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Abstract

Behavioral and physiological changes were studied following prolonged exposure to social
competition in pairs of non food-deprived rats competing daily for a limited supply of graham cracker
crumbs. Stable dominant-subordinate relationships developed in most pairs, as measured by feeding
time, which were maintained over a 5-6-week study period. In other behavioral tests, subordinates
demonstrated a decreased latency to immaobility in the forced swim test compared with dominants,
but no difference in locomotor activity. Subordinates had increased bladder size, decreased adrenal
gland size, and a 35% reduction of hippocampus cell proliferation compared with the dominant
member. Therefore, prolonged social competition, based on restricted access to palatable substances,
produced hierarchies among individuals that were associated with differences in behavior,
physiology and hippocampal cell proliferation.
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1. Introduction

Prolonged exposure to stress produces detrimental behavioral and biological consequences that
contribute to the development of neuropsychiatric disorders [20,21]. In animal models, chronic
exposure to stress impairs learning [40], produces cognitive deficits [11,7] and decreases
preference for sucrose, which has been interpreted as a form of anhedonia [50]. Along with
genetic vulnerability, chronic stress is a major contributor to the development of depression
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[20]. Although numerous studies have examined the effects of chronic stress on animals in the
laboratory, most have used unnatural stressors such as electric shock, restraint or forced
swimming. Social stressors, however, are believed to play a special role in the onset of
depression in people [1,6], although they may be difficult to study under controlled
circumstances. Therefore, controlled studies of social stress present during interactions
between animals in social hierarchies, may aid in the understanding of the role of social stress
in contributing to stress-related psychiatric disorders, such as depression or anxiety.

A variety of methods has been used to study the biological effects of social stress in various
species of animals, ranging from natural ethological studies to the development of laboratory
models [46]. Naturally occurring hierarchies have been documented in the wild by primate
ethologists [38,39], and one type of social stress studied under controlled laboratory conditions
derives from the establishment of hierarchies among conspecifics. Social hierarchies in groups
of rats have been examined using the ‘hidden burrow’ paradigm. In this design, a group of
male and female rats are housed together, and a hierarchy is formed between the male rats as
they compete for access to food, water and female rats [2,3]. Over time, subordinate rats in this
paradigm lose weight, become sick, and develop deficient immune responses relative to
dominant members. Social competition between conspecifics has also been studied in the
laboratory when two or more deprived animals compete repeatedly in daily sessions for limited
access for food [14,15,29]. In some of the groups, a dominant-subordinate relationship emerges
where one of the rats consistently defeat their counterpart(s). Once a hierarchical relationship
is established, the subordinate animal will concede to the dominant animal in the absence of a
physical attack to avoid repeated physical encounters with the stronger conspecific.

Exposure to stress produces numerous physiological effects that can result in long-term
deleterious effects on behavior, including morphological changes in key brain regions. Some
of the evidence for these effects comes from studies of social interaction in the tree shrew,
which are aggressively territorial [13]. Subordinate male tree shrews exposed repeatedly to a
dominant member develop numerous detrimental behavioral and physiological effects,
including a decrease in cell proliferation in the dentate gyrus of the hippocampus [17]. This
effect was prevented by co-administration of the antidepressant clomipramine [49]. In the
“hidden burrow” paradigm, where rats live in established colonies, dominant rats had increased
cell survival, but not proliferation, compared to subordinate rats [24]. Therefore, differences
in cell proliferation/cell survival can be measured between dominant and subordinate members
of social hierarchies, and the hippocampus is a sensitive site for reflecting the effects of chronic
social stress on neuroplasticity. These cellular effects could model the development of mood
disorders, such as depression, if impaired affective responses derive from the experience of
subordination or defeat that arise in response to prolonged social conflict [35,43]. However,
stress from food deprivation and wounds from fighting could also contribute to morphological
indices of stress in subordinate animals.

The current experiments examined the impact of daily competition for limited access to food
among male rats on behavior and neuroplasticity using a new paradigm. A key feature of the
procedure is that competition for a palatable food (graham cracker crumbs) avoided the use of
food deprivation or other physical stress, allowing the consequences of the competition to
reflect more of the effects on psychological variables accompanying social competition. Social
hierarchies were rapidly established by competition for a limited supply of graham cracker
crumbs. Although competition produced some initial physical contact between members, there
were no displays of aggression or severe physical attacks throughout weeks of competition. In
other words, rats developed reliable social hierarchies by competing for a palatable food they
wanted but did not need for physical sustenance. During assessment of the stability of their
behavior, differences between dominant and subordinate rats were examined in behavioral tests
such as the forced swim test, sucrose consumption and locomotor activity. The forced swim
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test is a model of antidepressant-like activity, which is also sensitive to the effects of prior
stress [5,27]. Examination of cell proliferation in the dentate gyrus of the hippocampus revealed
substantial differences in cell proliferation between dominant and subordinate members arising
from prolonged exposure to social competition. Additional control studies examined the effects
of graham cracker consumption in the absence of competition on cell proliferation, as well as
the effects of competition on physiological endpoints such as bladder and adrenal gland
weights, as well as corticosterone levels.

2. Materials and Methods
2.1. Subjects

Male Sprague Dawley rats weighing approximately 250 g on arrival (Charles River;
Wilmington, MA) were housed in pairs in a temperature-controlled facility maintained on a
12:12 light/dark cycle. Rats were given free access to food and water throughout the
experiment. The rats were handled and weighed three times per week throughout the
experiment. All phases of the experiment were carried out Monday through Friday. The studies
were carried out in accordance with the Guide for the Care and Use of Laboratory Animals by
the National Institutes of Health and were reviewed by the University of Pennsylvania
Institutional Animal Care and Use Committee.

2.2. Establishment of Competition, Behavioral Testing and Cell Proliferation

2.2.1 Eating graham cracker crumbs—Rats were housed in the animal facility for 6 days
prior to initiating experimental sessions. Each rat (N = 22) was given individual access to 3 ¢
of graham cracker crumbs (Nabisco Products) for 30 min/day. Sessions were conducted
between 10:00 and 16:00 h. The rats were placed in a round testing chamber made of clear
plastic (dimensions: 34 cm in height x 28 cm in diameter), with a small plastic dish (2.5 cm in
diameter) containing the graham cracker crumbs secured to the bottom of the chamber. At the
end of each session, the remaining food was weighed and recorded. This phase of the study
lasted for a total of 10 d.

2.2.2. Establishment of competition hierarchy—Social competition pairs were formed
based on body weight and average amount of food consumed at the end of the acclimation
phase. Rats were not paired with their home cage mates. Over a 6-week period, each pair
competed for access to graham crackers during daily 10 min sessions. The graham cracker
crumbs were placed inside a 5 ml container attached to a small plastic opening that was secured
to the bottom of the testing chamber against the side. The small diameter of the plastic opening
(5 cm in diameter) ensured that only one rat had access to the food at a time. Each session was
recorded on videotape. From reviewing the videotapes, the amount of time that each rat spent
eating was timed and the percentage of time spent eating during each session was calculated.
The development of a dominant-subordinate relationship was defined as when one rat ate a
minimum average of 70% of the time over a 3-d period.

2.2.3. Behavioral tests—During weeks four, five and six of competition, behavioral tests
were administered that correlate with affective state and motor performance, and scores were
compared between dominant and subordinate rats. The behavioral tests were administered on
the first day of the week, and competition did not occur on the days that the tests took place.

During week four, the rats were exposed to the forced swimming test (FST) for 10 min. Rats
initially actively try to escape from the cylinder, but eventually develop behavioral immobility.
The FST is a widely used test of antidepressant-like behavior, which reduces the duration of
immobility. An increase in immobility during this test has been associated with increased

vulnerability for stress-induced depression in a number of models, such as chronic stress [8].
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Rats were placed in a glass cylinder (44 cm in height, 20 cm in diameter) filled with water (30
cm high, 20-23°C) from which they could not escape. The FST session was video taped from
above the cylinder, and scored for the presence of immobility, as previously described [10].
Since the rats became immobile quickly, only the first 5 min were compared between the
subjects in order to measure differences in the latency to become immobile.

During week five, reactivity to a sucrose solution was examined. The rats were placed in
individual cages, and given access to a 10% sucrose solution for 30 min/day for 3 days. The
amount of sucrose consumed was recorded.

During the sixth week, the rats were placed in an open (40 cm x 40 cm) field for 30 min. The
total distance traveled was recorded by an automated video tracking system (San Diego
Instruments; San Diego CA).

2.2.4. Measurement of cell proliferation—Following the six weeks of competition, cell
proliferation was measured in the dentate gyrus of the hippocampus, as previously described
[31]. Each rat received a single injection of the thymidine analog bromodeoxyuridine (BrdU;
100 mg/kg; i.p.; Roche Applied Sciences; Indianapolis, IN) before the final competition
session. Two hours after the injection, the rats were euthanized with an overdose of sodium
pentobarbital (100 mg/kg; i.p.), and perfused with 0.1 M PBS and followed by 4%
paraformaldehyde. The brains were quickly removed, stored in 4% paraformaldehyde
overnight, then transferred to 30% sucrose in 1M PBS, and stored at 4°C until sectioning. The
hippocampus was cut in 35 pm sections, and mounted on slides. After the slides had dried,
immunohistochemistry was performed to detect BrdU labeled cells. Sections were heated in
0.1 M citric acid (~90°C) for 15 min, followed by treatment with 0.1% trypsin/CaCl for 10
min. Next, the sections were incubated with 2N HCL for 30 min, followed by 1 h blocking in
normal goat serum (Vector Laboratories; Burlingame, CA), and overnight incubation in the
primary antibody at room temperature (1:100; Becton Dickinson; Bridgeport, NJ). Eighteen
hours later, the sections were incubated for 1 h with the secondary antibody (1:200; Sigma)
followed by incubation in avidin-biotin complex (Vector Laboratories). Finally, the cells were
visualized with DAB (Vector Laboratories), and counter stained with neutral red (ICN
Biomedicals; Costa Mesa, CA). The number of BrdU-labeled cells in the subgranular zone of
the hippocampus was counted in every ninth section by two separate viewers blind to the
treatment condition of the animals. The mean value between viewers was used. A cell was
considered to be in the subgranular zone if it was within three cells of the granular cell layer.

2.3. Replication of Competition Hierarchy and Cell Proliferation

A second group of rats (N = 24) was trained in the social competition paradigm, as described
in Experiment 1. After acclimation to eating the graham cracker crumbs was established, the
rats competed in daily sessions for 5 consecutive weeks. At the end of the experiment, cell
proliferation was measured in all rats, as described above. On the basis of their performance
during the final week of the study, rats from stable hierarchies were categorized as either
dominant or subordinate rats. In addition, rat pairs that did not form stable hierarchies were
also categorized separately. To rule out the possibility that the behavioral tests in Experiment
1 may have affected cell proliferation, no behavioral tests were performed in Experiment 2.

2.4. Control for Graham Cracker Consumption

A third group of rats (N = 16) was used to test for the effects of graham cracker consumption
on cell proliferation. After a one-week acclimation period, each rat was placed in the
competition cylinder for 30 min/day for a total of 4 weeks. Half of the rats were given 5 g of
graham cracker crumbs in the container, and the amount eaten was recorded. The control rats
were placed in the containers with no graham cracker crumbs. At the end of the four weeks,
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the rats were given an injection of BrdU (100 mg/kg; i.p.) and sacrificed 2 h later. Cell
proliferation in the dentate gyrus was measured as described above.

2.5. Physiological Differences between Dominant and Subordinate Rats

A fourth group of rats (N = 40) were run through the social competition paradigm as described
above. In this group rats competed against their cagemates during the competition phase. After
five weeks of competition, 8 pairs of rats that reached the competition hierarchy were sacrificed
1 h after the last competition session. Sixty minutes after the last competition session, the
bladder and adrenal glands were removed and weighed, and their average weight was adjusted
for body weight. In addition, trunk blood was collected from each animal in order to measure
corticosterone levels. Briefly, plasma was separated by centrifugation and stored at 20°C.
Plasma corticosterone was measured by radioimmunoassay using a commercially available kit
(ICN Biomedicals, Inc; Costa Mesa, CA; USA). Corticosterone levels are presented as ng/ml,
and adjusted for body weight.

2.6. Statistics

Social competition was examined by measuring the duration of feeding of each rat during the
behavior sessions. Feeding duration times were combined at weekly intervals and graphed as
a percentage of the total time spent eating for each pair. Differences between dominant and
subordinate rats in the forced swim test and locomotor activity were compared using Student’s
t-test, two-tailed. The total number of BrdU-labeled cells in the hippocampus were determined
and compared between hierarchical groups using Student’s t-test or analysis of variance.

3. Results

3.1. Establishment of Competition, Behavioral Testing and Cell Proliferation

3.1.1. Establishment of competition—The results of the competition session are shown
in Fig. 1. The mean time spent eating for the dominant and subordinate rats is shown for the 6
weeks of competition. Of the 11 pairs tested, 8 established a social hierarchy, in which one rat
spent at least 70% of the time for three consecutive days. Once established, the hierarchy
remained stable throughout the 6 weeks of competition. The behavioral testing during weeks
four, five and six did not appear to disrupt the stability of the hierarchy. The 3 pairs of rats that
did not establish a social hierarchy were not tested.

3.1.2. Forced swim test—The mean frequency of immobility for the first 5 min of the FST
for the dominant and subordinate rats is shown in Fig. 2. Overall, the rats reached immobility
quickly due to their body weight at the time of testing (~450 g, N = 16). However, the
subordinate rats developed immobility more rapidly than dominant rats during the first 5 min
of the test. Repeated measures ANOVA on the first five minutes of testing revealed that there
was a significant effect for time, F (4,56) = 180.59, p <.0001, hierarchy level, F (1,14) = 11.45,
p <.005, as well as a significant interaction, F (4,56) = 6.26, p < .003. Post hoc tests indicated
that the subordinate rats showed significantly more immobility counts during the second minute
of swimming, p <.03. These data show that the development of immobility was faster for the
subordinate than the dominant rats.

3.1.3. Locomotor activity and sucrose consumption—The mean distance traveled for
the dominant and subordinate rats during the 30-min exposure to the open field is shown in
Fig. 3. There was no significant difference between the dominant and subordinate rats in
distance traveled, t (14) = 0.37, p > .05, showing that the differences in hierarchy were not due
to differences in locomotor activity. In addition, there were no differences in sucrose
consumption between the dominant and subordinate rats (data not shown).
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3.1.4. Cell proliferation—The mean number of BrdU-positive cells counted in the
subgranular zone for dominant and subordinate rats is shown in Fig. 4. Dominant rats showed
a significantly greater number of BrdU-positive cells by ~35% over subordinate rats, t (14) =
3.83, p <.002.

3.2. Replication of Competition Hierarchy and Cell Proliferation

Of the 12 pairs tested, 8 consistently adopted a dominant-subordinate hierarchy, defined as the
dominant rat eating for at least 70% of the total time. The mean percentage of time spent eating
for the dominant and subordinate rats that established a hierarchy is shown in Fig. 5a across
the 5 weeks of competition. As seen in Experiment 1, differences in eating time were
established within the first week, and remained stable for each of the pairs over the 5 weeks
of competition. In addition, there were no significant weight differences between the dominant
and subordinate rats at either the first day of competition, t(14) = 0.25, p < .05, or the last day
of competition, t(14) = 0.63 (data not shown).

Fig. 5b shows the latency to eat during the final test day of each week for the dominant and
subordinate rats. Repeated measure ANOVA revealed that there was a significant effect for
hierarchy ranking, F (1,14) = 15.96, p <.002, and over weeks, F (4, 56) = 7.05, p <.002. Post
hoc tests revealed that during the last day of each week, the dominant rats had a significantly
lower latency to eat compared to the subordinate rats.

In addition, the agonistic interactions between the dominant and subordinate rats were recorded
during the last test day of each week (Fig. 5¢). Agonistic interactions were defined as bouts of
physical contact initiated by one of the rats that usually took the form of mounting, pushing,
biting or pinning. Although there was no significant difference in number of agonistic
encounters between the rats according to social hierarchy, F (1,14) = 0.65, p > .05, there was
a significant effect for week, F (4,56) = 8.59, p <.001. Post hoc tests revealed that the number
of significant interactions between the dominant and subordinate rats decreased significantly
during weeks 3, 4 and 5 compared to weeks 1 and 2.

Table 1 shows an expanded view for different measures of the behavior of the dominant and
subordinate rats during the establishment of competition during the first week of the study. A
significant difference in percentage of time spent eating was established quickly during the
first week. In addition, a significant difference between the dominant and subordinate rats in
latency to eat emerged on day 5 of week 1, t(14) = 3.23, p < .01. However, the number of
agonistic interactions remained constant during the first week.

In summary, these data show that dominant and subordinate roles emerged rapidly between
pairs during the first days of competition that would be maintained for weeks. The emergence
of dominant behavior was accompanied by agonistic interactions (pushing and pinning)
between pairs throughout the first week that did not decrease until week 3. After week 3,
dominant rats would consume the graham cracker crumbs and not be challenged by subordinate
rats.

3.2.1. Cell proliferation—The mean cell proliferation for the dominant and subordinate rats,
as well as the rats that did not adopt a stable hierarchy (n = 8) is shown in Fig. 6. Due to problems
with the perfusion and sectioning, only 7 of the 8 dominant rats were examined for cell
proliferation. There was a significant overall difference in cell proliferation between the three
groups, F (2, 20) = 4.15, p < .03. Post hoc tests indicated that the mean cell proliferation for
the dominant rats was ~50% higher than that of the subordinate rats, p < .02. There were no
significant differences between the uncategorized rats and either the dominant or subordinate
rats.
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3.3. Graham Cracker Control Experiment

The mean cell proliferation for rats given access to graham crackers crumbs for four weeks
and their controls is shown in Fig. 7. One of the subjects in the graham cracker group could
not be used due to complications from the perfusion. There was no significant difference in
cell proliferation in the dentate gyrus between the two groups, t (13) =1.06, p > .05. Therefore,
differences in cell proliferation between the dominant and subordinate rats were not due to
differences in consumption of graham cracker crumbs.

3.4. Physiological Differences between Dominant and Subordinate Rats

The results of the percentage of time spent eating and seconds spent eating during the last week
of competition, as well as the physiological and hormonal measures for the dominant and
subordinate rats are shown in Table 2. As was the case in the first two social competition
experiments, the dominant rats spent approximately 70% of the time eating during the last
week of competition. Although there were no significant differences in corticosterone level, t
(14) = 0.67, p > .05, there were significant differences in bladder weight t(14) = 1.13, p < .03,
and adrenal weight, t(13) = 2.40, p < .03, with subordinate rats having higher bladder weights
and lower adrenal gland weights.

4. Discussion

Pairs of rats were allowed to develop a stable social hierarchy by repeatedly competing for
access to a palatable food in a neutral test cage. Although other laboratory methods have been
used to study competitive behavior in rats, such as competition for food in deprived rats [29],
dominance hierarchies in colonies [24], or colony behavior in the rat “hidden burrow
system” [3], this procedure bears salient differences from the other methods. Because they
competed for food they desired but did not need for physical sustenance, these rats developed
a social hierarchy under non-deprived conditions, unlike prior tests for food competition [29].
Brief periods of physical contact accompanied the outset of competition when the hierarchical
relationship was being established. However, the competitive behavior was not based on
outright aggression or physical wounding of one of the members of the pair, as is common in
the “hidden burrow system” [3]. The experiments yielded a high number of participating
animals, relative to these other models, with approximately 70% of the pairs reaching the
criterion for establishment of a hierarchical relationship. The dominant-subordinate
relationship formed during the first week of competing and remained stable for at least 6 weeks
with exposure to daily test sessions.

An important finding in the present study was that rats demonstrated differences in cell
proliferation in the dentate gyrus of the hippocampus according to social status, with dominant
rats showing 35-50% higher levels of cell proliferation. The difference in cell proliferation
produced by social competition was replicated in the second experiment, and was not due to
increased consumption of graham cracker crumbs by the dominant rats. These results
correspond with other studies where aggressive interactions associated with psychosocial stress
were shown to decrease cell proliferation in subordinate animals. Specifically, exposure of tree
shrews to an acute aggressive encounter for 1 hour decreased cell proliferation in the
hippocampus of the subordinate members [17,49]. In the rat “hidden burrow” system, dominant
rats demonstrated increased cell survival in the hippocampus over a 3-week study period,
compared to subordinate rats [24]. However, hippocampal cell proliferation did not differ
between dominant and subordinate rats, possibly because the rats were exposed to the social
colony for only 3 d before cell proliferation was measured. Although agonistic interactions in
the social competition procedure were associated with the emergence of dominant and
subordinate roles within the first week of competition, they were relatively mild in the form
of pushing contacts. Such interactions stopped after 3 weeks when subordinates no longer
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challenged dominant rats for the food. Furthermore, because the present social competition
procedure allowed rats to develop stable hierarchies for 5 or 6 weeks, itis possible that exposure
to social interactions for varying periods of time affects different components of hippocampal
neurogenesis, cell proliferation, neuronal differentiation and survival.

In addition to differences in cell proliferation, dominant and subordinate rats also displayed
differences in adrenal gland and bladder weights. The adrenal gland plays a significant role in
the stress response system by releasing corticosterone and other hormones into the bloodstream
[23] and adrenal hypertropy is considered a sign of chronic or severe stress [41] Increased
adrenal size has been reported in subordinate animals subject to social defeat [36] and chronic
mild stress [16]. Therefore, it was surprising that subordinate rats in the social competition
model in the present study had consistently smaller adrenal weights. However, in another model
of competition, the visible burrow system, no differences were detected in adrenal weight
between dominant and subordinates [45]. Moreover, a subset of subordinate rats in this model
had remarkably low corticosterone responses to stress. These findings suggest a complex
impact of social competition on the hypothalamic-pituitary-adrenal axis.

The finding that bladder weight was greater in subordinate rats in the social competition model
is consistent with previous reports of bladder hypertrophy in subordinate mice that have
established a social hierarchy [9,28]. Although the mechanism for this has yet to be elucidated,
this could involve corticotropin releasing factor (CRF), a peptide that is integral to the stress
response. CRF-containing neurons in Barrington’s nucleus (the pontine micturition center)
innervate lumbosacral preganglionic parasympathetic neurons that elicit bladder contraction
in response to distention [47,48]. Evidence suggests that CRF is inhibitory in this pathway
[22,34] and a history of stress increases CRF mRNA expression in Barrington’s nucleus
neurons [18,19]. These data demonstrate that social competition induces enduring visceral, as
well as behavioral, effects.

The use of laboratory models of competition allowed control of the specific conditions and
exposure to social stress. Although contesting for food among food-deprived rats has
commonly been used as a model of social competition, rats in the current study were not food
deprived. Since food deprivation has been shown to increase the generation of newborn cells
[25], measures of cell proliferation in the rats, as well as their behavior, would have been
influenced by the heightened stress of food deprivation. Another advantage of the current
procedure to establish and maintain dominance hierarchies is that social competition
emphasized a more psychological component in the maintenance of social behavior, as opposed
to the use of threats of physical attacks or aggression to maintain social dominance. Thus, the
detrimental impact on hippocampal cytogenesis by the failure to obtain an available palatable
reward demonstrates a morphological impact of the psychological components of social
competition. Competition for other naturalistic rewards, such as access to females, may
produce similar effects. The psychological context of the presentation of stress has already
been emphasized to have an important impact on hippocampal neuroplasticity. For example,
presentations of electric shock produced a more lasting detrimental impact on hippocampal
cell proliferation when delivered under inescapable circumstances (i.e., learned helplessness)
than as escapable shock [30].

Interest in cell proliferation in the dentate gyrus is a focal point of research examining the
morphological effects of stress that may be related to the onset and treatment of mood disorders,
such as depression. Since it has been proposed that the onset of depression in humans is
associated more commonly with nonviolent social interactions in the family or workplace as
opposed to physical stress [6,21], paradigms that utilize social stressors to establish the context
of dominance-subordinate hierarchies may help identify morphological differences between
dominant and subordinate animals that can elucidate important biological underpinnings
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associated with depression. Chronic stress decreases cell proliferation in the hippocampus,
whereas chronic administration of antidepressants produces the opposite effects [12]. In
addition, postmortem and imaging studies of depressed patients revealed that people suffering
from depression have smaller hippocampal volumes, which may be related, in part, to a
decrease in cell proliferation [42]. Although the function of hippocampal neurogenesis is
unknown, studies have suggested that newborn cells participate in learning or in responses to
anxiety [26,37]. Therefore, the differences in cell proliferation seen in the present social
competition paradigm add further evidence for a role of social stress in regulating behavior
and mood disorders. Although social status and subordinate behaviors are correlated with
reduced cell proliferation, their precise physiological relationship is uncertain. In the present
study, the differences in cell proliferation between the dominant and subordinate rats could be
caused by prolonged exposure to the competition. However, preexisting differences could also
have made the rats vulnerable to becoming subordinate or dominant. Additional studies where
neurogenesis is measured in dominant and subordinate rats that have been reassigned from
varying behavioral histories would provide systematic information about both predisposing
and performance factors that contribute to the morphological effects of stress.

Exposure of rats to social competition was associated with behavioral changes in the forced
swim test, where the subordinate rats in the hierarchy showed a decreased latency to become
immobile. The decreased latency to become immobile in the forced swim test is consistent
with other reports examining the role of stress in the forced swim test and other models of
antidepressant-like activity. When rats are exposed to the forced swim test a second time, they
become immobile more rapidly, and this effect is reversed by administration of antidepressants
[8]. In addition, prior stress, genetic history or diseases comorbid with depression hasten the
development of immobility for rats in the forced swim test [33]. Therefore, the decreased
latency to become immobile seen in the subordinate rats is consistent with a greater
vulnerability to depressive behavior mediating the effects of stress in the forced swim test.
These results correspond to other studies which show that rats exposed to chronic stress in the
resident intruder paradigm showed higher immobility time when tested in the forced swim test
[36], giving further evidence to the relationship between stress and immobility in this paradigm.
However, there were no differences between the dominant and subordinate rats in consumption
of sucrose or in locomotor activity.

Competition among conspecifics has been studied in a number of species from rodents to
primates. In addition to competing for food, laboratory paradigms have examined competition
for access to receptive mates. For example, in the hidden burrow system [3], male rats are
placed in the colony and must compete for access to a limited number of female rats. In this
paradigm, the competition for mating, in addition to the competition for food and water, results
in heightened aggressive encounters. Among primates in the wild, competition for numerous
resources, including females, leads to increases in stress indices, which are often experienced
by all members of the hierarchy [38]. Although it is often assumed that the subordinate
members are the most stressed, the complexity of the hierarchy leads to varied results. For
example, when the hierarchy is in a state of flux, and the dominant primate must defend their
rank, the dominant member often experiences the highest amount of stress [39]. Therefore,
competition for mates, in addition to food and water, leads to complex stressful interactions.

Social competition has been suggested to play a role in the evolutionary origin of mood
disorders such as depression [35,43,44]. According to this theory, the establishment of the
hierarchy comes about when one animal gains access to a limited resource desired by others.
Once an animal learns that they cannot compete against a dominant conspecific, it displays
signs of subordination in order to avoid physical harm. It has been proposed that depression
involves, in part, an exaggerated and persistent display of the evolved subordinate signs in
humans. Subordinate animals also show many of the same symptoms as patients suffering from
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depression, such as weight loss, dysregulation of the HPA axis, and increased anxiety [3,4,
32,46]. Additionally, studies have demonstrated that chronic administration of antidepressants
reverses the subordinate behavior seen in animal models of competition [14,29], giving more
credibility to the relationship between subordinate behavior and depression.

In summary, these data show that repeated social competition for palatable food without violent
aggressive interactions between pairs of rats is associated with behavioral and neural changes.
Social competition is a laboratory model of the social stress that would be expected to emerge
after naturalistic encounters between rodents in the wild. Future research will examine further
behavioral and biological changes that occur after exposure to the competition, as well as the
role of antidepressants in reversing these effects.
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Fig. 1.

Percentage of time spent eating for the dominant and subordinate rats during the six weeks of
social competition. Pairs of rats competed for 5 min/day for access to 3 g of graham cracker
crumbs. The time spent eating for each rat was recorded. Of the original 11 pairs, 8 reached
the criterion for a dominant/subordinate relationship where one rat consistently ate for at least
70% of the time over a 3 d period.
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Immobility counts during the first five minutes of the forced swim test for the dominant and
subordinate rats. During week 4, the rats were individually placed in containers of water (30
inches deep) for 10 minutes. The sessions were videotaped and scored for the presence of
immaobility, swimming and climbing [10]. The test was broken down into one-minute intervals.

* indicates p < .03.
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Fig. 3.

Locomotor activity for the dominant and subordinate rats during the 30 min exposure to the
open field during week 6. Each rat was individually placed in the open field, and the total
distance traveled (cm) was recorded by a digital tracking system. There were no significant
differences between dominant and subordinates in locomotor activity.
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Fig. 4.

Cell proliferation in the subventricular zone of the dentate gyrus in the dominant and
subordinate rats. Two hours after administration of BrdU, the rats were sacrificed, and
immunohistochemistry was used to detect BrdU labeled cells in the dentate gyrus. The mean
number of BrdU labeled cells were counted for each rat by two separate investigators, and the
counts were averaged together.

* indicates p < .02.
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Fig. 5.

(a) Percentage of time spent eating for the dominant and subordinate rats during the five weeks
of social competition in the second experiment. Pairs of rats competed for 10 min/day for access
to 3g of graham cracker crumbs. The time spent eating for each rat was recorded. Of the original
12 pairs, 8 reached the criterion for a dominant/subordinate relationship where one rat
consistently ate for at least 70% of the time. (b) Latency to eat for the dominant and subordinate
rats during the last day of each week. * indicates that there was a significant difference between
the dominant and subordinate groups. (c) Agonistic encounters between the dominant and
subordinate groups during the last day of each week. Agonistic encounters were defined as an
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Cell proliferation in the subventricular zone of the dentate gyrus in the dominant, subordinate
rats and neutral rats. Neutral rats competed but did not form dominant subordinate hierarchies.
Two hours after administration of BrdU, the rats were sacrificed, and immunohistochemistry
was used to detect BrdU labeled cells in the dentate gyrus. The mean number of BrdU labeled
cells were counted for each rat by two separate investigators, and the counts were averaged
together.

* indicates p < .02.
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Fig. 7.

Consumption of graham cracker crumbs does not lead to an increase in cell proliferation in the
dentate gyrus. Two groups of rats were placed individually in the competition containers for
30 min/day for a total of four weeks. Half of the rats were given access to 5 g of graham cracker
crumbs, and the other half were placed in the containers with no graham cracker crumbs. At
the end of the experiment, the rats were given an injection of BrdU and perfused 2 h later. Cell
proliferation was measured in the dentate gyrus of the hippocampus.
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Behavioral Measure Group Day 1 Day 3 Day 5

Time Spent Eating (%) Dominant: 61.41+7.79 67.16 + 6.13 71.98 £ 5.65
Subordinate: 38.590 +7.79 32.84+6.13 28.02 £ 5.65

Latency to Eat () Dominant: 101.29 + 13.87 29.50 £5.12 24.38* £6.93
Subordinate: 91.13+22.43 37.88£9.02 53.38+5.71

Agonistic Encounters Dominant: 14.50 +2.98 11.88+1.74 9.88+2.20
Subordinate: 10.88 +1.88 10.75+1.41 9.13+2.01

During the first week, the hierarchy was formed quickly, with the dominant rats spent a higher percentage of time eating compared to the subordinate rats.
In addition, the number of agonistic encounters remained stable throughout the week. However, by the last day of week 1, the dominant rats showed a
significantly lower latency to eat compared to the subordinate rats. Asterisk (*) indicates value of dominant animal differed significantly from subordinate

animal, p < .05.
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Table 2
Behavioral and Physiological Measures for Dominant and Subordinate Rats

Hierarchy Dominant Rats Subordinate Rats

% of Time Spent Eating 74.95 + 4.36 25.05 + 4.36

Time Spent Eating (sec) 95.57 + 16.95 35.05 + 6.90

Bladder Weight (mg/g) 0.383 £ 0.035* 0.468 + 0.030

Adrenal Gland Weight (mg/g) 0.066 + 0.004* 0.054 + 0.002

Corticosterone Level (ng/ml) 0.082 + 0.031 0.056 + 0.020

After five weeks of competition, the dominant and subordinate rats were sacrificed, and the bladders and adrenal glands were removed and weighed.
Blood samples were also taken, and corticosterone was measured by radioimmuno assay. All measures were adjusted for body weight. Asterisk (*) indicates
value of dominant animal differed significantly from the subordinate animal, p < .035.

Behav Brain Res. Author manuscript; available in PMC 2008 April 10.



