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Abstract

Imposed social subordination, such as that which accompanies physical defeat or alienation, has
been associated with impaired cognitive function in both human and hon-human animals. Here we
examined whether domain-specific and/or domain-general learning abilities (c.f. general
intelligence) are differentially influenced by the imposition of social subordination. Furthermore,
we assessed whether the impact of subordination on cognitive abilities was the result of imposed
subordination per se, or if it reflected deficits intrinsically expressed in subjects that are
predisposedto subordination. Subordinate and dominant behaviors were assessed in two groups of
CD-1 male mice. In one group (Imposed Stratification), social stratification was imposed (through
persistent physical defeat in a colonized setting) prior to the determination of cognitive abilities,
while in the second group (Innate Stratification), an assessment of social stratification was made
after cognitive abilities had been quantified. Domain-specific learning abilities were measured as
performance on individual learning tasks (odor discrimination, fear conditioning, spatial maze
learning, passive avoidance, and egocentric navigation) while domain-general learning abilities
were determined by subjects’ aggregate performance across the battery of learning tasks. We
observed that the imposition of subordination prior to cognitive testing decreased exploratory
tendencies, moderately impaired performance on individual learning tasks, and severely impaired
general cognitive performance. However, similar impairments were not observed in subjects with
a predisposition toward a subordinate phenotype (but which had not experienced physical defeat at
the time of cognitive testing). Mere colonization, regardless of outcome (i.e., stratification), was
associated with an increase in stress-induced serum corticosterone (CORT) levels, and thus CORT
elevations were not themselves adequate to explain the effects of imposed stratification on
cognitive abilities. These findings indicate that absent the imposition of subordination, individuals
with subordinate tendencies do not express learning impairments. This observation could have
important ramifications for individuals in environments where social stratification is prevalent
(e.g., schools or workplace settings).
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1. Introduction

Stress has been shown to be a potent modulator of the ability to learn and to express
memories. However, the direction, degree, and duration of stress effects on cognitive
abilities depends greatly on the characteristics of the stressor, the type of learning being
assessed, and the social structure of an organism’s environment [for reviews, see: 1-7]. The
variability in reported stress effects on learning highlights the need to focus on stressors that
are both ethologically relevant and conserved across both human and non-human animal
species. Numerous mammalian species, including humans, live in complex social groups
and are subject to intense and often unpredictable stress as a result of social interactions. As
such, a relatively new area of study has emerged with the goal of investigating the learning
effects induced by stressors that are primarily social in nature. One line of inquiry has
focused on biobehavioral and learning challenges that arise consequent to social
subordination.

In humans, subordination resulting from alienation or social defeat (e.g., bullying) has been
shown to exert a negative influence on cognitive performance [8-15]. While these results
are intriguing, human studies of social stress effects are limited. In the laboratory,
researchers employ stressors that may be mild in comparison to the stress of actual life
events. As such, the results from these studies may not fully demonstrate the impact of
subordination on learning performance. Studies that examine natural instances of
subordination stress in humans are similarly difficult to integrate within the larger
phenomenon. For example, these studies often rely on self-reports or personal perceptions of
subordination, which may not accurately reflect actual events. Further, prior history with
aggression, environmental factors, and importantly, individual predispositions, may interact
with instances of social subordination and may complicate the interpretation of effects on
cognitive abilities and emotionality. Lastly, due to ethical constraints, it is difficult to probe
the mechanisms that underlie changes in cognition in human participants. Studies of
laboratory animals provide researchers with a greater degree of controllability over stressors
and thus allow for a more detailed examination of the physiological substrates that may
underlie alterations in cognition.

Animal studies examining the relationship between subordination and cognitive function
have produced mixed results [16-21,23-28,30]. Commonly, two types of social
subordination have been examined, i.e., imposed subordination or the innate predisposition
toward subordination [16-21,23-28,30]. Imposed subordination refers to subordination
(e.g., antagonistic encounters with conspecifics) that is inflicted upon the animals priorto
assessment of cognitive function. In contrast, innate subordination (i.e. a natural
predisposition toward subordination) is assessed afterthe assessment of cognitive abilities.

Imposed subordination has typically been observed to negatively impact learning abilities
across several different measures [e.g., Spatial learning in a water maze or radial arm maze:
16, 21-25; reinforced alternation: 17; reference and working memory: 18-20]. Despite these
observations, in many instances, imposed subordination has had no apparent effect on
learning abilities [21, 23-28].

In contrast to studies of imposed subordination, studies of innate subordination have been

far fewer in number. Yet, like those examining imposed subordination, these studies have
also provided mixed results [25, 30]. One potential reason for these discrepant results is the
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variability in methodologies. However, it is also possible that certain forms of learning and
memory are sensitive to social subordination while others are spared. Regardless of the
source of the discrepancies, the mixed findings from these animal studies underscore the
need for a more thorough examination of whether differences in learning abilities due to
social subordination represent an innate predisposition toward subordination (of animals of
lower cognitive abilities) or whether subordination-induced learning deficits arise in
response to imposed subordination.

Studies of innate and imposed subordination to date have focused exclusively on domain-
specific learning abilities (e.g., spatial learning). Yet, it has been established that both
domain-specific (e.g., spatial abilities) as well as domain-general (general intelligence)
factors influence cognition [31]. In humans, general intelligence or “g” has been called the
“single most dominant cognitive trait ever discovered” [32], and the single factor that
underlies gis purported to influence all domain-specific learning abilities. Like humans,
CD-1 outbred mice express individual differences in their “general” cognitive abilities such
that performance across tasks in a battery of diverse learning tasks is positively correlated.
Through the application of principal components analysis a general learning factor can be
identified that accounts for 25-48% of the variance in the performance of individual mice.
This general learning factor in mice has been argued to be structurally and psychometrically
analogous to general intelligence in humans [33-37].

To date, no animal studies have attempted to examine the relationship between social
subordination and general learning abilities. Thus, one of the goals of the current experiment
was to determine whether an individual subjects’ domain-specific and/or domain-general
learning abilities are altered by the imposition of social subordination (in a colony setting) in
a manner similar to that seen in previous studies. Additionally, if cognitive differences do
exist in animals that undergo subordination, we would determine whether they reflect the
imposition of subordination or if they represent a disposition toward poor learning in
animals that are /nnately subordinate.

Domain-specific learning abilities were assessed on individual learning tasks while domain-
general learning abilities were measured as the aggregate performance across a battery of
learning tasks. Stress-induced levels of the adrenal hormone, corticosterone (CORT) were
also measured since prior work has shown a differential activation of the HPA axis in
subordinate and dominant subjects in response to stress [rats: 38-39; mice: 40-44; non-
human primates 44-49; humans: 50-51]. Specifically, it is has been suggested that
upregulation of HPA activity, such as that seen in highly stressed animals, may lead to HPA
dysregulation and a dysfunctional response to subsequent stress exposure. Further, CORT
has been implicated as a possible modulator of cognitive function [for review see: 1-7]
thereby making any observation of differences in its expression of particular interest.
Behavioral measures of stress/anxiety also vary in subordinate animals versus dominant
subjects [52—-63]. Consequently, we assessed performance in the elevated plus maze [EPM],
Open Field [OF] and light/dark discrimination tasks. Lastly, subjects that were stratified
prior to cognitive assessments underwent testing in a battery of motor tests to ensure that
any deficits in learning performance that are detected are not the result of motor impairment.

2. Materials and Methods

2.1. Animals and Housing

Forty-eight outbred, male, non-sibling CD-1 mice (Harlan Sprague Dawley Inc.,
Indianapolis, IN) weighed 25-30 grams and were 40—45 days of age upon arrival in our
laboratory. Since animals were obtained pre-pubescence, it is generally accepted that they
would not had not yet stratified into social hierarchies. Subjects were non-littermates, since
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previous work has revealed that aggressive behaviors are more readily expressed among
rodents that are unrelated [64]. Upon arrival and prior to the start of the testing, all subjects
were housed individually and maintained on ad libitum food and water (unless noted
otherwise) in a temperature-controlled vivarium on a 12-hour light/dark cycle. They were
allowed to acclimate to the vivarium and were handled (removed from the home cage and
held by the experimenter for 60s/day) for three weeks prior to behavioral testing (which
began at approximately 68 days of age).

2.2. Colonization Procedure

Subjects were randomly assigned to one of two colonization conditions (imposed [IMP], n =
24, or innate [INN], n = 24]. Subjects in the imposed (IMP) group were housed in groups of
three (i.e. triads) from 68-82 days of age. This imposed group colonization took place prior
to testing in the learning battery so that the effects of social stratification on learning
performance could be assessed. Subjects in the innate (INN) group were colonized in triads
after completion of testing in the learning battery (at 133 days of age) so that the relationship
between innate tendencies toward subordination/dominance and learning performance could
be examined and compared with any relationships between these factors that exists as a
result of the imposition of subordinance or dominance (i.e. imposed group performance)
prior to tests of learning. In both conditions, animals in each triad were matched for body
weight (to within + 1.2 grams).

At the start of the colonization procedure, subjects were transported in their home cages to
an isolated testing room (300 lux). To examine social interactions, three subjects were
placed simultaneously in a neutral area, i.e., a novel standard shoebox cage lined with wood
shavings. Behavior was observed in three evenly-spaced 10-min sessions during the light
cycle (07:00-19:00) and three 10-min sessions during the dark cycle (19:00-7:00). Between
observations that occurred during the light cycle and those during the dark cycle, subjects
were returned to their home cages. Subjects remained housed in triads until the termination
of the colonization period (14 days). Rather than the two weeks of colonization incurred by
the IMP subjects (where it was the intention to /nduce subordination prior to testing in the
cognitive battery), subjects in the innate (INN) group (where it was the intention to assess
subordination after cognitive abilities had been determined) were colonized for only16 hours
(after the completion of cognitive testing). This was done as it was determined from
observations of group IMP that stratification of the colonized animals was complete after
only 16 hours of interaction. Thus after 16 hours, social stratification could be accurately
estimated, and exposing animals in Group INN to additional unnecessary aggression was
deemed unwarranted. Timelines of the experimental procedures for the imposed (IMP) and
the innate (INN) groups are provided in Figure 1. All behavioral interactions were recorded
for offline measurement as detailed below.

2.3. Assessment of Social Dominance

Three types of behavior were assessed in the colonized mice: 1) dominance-related behavior
2) submission-related behavior and 3) affiliative behavior.

Dominance-related behaviors

1. Number of bites made: A bite by one conspecific directed toward any area of the
body (i.e. head/face or back/flanks) of another conspecific in the triad. The average
of the total bites made across all six observation periods was the measure used for
subsequent statistical analyses.

2. Number of bites received: A bite received by an individual conspecific in the triad
to any area of the body (head/face or back/flanks). The average of the total bites

Behav Brain Res. Author manuscript; available in PMC 2013 June 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Colas-Zelin et al.

Page 5

received across all six observation periods was the measure used for statistical
analyses.

3. Latency to first attack: The time (in sec) that elapsed from when all three
individuals were placed together on Day 1 until an individual subject attacked/bit
another subject in the triad.

4. Total number of tail rattles: A tail rattle was defined as a “rapid lateral quivering or
thrashing of the tail” [65]. Tail rattles have been reported to be correlated with
aggression and social dominance [66—68]. The total number of tail rattles summed
across all six observation periods was the measure used for statistical analyses.

5. Wounding: After the last observation session on Day 1, the severity of bodily
wounds was ranked for each individual subject using a scale from 1-5 (1 being the
least severe wounding and 5 being the most severe wounding). This was not
intended to be an absolute scale, but rather, was indicative of the re/ative severity
of wounds in the animals that contributed to this experiment. Typically, more
serious wounding is seen in subordinate subjects while dominants are often spared
from any wounding.

Submission-related behavior

1. The number of upright/sideways defensive rears: The defensive rear is considered a
sign of retreat that occurs when a subject rises up on its hindlimbs with its
“forearms limp, its head angled upward, and its ears retracted” [66, 69-76]. We
summed the total number of defensive rears across all six observation periods for
statistical analyses.

2. Wounding: As described above, depending on the degree of wounding, this
measure could be indicative of a dominant or submissive status. Typically, more
serious wounding is seen in subordinate subjects while dominants are often spared
extensive physical trauma.

Affiliative behavior

1. Total time spent sniffing: Sniffing is an “introductory/investigatory act” that was
defined here as the time that a subjects’ nose spent in contact (or within 2 mm) with
any area of the body of another conspecific in the triad [66] while engaged in
sniffing. The sum of the total time spent sniffing was used for statistical analyses.

2. Total time spent huddling: Huddling was defined as bodily contact between two or
more mice in the triad during a period of rest that exceeded 60 sec in duration. The
sum of the total time spent huddling was the measure used for statistical analyses.

Since the measures of behavioral dominance assessed here were found to be highly related
(see Results, Section 3.1), the average number of bites made was used to categorize animals
as “dominant” “mid submissive” or “low submissive”. Only the behavioral data from the
“dominant” and “low submissive” animals from each triad was used for subsequent
statistical analyses. In two cases, a “low submissive” animal died, and data from the “mid
submissive” from the same triad was substituted for statistical analysis.

2.4, Learning Tasks

The 48 CD-1 mice used in this experiment were assessed (in two independent replications)
on the five learning tests (i.e. Lashley 11l maze, passive avoidance, spatial water maze,
associative fear conditioning and odor guided discrimination) which make up core tasks
previously used to evaluate general learning abilities. These tasks were chosen so that they
place unique sensory, motor, motivational and information processing demands on the
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animals. The order of testing was designed so as to provide a temporal separation between
any two tasks that are motivated by either food or water deprivation (to prevent excessive
physical strain and to minimize any potential cross-task influences due to motivational
factors). In addition, the testing order was designed to separate tasks based on similar
processes or motor requirements (e.g. mazes of a similar nature, activity vs. passivity), again
S0 as to minimize any potential transfer between tasks. All animals were assessed on tasks in
the following order: Lashley maze, passive avoidance, odor discrimination, fear
conditioning and spatial water maze. A different experimenter tested the animals on each of
the learning tasks, and these experimenters were unaware of the animals’ history or social
status.

In all learning tasks, the animals’ performance was assessed during the acquisition phase of
learning (i.e., prior to reaching their stable, asymptotic level of performance). Thus the
dependent measure for each task was analogous to the animals’ rate of learning on that task,
and these measures of each individual’s performance could be ranked (through the
application of principal component analysis and the resultant factor scores; see below)
relative to other animals in the sample. To quantify an animal’s performance in tasks in
which there were multiple training/test trials, performance during trials that fell within the
acquisition phase were averaged. In tasks in which there was only one test trial (i.e. fear
conditioning and passive avoidance), training parameters were used that were previously
determined to result in sub-asymptotic responding by most animals. To characterize the
general cognitive performance of individual animals, the performance on the learning tasks
was subjected to a principal component analysis, which groups variables into “factors”
which best account for the overall pattern of correlations between them. Based only on data
in the learning tasks, a single factor was extracted (which accounted for 29% of the variance
across all tasks), and this factor yielded a factor score (analogous to an average of z scores
for the individual animals’ performance on each task) for each animal that served to
represent its general cognitive ability. The rationale for these analysis and statistical
procedures are provided in detail elsewhere [31].

2.4.1 Spatial Water Maze—This task requires animals to locate a submerged platform in
a round pool of opaque water. Absent distinct intra-maze cues, animals’ performance in this
task is highly dependent on the interaction of extra-maze spatial cues. The animals are
motivated by their aversion to the water. The latency and path length to locate the platform
decreases over successive trials, despite entering the pool from different locations.

A round black pool (140 cm diameter, 56 cm deep) was filled to within 24 cm of the top
with water made opaque by the addition of a nontoxic, water soluble black paint. A hidden
11 cm diameter perforated black platform was in a fixed location 1.5 cm below the surface
of the water midway between the center and perimeter of the pool. The pool was enclosed in
a ceiling-high black curtain on which five different shapes (landmark cues) were variously
positioned at heights (relative to water surface) ranging from 24-150 cm. Four of these
shapes were constructed of strings of white LEDs (spaced at 2.5 cm intervals) and include
an “X” (66 cm arms crossing at angles 40° from the pool surface), a vertical “spiral” (80 cm
long, 7 cm diameter, 11 cm revolutions), a vertical line (31 cm) and a horizontal line (31
cm). The fifth cue was constructed of two adjacent 7-watt light bulbs (each 4 cm diameter).
A video camera was mounted 180 cm above the center of the water surface. These cues
provided the only illumination of the maze, totaling 172 lux at the water surface.

On the day prior to training, each animal was confined to the escape platform for 5 min.
Training was conducted on the two subsequent days. On Day 1 of training, animals were
started from one of three unique locations on each of five trials. The pool was conceptually
divided into four quadrants, and one starting point was located in each of the three quadrants
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that did not contain the escape platform. The starting point on each trial alternated between
the three available quadrants. An animal was judged to have escaped from the water (i.e.,
located the platform) at the moment at which all four paws were situated on the platform,
provided that the animal remained on the platform for at least 5 sec. Each animal was left on
the platform for a total of 20 sec, after which the trial was terminated. Trials were spaced at
10 min intervals, during which time the animals were held in their home cages. On each
trial, a 90 sec limit on swimming was imposed, at which time any animal that had not
located the escape platform was placed onto the platform by the experimenter, where it
remained for 20 sec. The time it took for the animal to escape (latency) as well as the
distance traveled (path length) to reach the platform were recorded.

Animals were observed from a remote (outside of the pool’s enclosure) video monitor, and
animals’ performance was recorded on videotape for subsequent analysis. Day 2 of training
proceeded, as did Day 1, albeit with four trials only. After the last training trial, a 90 min
retention period began, after which animals were tested with a “probe” trial. On the probe
test, the escape platform was removed from the pool, and all animals were started from the
first position for that day. A 60 sec test was conducted and the animals’ time searching in
the target quadrant (that in which the escape platform was previously located) and non-target
quadrants was recorded.

2.4.2 Lashley Il Maze—The Lashley I1l maze consisted of a start box, four
interconnected alleys and a goal box containing a food reward. Previous studies have shown
that over successive trials, the latency of rats to locate the goal box decreased, as does their
number of errors (i.e., wrong turns or retracing). A Lashley 111 maze scaled for mice was
constructed of black Plexiglas and a goal box marked by white electrical tape was located in
the rear portion of the maze where 45 milligram BioServe (rodent grain) pellet served as a
reinforcer. Illumination was 80 lux at the floor of the maze. The maze was isolated behind a
shield of white Plexiglas to prevent the use of extra-maze landmark cues.

Food-deprived animals were acclimated and trained on two successive days. On the day
prior to acclimation, all animals were provided with three food pellets in their home cages to
familiarize them with the novel reinforcer. On the acclimation day, each mouse was placed
in the four alleys of the maze, but the openings between the alleys were blocked so that the
animals could not navigate the maze. Each animal was confined to the start and subsequent
two alleys for 4 min, and for 6 min in the last (goal) alley, where three food pellets were
present in the goal box. This acclimation period promotes stable and high levels of activity
on the subsequent training day. On the training day, each animal was placed in the start box
and allowed to traverse the maze until it reached the goal box and consumed the single food
pellet present in the cup. Upon consuming the food, the animal was returned to its home
cage for a 20 min interval (ITI) during which the apparatus was cleaned. After the ITI, the
mouse was returned to the start box to begin the next trial, and the sequence was repeated
for five trials. Both the latency and errors (i.e., a turn in an incorrect direction, including
those which result in path retracing) to enter the goal box were recorded on each trial.

Associative Fear Conditioning: In this task animals received a tone (CS) paired with a
mild foot shock (US). Two distinct experimental chambers (i.e., contexts;) were used, each
of which was contained in a sound- and light attenuating enclosure. These boxes were
designated as training and novel contexts, and differed as follows: The training chamber
(16.5 x 26.5 x 20 cm) was brightly illuminated (100 Ix), had clear Plexiglas walls, and
parallel stainless-steel rods (5Smm, 10mm spacing) forming the floor. The novel chamber (23
x 21.5 x 19 cm) was dimly illuminated (6 Ix) and all of the walls and floor were constructed
of clear plexiglass. In both boxes, the auditory stimulus (60dB, 2.9 kHz) was delivered by a
piezoelectric buzzer.
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On Day 1 subjects were acclimated in both novel and training contexts for a 20 min period
in each box. On Day 2 subjects received an 18 min training session in the training chamber.
All training sessions were videotaped for subsequent offline scoring. Subjects received three
tone/shock presentations at 4, 10 and 16 min into the session. The CS presentation consisted
of a pulsed (.7 sec on .3 sec off) 20 sec tone. Immediately following the tone offset, the
shock US (0.6-mA, constant-current footshock) was presented for 500 msec.

Freezing was measured during the 20 sec before (BASELINE FREEZING), during (TONE
FREEZING) and after (POST SHOCK FREEZING) the 20 sec tone presentation. A measure
for freezing during the training period (TRAINING FREEZING) was calculated by
subtracting the time spent freezing in baseline from the time spent freezing during the tone.

On Day 3, freezing was measured during a 5 min session in the novel chamber during which
time, tone, but no shock was presented.

Odor Discrimination and Choice: Rodents rapidly learn to use odors to guide appetitively-
reinforced behaviors. In a procedure based on one designed for rats [77], mice learned to
navigate a square field in which unique odor-marked (e.g., almond, lemon, mint) food cups
were located in three corners. Although food was present in each cup, it was accessible to
the animals in only one cup, the one marked by mint odor. An animal was placed in the
empty corner of the field, after which it explored the field and eventually retrieved the single
piece of available food. On subsequent trials, the location of the food cups was changed, but
the accessible food was consistently marked by the same odor (mint). On successive trials,
animals required less time to retrieve the food and made fewer approaches (i.e., “errors”) to
those food cups in which food was not available. Using this procedure, errorless
performance was typically observed within three to four training trials.

A black Plexiglas 60 cm square field with 30 cm high walls was located in a dimly lit (10 fc)
testing room with a high ventilation rate (3 min volume exchange). Three 4 x 4 x 2.0 cm (I,
w, h) aluminum food cups were placed in three corners of the field. A food reinforcer (30
mg portions of chocolate flavored puffed rice) was placed in a 1.6 cm deep, 1 cm diameter
depression in the center of each cup. The food in two of the cups was covered (1.0 cm below
the surface of the cup) with a wire mesh so that it was not accessible to the animal, while in
the third cup (the “target” cup), the food could be retrieved and consumed. A cotton-tipped
laboratory swab, located between the center and rear corner of each cup, extended vertically
3 cm from the cups’ surface.

Immediately prior to each trial, fresh swabs were loaded with 25 .l of either lemon, almond,
or mint odorants (McCormick flavor extracts). The mint odor was always associated with
the target food cup. It should be noted that in pilot studies, the odor associated with food was
counterbalanced across animals and no discernible differences in performance could be
detected in response to the different odors.

On the day prior to test animals were given 60 min of free feeding time at the same time of
day they would receive have been acclimated. On test day, animals received four training
trials in the field with three food cups present. On each trial, an animal is placed in the
empty corner of the field. On Trial 1, the reinforcing food was available to the animal in the
cup marked by mint odor. An additional portion of food was placed on the top surface of the
same cup for the first trial only. The trial continued until the animal retrieved and consumed
the food from the target cup, after which the animal was left in the chamber for an additional
20 sec and then returned to its home cage to begin a 6 min ITI. On Trials 2-4, the location of
the food cups was rearranged, but the baited cup remained consistently marked by the mint
odor. Both the corner location of the mint odor and its position relative to the remaining
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odors was changed on each trial. On each trial, the latency to retrieve the food and errors
was recorded. An error was recorded any time an animal made contact with an incorrect cup,
or its nose crossed a plane parallel to the perimeter of an incorrect cup. Similarly, an error
was recorded when an animal sampled (as above) the target cup but did not retrieve the
available food.

2.4.3 One-Trial Passive Avoidance—A chamber illuminated by dim (< 20 lux) red
light was used for training and testing. Animals were confined to circular (“safe””) chamber
(10 cm diameter, 8 cm high). The walls and floor of this chamber were white, and the
ceiling was translucent orange. The floor was comprised of plastic rods (2 mm diameter)
arranged to form a pattern of 1 cm square grids. A clear exit door (3 cm square) was flush
with the floor of the safe compartment, and the door was able to slide horizontally to open or
close the compartment. The bottom of the exit door was located 4 cm above the floor of a
second circular chamber (20 cm diameter, 12 cm high). This “unsafe” chamber had a clear
ceiling and a floor comprised of 4 mm wide aluminum planks that formed a pattern of 1.5
cm square grids oriented at a 45° angle relative to the grids in the safe compartment. When
an animal stepped from the safe compartment through the exit door onto the floor of the
unsafe compartment, a compound aversive stimulus comprised of a bright (550 Lux) white
light and “siren” (60 dB above the 50 dB background) was initiated.

Animals learn to suppress movement to avoid contact with aversive stimuli. This “passive
avoidance” response is exemplified in step-down avoidance procedures, where commonly,
an animal is placed on a platform, whereupon stepping off of the platform it encounters a
footshock. Following just a single encounter with shock, animals are subsequently reluctant
to step off of the safe platform. The animals’ reluctance to leave the platform is believed to
notreflect fear, because typical fear responses are not expressed in animals engaged in the
avoidance response [78-79]. Upon stepping off the platform, animals here were exposed to a
compound of bright light and loud oscillating noise rather than shock, so as not to duplicate
stimuli between tasks (see fear conditioning, above). Like more common procedures, our
variant of this task supports learning after only a single trial (i.e., subsequent step-down
latencies will be markedly increased).

Animals were placed on the platform behind the exit blocked by the Plexiglas door. After 4
min of confinement, the door was retracted and the latency of the animal to leave the
platform and make contact with the grid floor was recorded. Prior to training, baseline step-
down latencies typically range from 8-20 sec. Upon contact with the floor, the door to the
platform was closed and the aversive stimulus (light, noise, and vibration) was presented for
4 sec, at which time the platform door was opened to allow animals to return to the platform,
where they were again confined for 5 min. At the end of this interval, the door was opened
and the latency of the animal to exit the platform and step onto the grid floor (with no
aversive stimulation) was recorded. The ratio of post-training to pre-training step-down
latencies was calculated for each animal and this served to index learning. It has been
determined that asymptotic performance is apparent in group averages following 2-3
training trials; thus performance after a single trial reflects, in most instances, sub-
asymptotic learning.

2.5 Exploratory and Sensory/Motor testing

All animals underwent seven assessments of physical characteristics and behavioral
tendencies [31, 80-81]. These included activity in the unwalled areas of an open field (a
common measure of exploration), exploration in a light/dark box and in an elevated plus
maze (potential measures of anxiety), latency to lick a paw on a hotplate test (pain
sensitivity), screen hanging (a measure of paw strength), latency to fall from a small
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elevated platform, and separately, the latency to fall from and ability to maneuver across a
balance beam (measures of coordination).

2.5.1 Exploratory Tasks

2.5.1.1 Open Field: A square field (46 x 46 cm) with 13 cm high walls was constructed of
white Plexiglas and was located in a brightly lit room (400 lux) with a background noise of
65 dBc. The field was conceptually comprised of a 6 x 6 grid (7.65 cm quadrants), where 20
of the quadrants abutted the outer walls of the field (i.e., “wall” quadrants), and 16 quadrants
were displaced from the walls and comprised the interior (i.e., “open” quadrants) of the
field.

Animals were placed in the center of the field. After 20 s had elapsed (during which the
animals self-selected a “starting” location), the animals’ behavior was monitored for 4 min.
Throughout this time the animal’s entries into walled and open quadrants were recorded. An
entry was recorded whenever both front paws crossed the border of a quadrant. Both total
activity levels (i.e., quadrant entries regardless of category) as was the percentage of entries
into unwalled (open) quadrants of the field were recorded. It should be noted that a 4-min
test was explicitly chosen because changes in exploratory behavior (not necessarily simple
motor activity) were not detectable over time.

2.5.1.2 Elevated Plus Maze: The maze was constructed of grey Plexiglas with four arms in
the form of a “plus.” Each of these arms was 6 cm wide, and the entire maze was suspended
30 cm above a black surface. Two opposing arms of the maze were enclosed in 8 cm high,
grey Plexiglas walls, while the two remaining arms were left open. The maze was located in
a brightly lit room (300 lux).

Animals were placed in the center of the maze facing a closed arm, and their behavior in the
maze was recorded in 1-min blocks for 4 min. Of particular interest was their total number
of arm entries, their percent of total arm entries that were into open arms, closed and open
arm entries as well as reentries into a previously occupied arm.

2.5.1.3 Light/Dark Discrimination Test: The rectangular box used in this task (56 x 15 x
10, I x w x h) was constructed from black Plexiglas and was located in a dimly lit room (<50
lux). The box was divided by a gray Plexiglas wall to create two equal size compartments
(28 cm I). The animals could travel between compartments by way of a small opening in the
dividing wall (3 cm x 5 cm). The walls of one compartment were painted white while the
other side remained black, resulting in a light and dark side. The lid on the apparatus was
clear above the light side of the box and was opaque on the dark side. The lighting was
arranged so that a 60-watt lamp was shined directly on the light side of the box, resulting in
a differential illumination between the light side and the dark side (300 lux versus <50 lux).

The animals were placed in the dark side of the box and allowed to freely explore the
apparatus for 5 min. During this time the latency to enter the light side (hind front and hind
legs) fully pass through the door between compartments was recorded. In addition, a number
of other exploratory measures were recorded including the percent of total time spent in the
light side and the number of crossings between the light side and the dark side.

2.6. Sensory/Motor tasks

2.6.1 Balance Beam—Animals were placed on a 40 x 0.7 x 2 cm (I x w % h) beam
suspended 30 cm above the ground. The beam was explicitly designed so that animals do
not typically fall from it. Instead, movement along the beam was the variable of interest, as
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movement is presumed to interact with balance. In a 4-min test, mice exhibit wide
variability in the amount of movement along its length.

2.6.2 Hot Plate Test of Pain Sensitivity—The animals were placed on an aluminum
plate which was maintained at a surface temperature of 52.6 °C. The animals’ latency to
raise a hind paw and to either lick or shake the paw served as the index of pain sensitivity.

2.6.3 Screen Hanging Test of Grip Strength—The animals were placed on the
underside of a wire mesh screen (7 mm grids) tilted 40° from vertical and suspended 24 cm
from ground. Both the latency to drop from the screen and the distance moved prior to
dropping from the screen (cm/s; 180 maximum test duration) were recorded.

2.6.4 Balance Pole—Animals are placed on a platform atop a 4 mm rod coated with black
rubber (shrink tubing). The rod was suspended 30 cm above ground. Latency to drop from
the rod (an index of balance) was recorded.

2.7. Stress Procedure and Assessment of Plasma CORT

After colonization, subjects in the imposed (IMP) and innate (INN) groups underwent a mild
stress procedure. For the imposed (IMP) group this procedure occurred 114 days after
colonization and for the innate (INN) group this procedure took place 32 days after
colonization. During the interim between the end of colonization and the initiation of the
stress procedure, subjects in the imposed (IMP) and innate (INN) groups were singly
housed.

To inflict the stress, animals were confined on a 10-cm diameter platform elevated 120 cm
above the floor in a brightly lit, unfamiliar room for a 6 min period. Ten minutes after the
procedure subjects were decapitated to collect trunk blood. Plasma CORT levels were
quantified using the mouse CORT Enzyme Immunoassay (EIA) kit available from Cayman
Chemicals (Ann Arbor, Ml).

2.8 Statistical Analyses

3. Results

This experiment was a four-group between subjects design that compared behavioral and
hormonal measures in imposed dominant (IMP DOM), imposed subordinate (IMP SUB),
innate dominant (INN DOM) and innate subordinate (INN SUB) mice. Statistical
comparisons of groups were conducted using either analysis of variance (ANOVA) or
independent samples t-tests to examine between group differences in general learning ability
and performance on individual learning tasks. Correlations between factor scores (an
estimate of an animal’s performance on a factor isolated with a principal component
analysis), measures of behavior (exploratory, social, and sensory/motor function) and stress
reactivity (stress induced CORT) were also assessed.

3.1 Social Behavior data

To examine the inter-relationships between the measures of social behavior quantified
during Day 1 observations, a Pearson’s product-moment correlation matrix was created. A
negative correlation was observed between the total average number of bites made and the
number of wounds received [r=-.30, n=46, p< .05], i.e., animals that made more bites were
themselves less wounded. There was also a positive correlation between the total average
bites made and total tail rattles [r = .30, n = 46, p < .05] and a negative correlation between
total tail rattles and wounding [r= —.44, n=46, p< .05]. Wounding and time spent huddling
were positively correlated [r= .46, n=46, p< .05] while time spent huddling and total tail

Behav Brain Res. Author manuscript; available in PMC 2013 June 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Colas-Zelin et al.

Page 12

rattles were inversely correlated [r = —.29, n = 46, p < .05]. (It is notable the animals
characterized as “dominant” rarely huddled with the other two animals of the triad, i.e., only
the submissive and mid-submissive animals engaged in huddling.) Lastly, there was a
positive correlation between the latency to attack and bites received [r = .31, n = 46, p< .05].
These results indicate that both dominant and subordinate subjects consistently express
behaviors that are in accord with previously established behavioral phenotypes for
submissive and dominant rodents [50; 56; 66—70; 72; 82—-84]. Thus the dominant and
submissive phenotypes are easily recognized. This difference can be best summarized
qualitatively: Animals made submissive through colonization were continuously attacked by
their dominant cage-mates.

3.2 Exploratory Data

Subjects were tested prior to the assessment of learning abilities to determine whether there
were pre-existing differences in exploratory tendencies. In the open field test, there was a
trend toward significance for between-groups differences for the percent of internal entries,
i.e., entries into unwalled quadrants, [F(3,26) = 2.67, p=.07]. Post-hoc comparisons
revealed that IMP DOMS (that had been so designated based on previous stratification in a
colony) had a higher percentage of entries in the internal/unwalled areas of the open field
than IMP SUBS [also designated based on previous stratification in a colony; p< .01].
Similarly, INN SUBS (designated based on stratification in a colony assessed after the
completion of all behavioral testing) had a higher percentage of internal entries in the open
field than IMP SUBS [p< .05] (Figure 2A). This pattern of results indicates that imposed
submission, but not innate submissive tendencies, tend to suppress exploratory behaviors.

A separate ANOVA for the total number of entries (combined walled and unwalled,
indicative of total activity) made in the open field also showed a trend toward significance
[F(3,26) = 1.57, p=.22]. Post-hoc comparison revealed that IMP DOMS were more active
(e.g. had more total entries) than IMP SUBS [p< .05; Figure 2B]. Running speed in the open
field also showed a trend toward significance [(F(3,24)= 1.74, p=.19] with post-hoc
comparisons indicating that IMP SUBS had a slower running speed (cm/sec) than IMP
DOMS [p< .05; Figure 2C], although nominally, this effect was small.

Data obtained in the elevated plus maze (after completion of the learning battery) followed a
pattern similar to that in the open field. In the elevated plus maze task, there was a trend
toward significance for the percent of open entries [F(3,23) =1.95, p=.15]. A post-hoc test
showed that IMP SUBS had a significantly lower percentage of open entries than did INN
SUBS [p< .05; Fig 2D]. There were no other significant findings for measures in the
elevated plus maze (closed entries: [F(3,23) = .12, n.s.], open entries: [F(3,23) = 1.41, n.s.],
reentries: [F(3,23) = 1.32, n.s.], total entries: [F(3,23) = .65, n.s.]). Again, this pattern
suggests that the impairments identified here are due to imposition of subordination and are
not innately expressed in subjects with a tendency toward subordination.

3.3 Sensory/Motor data

There were no significant differences between groups for any of the tests of sensory or
motor abilities (Balance beam, latency to fall [F(3,26) = .33, n.s., or distance traveled:
[F(3,26) = .94, n.s.]; Screen Hang, latency to fall: [F(3,26) = 1.08, n.s.] or number of grid
crossings: [F(3,26) = .52, n.s.]; Balance pole, latency to fall [F(3,26) = .80, n.s.]; Hotplate,
latency to lick a hind paw, [F(3,26) = 1.36, n.s.]). The lack of significant differences
between groups on tests of sensory/motor function suggest that none of the animals,
including those that were stratified (through colonization) prior to assessment, suffered from
gross motor impairments as a result of wounding.
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3.4 Learning Battery Data

In the Lashley 111 maze, mice learned the task as evidenced by a significant reduction of
errors across trials [F(4,104) = 11.97, p< .0001]. However, there was no difference between
groups [F(3,26) = 1.13, n.s.] nor was there an interaction between group and trial [F(12,104)
=.96, n.s.]. Errors to reach the goal box in the Lashley I1l maze also decreased across trials
[F(4,104) = 4.43, p<.05], and group differences in errors were seen [F(3,26) = 3.36, p< .05]
with IMP SUBS committing more errors in reaching the goal box than IMP DOMS (p< .05.;
Figure 3). There were no significant group by trial interaction effects [F(12,104) = .62, n.s.].

In the associative fear conditioning task, training levels of freezing (post-pre freezing in sec)
increased across trials [F(2,52) = 18.77, p< .0001], indicating that the animals learned to
freeze to the tone as result of its pairing with foot shock. However there were no significant
group [F(3,26) = .31, n.s.] or interaction [F(6,52) = .33, n.s.] effects. Similarly, separate
repeated measures ANOVA’s carried out for freezing assessed in the absence (baseline) and
presence (tone) of the tone were significant for trial only (baseline: [F(3,26) = .64, p< .05];
tone: [F(3,26) = .55, p< .05]).

For the passive avoidance task, ANOVA revealed a significant main effect for group for
baseline step-down latencies, i.e., the latency to step into a novel environment priorto
pairing that step with aversive light and noise [F(3,26) = 17.52, p=< .0001]. Planned
comparisons demonstrated that IMP SUBS had significantly longer baseline step-down
latencies compared to IMP DOMS [p< .0001] and INN SUBS [p<. 0001] (Figure 4A). A
prolonged baseline step-down latency has previously been interpreted as indicative of a
reduction in exploratory behavior [86], and thus the long baseline latency exhibited by
Group IMP SUB is consistent with the above observations of reduced exploration in this
group. Given this difference in baseline performance, learning in the passive avoidance task
was assessed by computing a ratio of the baseline step-down latency and the post-training
step-down latency, where higher latencies would reflect better learning. A comparison of the
four groups’ ratio of baseline step-down latencies to post-training step-down latencies was
significant [F(3,26) = 4.17, p< .05]. Planned comparisons confirmed that IMP SUBS were
impaired compared to IMP DOMS [p< .01] and INN SUBS [p< .05] (Figure 4B).

In the spatial water maze task, latencies to reach the platform decreased significantly across
trials [F(9,234) = 6.50, p<.0001]. However, there were no significant group [F(3,26) = 1.16,
ns] or interaction [F(27,234) = .47, n.s.] effects. Path length to the platform also decreased
across the ten trials [F(9,180) = 5.80, p<.0001] and there were significant group differences
for path length to the platform [F(3,20) = 5.54, p< .05], although planned comparisons
revealed a significant difference between IMP SUBS and INN SUBS only on Trial 5. There
was no effect of the interaction of group x trial [F(27,180) = .58, n.s.].

In the odor discrimination task, a repeated-measures ANOVA for errors was significant for
trial [F(3,78) = 18.15, p<.0001] but was non-significant for group [F(3,26) = .42, n.s.] or
interaction [F(9,78) = .72, n.s.]. Repeated-measures ANOVA for latency was significant for
trial [F(3,78) = 25.21, p<.0001], however there were no significant group [F(3,26) = .67,
n.s.] or interaction effects [F(9,78) = .83, n.s.].

3.5 Aggregate Cognitive Performance

Significant impairments in cognitive performance in Group IMP SUB relative to Group INN
SUB were only observed in three of the five cognitive tasks, and in the water maze, that
difference was only significant for a single trial. However, it is notable that a tendency
toward an impairment was exhibited by Group IMP SUB in all tasks. Such a pattern (i.e.,
consistent directionality of effects) is best described by factor-analytic techniques. An
unrotated principal components factor analysis of the performance data for the five tasks that
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comprise the learning battery isolated two factors that accounted for a total of 56% of the
variance in performance. Performance from all of the learning tasks loaded consistently on
the primary factor, which accounted for 29% of the total variance (eigenvalue = 1.46, n =
48; Table 1). Given that performance from all learning tasks loaded in a single direction on
this factor, this factor was used to extract factor scores to represent animals’ aggregate
performance across all learning tasks (i.e., their general learning ability). (A factor score is
analogous to an average of an animal’s z scores on each task that comprised the factor,
where the z scores are weighted according to their degree of loading on that factor.)
ANOVA of factor scores revealed a main of effect of group, [F(3,26) =5.21, p < .01]. Post-
hoc comparisons revealed that imposed subordinates (IMP SUBS) had decrements in
general learning performance compared to imposed dominants (IMP DOMS; p< .01), innate
dominants (INN DOMS; p< .01), and innate subordinates (INN SUBS; p< .01; FIG 5). In
total, this analysis suggests that the imposition of submission, but not the innate tendency
toward submission, is associated with an impairment of general cognitive performance.

The second factor extracted from our principal component analysis accounted for 27% of the
variance (eigenvalue = 1.37, n=48; Table 1). Unlike the primary factory, this secondary
factor was not readily interpretable (i.e., no obvious pattern of factor loadings emerged) and
will not be further considered here.

We conducted a second principal component analysis on animals in the IMP groups to
determine the relationship between general learning and measures of exploration and
sensory/motor function. Previous work has indicated that general learning abilities are
directly related to exploratory tendencies but not sensory/motor traits [80]. This unrotated
principal component factor analysis produced a factor that accounted for a total of 25% of
the variance in performance (eigenvalue = 4.42, n = 25; Table 2). Similar to previous reports
[86-87], exploratory measures in the open field (% internal entries) and elevated plus maze
(closed, open, % open entries) loaded strongly on the same factor with performance on the
individual learning tasks. The low magnitude and inconsistent loading of other measures of
sensory/motor performance suggest that they had little value in explaining performance on
this factor. This later result indicates that sensory/motor impairments that may have been
induced by the colonization procedure (from which the imposed dominant and submissive
phenotypes emerged) had little value in explaining the learning deficits that were associated
with this treatment.

Lastly, since we observed group differences in factor scores (indicative of general learning
ability), we examined how individual social behaviors were related to general learning
scores. A final unrotated principal component factor analysis of general learning abilities
and measures from the dominance/social behaviors produced a factor which accounted for a
total of 26% of the variance in performance (eigenvalue = 2.11, n = 25; Table 3). Behavioral
measures linked with submission (e.g. defensive rears and huddling) loaded in the same
direction as general learning scores, which validates the conclusion that imposed
subordination (but not the predisposition toward subordination) is associated with impaired
learning abilities.

3.6 Stress-Induced CORT Responses

A between-groups ANOVA revealed a trend toward group differences in the stress-induced
CORT elevation of the four groups of animals [F(3,26) = 1.45, p= .25], and a planned
comparison post-hoc test confirmed that imposed subordinates (IMP SUBS) had
significantly lower CORT levels than innate subordinates [INN SUBS; p< .05] (Figure 6). A
t-test for independent samples between all subjects in the IMP groups and subjects in the
INN groups was significant [t(1,28) = 2.08, p< .05], i.e., the INN groups (those who were
made subordinate after learning was assessed) had higher levels of plasma CORT than
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subjects in the IMP groups. A t-test for independent samples between all subordinate and all
dominant subjects (regardless of status) was non-significant [t(1,28) = .46, n.s.]. Thus, the
experience of triadic colonization leads to an increase in stress reactivity (e.g. stress-induced
CORT elevation in response to a mild stressor) that persists for at least one month after
removal from the social environment (Group INN), but appears to dissipate within three
months (Group IMP). In neither case was the stress-induced CORT elevation sufficient to
account for the learning impairments associated with the submissive phenotype (see below).
In this regard it is notable that although colonization (regardless of social stature) was
associated with increased stress reactivity (and resultant CORT elevation), only animals that
were deemed submissive in the colonized environment exhibited learning impairments.

A principal components analysis, which included stress-induced CORT and measures of
dominance/submission produced a factor that accounted for 52% of the variance (eigenvalue
=4.64, n= 29; TABLE 4). Consistent with the discussion above, analysis of the structure of
this factor suggests that dominance measures positive for agonstic involvement (e.g.
sniffing, bites made, bites received, defensive rears, tail rattling, wounding) were highly
related to stress-induced CORT levels. One could conclude that the experience of taking part
in an agonstic encounter, regardless of whether an animal was subordinate or dominant, is
related to stress-induced CORT reactivity.

A final principal components analysis that included stress-induced CORT and sensorimotor
measures produced a factor that accounted for 27% of the variance (eigenvalue = 4.53, n=
25; TABLE 5). Open field (total and % internal entries) and elevated plus maze (closed,
open, % open entries) measures loaded in the same direction of stress-induced CORT levels,
a pattern of results that we have previously observed [86].

4. Discussion

Our goal here was to assess and expand upon previous reports that describe the effects of
social subordination on cognition, and to determine if those effects reflected the impact of
subordination per se, or whether they were co-expressed with the predispositionto adopt a
subordinate status. To that end, we established a triadic colony model (in which animals
adopted dominant or submissive statures) and examined the impact of this type of social
stress on both domain-specific and domain-general learning processes. We found that
imposed, but not innate tendencies toward subordination were associated with significant
impairments on three of five tests of learning, although other tests of learning were
statistically, if not nominally, spared. However, general learning abilities (which are more
sensitive to overall patterns of learning performance) were severely impaired in subjects
exposed to social subordination prior to the learning experience. Importantly, it was also
observed that the tendency to adopt a subordinate stature, absent the actual imposition of
subordination, was not in itself a predisposing factor toward learning impairments. Rather,
innately subordinate animals upon which subordination is actually imposed appear to
develop impairments in general learning abilities. This later conclusion should be qualified
in that the tendency to adopt a submissive stature may have been dependent on the
composition of a particular triad of animals, and thus may not be an absolute (as opposed to
relative) reflection of an innate phenotype. That is, an animal that adopted a submissive
stature in one triad /may have been dominant in another. However, the nature of random
sampling makes it reasonable to assume that groups of animals selected from those that
adopted a submissive stature within a triad are, in general, representative of a submissive
phenotype. Nevertheless, in this specific case, stature of any given animal can be judged
relative to only two other individuals.
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In addition to its effect on cognitive performance, we found that the imposition of
subordination results in a decrease in exploratory tendencies (in the open field, elevated plus
maze, and the step-down avoidance task). It is often difficult to distinguish impairments in
learning from impairments that reflect differences in the performance of learned responses,
and it is possible that that the imposition of subordination induces deficits in both learning
and performance. Thus we must fully consider whether submission-induced impairments in
our tests of learning reflect modifications of underlying learning processes or whether they
are the consequence of variations in exploratory tendencies (which might indirectly impact
learning or its expression). In considering performance in the step-down avoidance task,
learning was assessed with a ratio of pre-training to post-training step-down latencies, thus
normalizing for pre-existing differences in the tendency to step off the safe platform.
Despite this normalization for differences in baseline step-down latencies, the imposition of
subordination was associated with impaired performance indicative of learning. The
inability to properly form associations between one’s actions and negative consequences
could prove detrimental and result in further adverse consequences (including further
reductions in exploration). Thus at least based on this analysis, it does not appear that a
reduction in exploration was itself sufficient to account for the learning deficit. Consistent
with this conclusion, we have previously reported that directly increasing exploration, either
through repeated exposure to novel environments [88] or through the pharmacological
manipulation of stress reactivity [87], had no beneficial impact on general learning abilities.
In total, these results suggest that the impairment of general learning abilities by the
imposition of subordination is not attributable to the effects of this treatment on exploratory
behaviors, although it is entirely possible (if not likely) that these phenotypic tendencies
interact in ways that we have not detected. Similarly, we found no evidence that physical
injuries that accompanied the imposition of subordination contributed to the observed
learning deficits, i.e., sensory/motor performance accounted for little of the variability in
learning. This is not surprising, since the tests of learning were administered more than 30
days after the termination of the colonization procedure, allowing sufficient time for wound
healing and recovery from other physical injuries. Nevertheless, it is acknowledged that
animals that adopted a submissive stature during colonization were exposed to rather
extreme treatment by their dominant cohorts. At this point it is unknown whether a less
severe treatment would result in a similar impairment of general cognitive performance.

In the current study, we also found that that stress-induced CORT levels (i.e. stress
reactivity) had little predictive value in explaining variations in general learning abilities,
suggesting that differences in individual stress reactivity do not underlie (under the present
conditions) variations in general learning performance. Similarly, in an earlier study in our
laboratory, we were able to pharmacologically disassociate stress reactivity from general
learning abilities [87]. Together, this data suggests that the relationship between general
learning and exploration is not necessarily mediated by stress reactivity. To more fully
assess the relationship between CORT and learning abilities in socially stressed animals, we
would need to quantify circulating CORT levels after colonization but prior to performance
in learning tasks and determine if these measures were correlated, and if so, whether the
modulation of glucocorticoids contributes to the decrements in general learning abilities
induced by the imposition of subordination.

While it is unlikely that stress reactivity (i.e. stress-induced CORT elevations) can broadly
explain variations in general learning abilities, it is still possible that that increases in
glucocorticoid expression in response to subordination contribute to the changes in general
learning abilities seen in this study. Indeed structural and functional changes in the
hippocampus have been reported subsequent to social stress [22, 27, 90, 91]. However, since
both imposed domination and imposed submission were associated with elevated CORT
levels (one, but not four months after colonization), but only imposed subordination was
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associated with impaired general learning abilities, it appears that stress-induced CORT
elevations (at the low levels reported here) cannot in themselves account for the cognitive
deficits that arise as a consequence of imposed subordination.

It is possible that subordination may impact upon learning processes via
neurolophysiological mechanisms that are independent of corticosterone. For example, it has
been observed that social stress restricts dendritic arborization [92-93] and neurogenesis
[27, 94-95]. Interestingly, stress-related effects on dendrtric atrophy and neurogenesis can
be prevented by pre-treatment with the drug tianeptine, a selective serotonin reuptake-
enhancer (SSRE) [93]. If the stress effects on hippocampal morphology and spatial learning
are prevented by treatment with SSREs, it is plausible that other stress-related cognitive
deficits, including its adverse effects on general learning abilities and exploration described
here, could be alleviated by similar pharmacological treatments. However, in the social
environments of humans (e.g., schools), it may be impractical (if not ill-advised) to attempt
to moderate the effect of imposed submission (e.g., bullying) with medication. Thus,
alternative treatments must be explored. Given that the tendency toward submission is not
itself sufficient to promote learning deficits, an effective strategy might be to implement
more active behavioral intervention to eliminate or limit exposure to subordination stress.
The introduction of “anti-bullying” programs may serve to reduce the occurrences of social
subordination and thereby decrease social stress and ameliorate its negative consequences on
cognitive abilities. Cognitive therapies may also be useful in counteracting the negative
effects of submission. In humans, working memory training has been shown to improve
cognition. We have recently developed a working memory training regimen in mice that has
been shown to successfully increase both selective attention and general learning
performance [35,96]. Thus it is conceivable that working memory training administered
either before or after social stress might prevent or alleviate the negative effects on learning
which result from subordination.

5. Conclusions

The present results underscore the detrimental consequences of social stress on cognition,
and furthermore, indicate that a propensity toward submission does not in itself (absent the
imposition of physical defeat), detrimentally impact cognitive abilities. The social stress
model that was established here is well suited to probe the biological basis of the social
stress-related learning deficits that are conserved across mammalian species. Further, this
model can be utilized to examine how potential pharmacological and behavioral
interventions may be instituted in order to improve the quality of life for individuals who
suffer due to the stress of social subordination.
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The timeline of the handling, colonization, exploratory, sensorimotor, learning and blood
collection procedures across the experimental period for both Groups IMP (colonized before
the learning battery tests) and INN (colonized afterthe learning battery tests). Days indicate

time since the animal’s day of birth.
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Figure2.

A. lllustrated is the percent of internal (unwalled) entries in the Open Field for the IMP
DOMS, IMP SUBS, INN DOM, and INN SUBS groups. IMP DOMS (which were
colonized prior to the open field test) had a higher percentage of entries in the internal areas
of the open field than IMP SUBS (p=.01). Similarly, INN SUBS (that were colonized after
the open field test) had a higher percentage of internal entries in the open field than IMP
SUBS (p=.05). B. Open Field total entries (entries in the internal and external quadrants) for
the IMP DOMS, IMP SUBS, INN DOM, and INN SUBS groups. IMP DOMS were more
active (e.g. had more total entries) than IMP SUBS (p=.04). C. Open Field run speed (cm/s)
for the IMP DOMS, IMP SUBS, INN DOM, and INN SUBS groups. IMP SUBS had a
slower run speed (cm/sec) than IMP DOMS (p=.03). D. Elevated plus maze percent open
entries for the IMP DOMS, IMP SUBS, INN DOM, and INN SUBS groups. Colonization
prior to the elevated plus maze test promoted fewer entries into open arms in animals that
exhibited submission, and a tendency toward fewer entries in animals that exhibited
dominance. Asterisks (*) indicate significant comparisons.
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Figure 3.

Errors across trials to find food in the Lashley Il maze for the IMP DOMS, IMP SUBS,
INN DOM, and INN SUBS groups. Mice learned the task as evidenced by a significant
reduction of errors across trials ( p< .001), although Group IMP SUBS (which were
colonized and exhibited submission prior to the test) exhibited no apparent learning and took
longer to arrive at the goal box than IMP DOMS (p=.02). Asterisks (*) indicate significant
comparisons.

Behav Brain Res. Author manuscript; available in PMC 2013 June 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Colas-Zelin et al. Page 27

Passive Avoidance: Baseline SDLs

>

*
40 - *

35

30 -
25 -

20

15 | ﬁ*‘
*

10

I

IMPDOMS IMP SUBS  INN DOMS INN SUBS

Latency (sec) to Step Prior to Training

Passive Avoidance: Learning Ratios

359 *

w

*

T

2.0 1 l I

Post/Pre Step Down Latencies
HH

IMP DOMS  IMP SUBS  INN DOMS INN SUBS

Figure4.

A. Latency to step from platform priorto pairing the step with aversive stimulation in the
passive avoidance task for the IMP DOMS, IMP SUBS, INN DOM, and INN SUBS groups.
IMP SUBS had significantly longer baseline step-down latencies compared to IMP DOMS
(p< .0001) and INN SUBS (p<. 0001). B. Ratio of the latency to step from platform before
and after pairing the step with aversive stimulation in the passive avoidance task for the IMP
DOMS, IMP SUBS, INN DOM, and INN SUBS groups. Subjects in the IMP SUB group
exhibited impaired learning relative to the IMP DOM group (p=.03). Asterisks (*) indicate
significant comparisons.
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Figure5.

Factor scores representative of animals’ aggregate le for the IMP DOMS, IMP SUBS, INN
DOM, and INN SUBS groups. IMP SUBS (who had been colonized and exhibited
submission prior to testing in the learning battery) exhibited significantly worse general
learning performance (indicated by Aigher factor scores) than IMP DOMS (p=.005), INN
DOMS (p=.002) and INN SUBS (p=.003). Asterisks (*) indicate significant comparisons.
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Figure6.
CORT levels (ng/ml) for the IMP DOMS, IMP SUBS, INN DOM, and INN SUBS groups.

Animals were confined to an elevated platform in a bright room for five minutes (which
prior work indicated induced a moderate stress response) either 124 days (Groups IMP
DOM and IMP SUB) or 32 days after colonization. Regardless of phenotype, colonization
within approximately one month of the CORT assay promoted an increased CORT response
to mild stress, which had dissipated within four months. Asterisks (*) indicate significant
comparisons.
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Principal component factor analysis of lear ning battery performance

An unrotated principal component factor analysis of the primary learning battery revealed primary and

Table 1

Page 30

secondary factors (general learning abilities) explaining 29% and 27% of the total variance, respectively.

Factor 1 | Factor 2

Passive Avoidance 0.75 -0.01
Lashley Maze 0.76 0.36
MorrisWater Maze 0.09 0.83
Odor Discrimination 0.15 -0.66
Fear Conditioning 0.54 0.32
eiganvalue 146 1.37

% variance explained

29%

27%
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Principal component factor analysis of general learning scores and exploratory and

sensory/motor measures

Table 2

Page 31

An unrotated principal component factor analysis of exploratory, sensorimotor, and general learning abilities

revealed only a primary factor explaining 25% of the total variance.

Factor 1

Open field: total entries 0.68
Open field: % internal entries 0.46
Open field: run speed -0.62
Light/Dark discrimination: timein dark -0.24
Light/Dark discrimination: latency to enter light -0.46
Balance beam: latency to fall -0.13
Balance beam: distancetravelled 0.16
Screen Hang: latency to fall -0.06
Screen Hang: # of crossings -0.11
Balance Pole: latency to fall 0.26
Hotplate 0.10
EPM: closed entries 0.79
EPM: open entries 0.84
EPM: reentries 0.10
EPM: total entries 0.89
EPM: % open entries 0.82
G Factor 1 -0.29
G Factor 2 -0.27
eiganvalue 4.42

% Variance Explained

25%

Behav Brain Res. Author manuscript; available in PMC 2013 June 15.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Colas-Zelin et al.

Principal component factor analysis of general lear ning scores and social behavior

measur es

Table 3

Page 32

An unrotated principal component factor analysis of social behaviors and general learning abilities revealed a

primary and secondary factor explaining 26% and 18% of the total variance, respectively.

Factor 1 | Factor 2

G Factor 1 0.40 0.15
G Factor 2 0.52 0.27
Huddling 0.57 -0.10
Defensive Rears 0.12 0.85
Sniffing -0.42 0.001
Bitesmade -0.80 -0.23
Bitesreceived -0.67 0.37
L atency to attack -0.29 0.64
eiganvalue 211 1.42

% Variance explained

26%

18%
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Principal component factor analysis of stress-induced CORT and social behavior

measur es

Table 4

Page 33

An unrotated principal component factor analysis of social behaviors and CORT levels revealed a primary and

secondary factor explaining 52% and 15% of the total variance, respectively.

Dominance Factor 1

Dominance Factor 2

Huddling -0.31 0.06
Sniffing 0.42 -0.33
BitesMade 0.93 -0.02
Latency -0.03 -0.79
Bites Received 0.10 -0.11
Defensive Rears 0.82 -0.33
Tail rattling 0.87 0.29
Wounding 0.95 -0.05
CORT 0.51 0.62

eiganvalue 464 133

% Variance Explained

52%

15%
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Principal component factor analysis of stress-induced CORT and exploratory and
sensory/motor measures

Table 5

Page 34

An unrotated principal component factor analysis of exploratory and sensorimotor behaviors and CORT levels

reveals a primary and secondary factor explaining 27% and 15% of the total variance, respectively.

Factor 1 | Factor 2

Open field: total entries 0.65 -0.16
Open field: % internal entries 0.42 -0.14
Open field: run speed -0.58 -0.09
Light/Dark discrimination: timein dark -0.18 0.36
Light/Dark discrimination: latency to enter light -0.45 0.01
Balance beam: latency to fall -0.21 0.64
Balance beam: distancetravelled 0.05 0.82
Screen Hang: latency to fall -0.07 0.78
Screen Hang: # of crossings -0.12 0.76
Balance Pole: latency to fall 0.33 0.03
Hotplate 0.12 -0.03
EPM: closed entries 0.80 0.06
EPM: open entries 0.86 0.20
EPM: reentries 011 0.09
EPM: total entries 0.91 0.14
EPM: % open entries 0.82 0.20
CORT 0.54 -0.18
eiganvalue 4.53 2.60
% Variance Explained 27% 15%
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