning and afternoon during when the LFD and the HFD was available. Behaviors with different
superscripts indicate significant differences between dominant and subordinate females.

Dominant Subordinate
Behavior LFD HFD LFD HFD

Initiate Proximity (per hr) 5.00 ± 0.77 5.56 ± 1.21 5.30 ± 0.67 6.55 ± 1.08
Initiate Groom (per hr) 1.56 ± 0.71 1.06 ± 0.50 1.40 ± 0.63 2.30 ± 0.45

Proximity Duration (min/hr) 8.66 ± 1.70 8.31 ± 2.52 6.16 ± 1.52 11.78 ± 2.26
Groom duration (min/hr) 5.21 ± 1.74 4.17 ± 2.01 2.11 ± 1.56 5.26 ± 1.79
Anxiety-behavior (per hr) 4.06 ± 0.41a 5.12 ± 0.93a 7.50 ± 0.37b 9.15 ± 0.84b
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