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Abstract

The age of stressor exposure can determine its neurobehavioral impact. For example, exposure of 

adolescent male rats to resident-intruder stress impairs cognitive flexibility in adulthood. The 

current study examined the impact of this stressor in female rats. Rats were exposed to resident-

intruder stress during early adolescence (EA), mid-adolescence (MA) or adulthood (Adult). They 

were tested in an operant strategy-shifting task for side discrimination (SD), reversal learning 

(REV) and strategy set-shifting (SHIFT) the following week. Performance varied with age, stress 

and coping style. MA and EA rats performed SD and SHIFT better than other ages, respectively. 

Social stress impaired performance in rats depending on their coping strategy as determined by a 

short (SL) or long (LL) latency to become subordinate. SL rats were impaired in SD and REV, 

whereas EA-LL rats were impaired in SHIFT. These impairing effects of female adolescent stress 

did not endure into adulthood. Strategy set-shifting performance for female adolescents was 

positively correlated with medial prefrontal cortex (mPFC) activation as indicated by c-fos 

expression suggesting that this region is engaged during task performance. This contrasts with the 

inverse relationship between these indices reported for male adolescent rats. Together, the results 

demonstrate that social stress produces cognitive impairments for female rats that depend on age 

and coping style but unlike males, the impairing effects of female adolescent social stress are 

immediate and do not endure into adulthood. Sex differences in the impact of adolescent social 

stress on cognition may reflect differences in mPFC engagement during the task.
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1. Introduction

Stress has been implicated in diverse psychiatric disorders including depression, anxiety, 

post-traumatic stress disorder and substance abuse [1–3]. In an effort to understand these 

links, research has focused on stress-induced alterations of affective processes. More 

recently, impairments in cognitive functions have become recognized as core features of 

stress-related psychiatric diseases that contribute to their debilitating nature. Although it is 

adaptive for stressors to alter cognitive processes such as arousal state, attention biases, 

decision-making and working memory to promote survival, chronic or repeated stress can 

impair these processes and contribute to cognitive symptoms of psychiatric disorders [4–6].

Substantial individual variability exists in the pathological consequences of stress, giving 

rise to the concepts of stress vulnerability and resilience [7, 8]. Various factors contribute to 

individual variability including the sex of the subject, genetic factors, environmental or 

social modulating factors and the developmental stage at which the stress occurs. Given the 

prevalence of social stress in humans and its negative impact on mental and physical health 

[9, 10], our laboratory has investigated individual differences in the consequences of the rat 

resident-intruder model of social stress [11, 12]. We determined that exposure of male rats 

to repeated resident-intruder stress results in the emergence of two subpopulations based on 

their coping strategy to exhibit a subordinate defeat posture with either a short latency (SL) 

vs. long latency (LL) [11]. SL male rats show certain behavioral, endocrine and 

physiological endpoints of depression, including increased immobility in the Porsolt swim 

test, decreased sucrose preference, decreased heart rate variability and dysregulation of the 

hypothalamic-pituitary-adrenal axis [11, 13, 14]. Recently, the effects of resident-intruder 

stress presented at different ages on cognitive function were investigated in male rats [15]. 

This social stress presented during early or late adolescence or adulthood had no immediate 

effects but adolescent social stress impaired strategy shifting, a form of cognitive flexibility, 

when tested in adulthood and rats with the SL coping strategy were more vulnerable. This 

study revealed that social stress in male rats has distinct effects on cognitive processes that 

are dependent on the age at which it occurs, the age at which the endpoint is tested and the 

coping style of the subject. Notably, strategy-shifting performance in adult male rats was 

positively correlated to activation of medial prefrontal cortical (mPFC) neurons as indicated 

by c-fos expression, whereas in adolescent males this correlation was negative, suggesting 

that different circuits are engaged in adolescent and adult male rats during task performance.

Although social stress is also relevant for females, this has been primarily modeled in the 

laboratory using social isolation or social instability because neither male nor female rats are 

typically aggressive to female rats [16–18]. However, lactating females exhibit aggression 

towards female rats and this has been used as a female resident-intruder social stress model 

[19–21]. The present study used this model of female resident-intruder stress to investigate 

the effects of social stress occurring in early and mid-adolescence or adulthood on cognitive 

function tested shortly after the last stressor or later for adolescent rats, in adulthood. The 

modifying influence of coping style determined by the latency to become subordinate on 

stress effects was assessed. Finally, because the mPFC mediates cognitive flexibility and is 
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exquisitely stress-sensitive [22–24], measures of mPFC activity were related to behavioral 

effects.

2. Materials and Methods

2.1. Animals

Female Sprague Dawley rats (Charles River, Wilmington, Massachusetts) served as social 

stress “intruder” rats or matched controls. Rats had free access to food and water and were 

allowed to acclimate to a 12-h light/dark cycle (lights on at 06:00 AM), temperature-

controlled room for 4 days prior to the study. Sprague Dawley lactating adult rats that were 

housed separately were used as resident rats in the resident–intruder test. The care and use of 

animals was approved by the Institutional Animal Care and Use Committee of the 

Children’s Hospital of Philadelphia.

2.2. Experimental Design

Stress or control manipulations occurred during early adolescence (PND 28–32, EA), mid-

adolescence (PND 42–46, MA), or adulthood (PND 70–74, Adult). These ages were 

selected to span the social and physical stages of early and mid-adolescence as designated 

previously [25–27]. In addition a group of EA stressed rats were tested as adults (PND 70–

74; EA-Adults) and a group of MA stressed rats were tested as adults (PND 70–74; MA-

Adults). Rats were exposed to five consecutive days of social stress or control manipulation. 

On the last day of social stress or control manipulation EA, MA, and Adult rats began food 

restriction to maintain 85% free-feeding weight. Training in the operant strategy set-shifting 

task (OSST) began 3 days after the last experimental manipulation and testing occurred after 

3 days of training, 6 days after the final experimental manipulation. EA-Adult and MA-

Adult animals were food restricted, trained, and tested in the operant chamber at the same 

age as Adult animals. These rats were group housed after the last experimental or control 

manipulation until training and testing as adults.

2.3. Social Stress

The social stress and matched control methods were a modification of the resident-intruder 

model [28] and identical to that previously described [15] except that lactating female rats 

were used as resident rats. Intruders were individually placed in the home-cage of a novel 

lactating female (resident) whose pups had been removed immediately prior. The resident 

and intruder were allowed to interact until either the intruder exhibited a submissive defeat 

posture (>2 s frozen in a supine position) or 15 min elapsed. Upon reaching one of these 

criteria, the animals were separated by a wire barrier, allowing only auditory, olfactory and 

visual contact for the remainder of the 30-min test period. Intruders were then returned to 

their home-cages and lactating mothers were reunited with their pups. This was repeated for 

5 consecutive days with the intruder being randomly placed into the cage of a different 

lactating female each day. Control rats were placed into a novel cage for 30 min/day with 

the last 15 min spent behind the wire mesh cage for 5 consecutive days. For all rats 

subjected to resident-intruder stress the latency to assume the defeat posture was recorded 

for each session and averaged across all 5 sessions for an individual intruder. If the defeat 

posture was not assumed during the 15 min period, the latency was given the value of 900 s. 
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The mean latencies for all intruder rats of each age group (EA, MA and Adult) were 

subjected to a K-means cluster analysis (JMP 9.0; SAS, Cary, NC) to define the 

subpopulations of rats as short latency (SL) or long latency (LL).

2.4. Operant Training and Testing

Training and testing were carried out in two-lever operant chambers (Med-Associates, St. 

Albans, VT, USA), each within a sound-attenuating box. A stimulus light was positioned 

above each lever, and a house light was positioned top-center on the wall opposite the 

levers. Data were recorded and stored onto a PC computer via an interface module.

The operant strategy-shifting task (OSST) was adapted from Floresco et al. [29]. On Day 1, 

rats were shaped to lever press on a fixed-ratio 1 schedule on one lever (randomly chosen 

left/right) to a criterion of 50 presses within 30 minutes. On Day 2, rats were trained to the 

same criterion with a fixed-ratio 1 schedule on the opposite lever. On Day 3, rats were 

introduced to the trial structure of the task, under conditions with no discernable “rule”. On 

each trial, the house light and both stimulus lights were illuminated for 15-seconds during 

which rats could press one of the two levers for food reward. The correct lever was 

randomly selected to occur one, three, or five times in a row on a particular side, such that 

over many trials it was equally likely to occur on either side. This encouraged rats to switch 

sides during training while not allowing them to use spatial or light cues to reliably predict 

the location of the correct lever. If the correct lever was pressed within 15 seconds of trial 

initiation, a single reward pellet was delivered, and all lights remained illuminated for 3 

seconds followed by darkness for a 5 second timeout before initiation of the next trial. If the 

incorrect lever was pressed within 15 seconds of trial initiation, no reward was delivered, 

and all lights were immediately shut off for a 10 second timeout before initiation of the next 

trial. If neither lever was pressed within 15 seconds of trial initiation, all lights were shut off 

for a 5 second timeout before initiation of the next trial. Additionally, if either lever was 

pressed during a dark timeout period, the initiation of the following trial would be reset to 

occur 5 seconds after the time of this lever press. Trials continued until rats achieved 50 

correct trials. Each animal’s side bias was determined to be toward the lever on the side that 

the animal pressed on the majority of trials during training. On Day 4, behavior was tested in 

a series of three consecutive discriminations: an initial side discrimination (SD), a side 

reversal discrimination (REV), and a shift to light discrimination (SHIFT). Animals 

proceeded from one stage of the task to the next after achieving a criterion of 8 consecutive 

correct choices, with the stipulation that to proceed from SD to REV or from REV to SHIFT 

a minimum of 30 trials had been attempted. This minimum of 30 trials performed stipulation 

was added to ensure that each animal experienced a sufficient number of trials in those 

stages of the task for the transitions from one type of discrimination to the next to be 

cognitively meaningful. Regardless of this stipulation, the dependent measure was the 

number of trials required to reach the criterion of 8 consecutive correct trials. If the animal 

reached this criterion prior to completing 30 total trials, the task was considered complete 

and trials and errors during the “extended period” were not counted. The trial structure and 

timing of light illuminations during each stage of the task were the same as they were during 

the previous training session, with the exception that only one stimulus light was 

illuminated. For every pair of trials, on the first trial of the pair the left or right stimulus light 
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was randomly selected to be illuminated, and the opposite stimulus light was illuminated on 

the following trial. During the SD stage, the lever on the side opposite the animal’s side bias 

was designated to be the correct lever on every trial, regardless of the location of the 

stimulus light. During the REV stage, the correct lever on each trial was designated to be the 

lever opposite the correct lever during the initial side discrimination. During the SHIFT 

stage, the correct lever was designated as the lever underneath the illuminated stimulus light 

on each trial. After reaching the criterion of 8 consecutive correct trials in the SHIFT stage, 

the task was ended. Trials to criterion (TTC) and number of errors were recorded during 

each stage of the OSST for each rat. Omitted trials during which neither lever was pressed 

were not included in the TTC measure. Error types were characterized using logistic 

regression to determine whether treatments impacted perseveration on the previous rule or 

the acquisition and maintenance of the new rule. For the REV stage, every trial attempted by 

a particular animal was categorized as “correct” or “incorrect” and regressed by trial 

number. A logistic curve of best fit, representing the probability of a correct response with 

respect to trial number, was generated and the trial number after which the value of this 

curve became greater than or equal to chance performance value of 50% was noted. Errors 

that occurred on or before this trial were characterized as perseverative errors, as they 

occurred while the animal was following the old rule with greater than chance probability. 

Errors that occurred after this trial were characterized as regressive errors, as these errors 

were made after the animal had disengaged from following the previous rule and was in the 

process of acquiring the new rule. For the SHIFT stage, trials attempted were split into two 

categories: (1) trials when the stimulus light was illuminated above the previously correct 

lever during the REV stage and (2) trials when the stimulus light was illuminated above the 

opposite lever. Errors from trials of the first category were classified as perseverative or 

regressive using the same method described above for the REV stage. Errors from trials of 

the second category were counted as random errors, as they were unrelated to the previously 

learned rule.

2.5. Immunohistochemistry and Western blot

Thirty minutes after reaching criterion in the SHIFT stage, some of the rats in each group 

were anesthetized with isoflurane and transcardially perfused with heparinized saline 

followed by 4% paraformaldehyde for processing of c-fos in the mPFC as previously 

described [30]. The specific area in which c-fos was quantified included both prelimbic and 

infralimbic cortex and was identical to the region described by Snyder et al. [30].

Brains from the remaining rats were removed and the frontal cortex was dissected and 

frozen for Western blot analysis of ERK1/2 and phosphorylated ERK1/2. Samples were 

homogenized in a RIPA buffer (Sigma, St Louis, MO) with a protease inhibitor cocktail 

(Halt, Pierce, Rockford, IL) and centrifuged at 15,000 g for 15 min. Protein content was 

determined using the BCA method. Samples (50 μg per condition) were subjected to SDS-

PAGE gel electrophoresis and proteins transferred to polyvinylidene fluoride membranes as 

previously described [31]. After blocking the membranes with Odyssey Buffer (1 h, diluted 

in PBS 1:1), membranes were incubated with mouse monoclonal antibody raised against P-

ERK1/2 (1:2,000, Santa Cruz Biotech) at 4°C, overnight. Following rinsing, membranes 

were incubated with donkey anti-mouse IRDye 800CW, (1:5,000, LiCor, Lincoln, NE) at 
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room temperature for 1 h. Membranes were rinsed and incubated with a rabbit antibody 

directed against ERK1/2 (1:1000, Cell Signaling) at 4°C, overnight. Following rinsing, 

membranes were incubated with for 1 h with donkey anti-rabbit IRDye 680CW (1:10,000) 

for simultaneous detection of both primaries. Membranes were scanned and proteins 

detected using the Odyssey Infrared Imaging System (LiCor). Odyssey Infrared Imaging 

software was used to quantify the integrated intensity of each band and to determine the 

molecular weights of the proteins (based on Biorad Precision Plus Protein Standards). A 

ratio of P-ERK:ERK1/2 was calculated for each sample. These were run in duplicate and the 

mean ratios were compared between groups using a two-way ANOVA.

2.6. Statistical Analysis

Task performance in terms of trials to criterion was analyzed by three-way ANOVAs (Age x 

Stress x Stage) with repeated measures across Stage. Additionally, each stage was analyzed 

separately by two-way ANOVA for interaction effects of age with stress (Age x Stress) and 

latency cluster (Age x Latency Cluster). Molecular biomarkers (i.e. c-fos expression, ERK 

phosphorylation) were also analyzed via two-way ANOVA (Age x Stress). Relationships 

between task performance in each stage and c-fos expression were assessed using linear 

regression. Where significant main effects or interactions were found, follow-up post-hoc 

comparisons were performed using the Holm-Sidak method, unless otherwise noted.

Cluster analyses (JMP 9.0; SAS, Cary, North Carolina) were applied separately to the defeat 

latencies of animals within each experimental group in order to categorize animals on the 

basis of their stress-coping strategy as short (SL) or long latency (LL) animals.

3. Results

3.1. Effects of social stress during development on operant strategy set shifting

The number of rats that underwent social stress or control manipulation and completed the 

task was 92 with 27 adults (14 control and 13 stressed), 33 EA (19 control and 14 stressed) 

and 32 MA rats (18 control and 14 stressed). Some rats did not finish the task including 5 

control and 9 stressed EA rats, 3 control and 3 stressed MA rats and 1 control and 3 stressed 

Adult rats. A three-way repeated measures ANOVA (Age X Stress X Stage) with task stage 

as the repeated measure showed a trend for an overall effect of stress on task performance 

(F(1,86)=3.6, p=0.06) and an Age X Stage interaction (F=(4,170)=4.7, p<0.005). Stress 

impaired SD performance (F(1,90)=7.5, p<0.01) (Fig. 1A). There was also an effect of age 

on SD performance in that MA rats required fewer trials to reach criterion compared to EA 

or Adult rats (F(2,89)=4, p<0.05; post-hoc p<0.05). There was a trend for an effect of stress 

on REV (p=0.09). For the SHIFT stage there was an effect of age (F(2.89)=6.1, p<0.005) in 

that EA rats performed better than other groups (p<0.01) (Fig. 1A). An analysis of the 

percentage of omitted trials revealed an effect of age (F(2,87)=4, p<0.05) but no effect of 

stress (F(1,88)=1.4, p=0.24) or Age X Stress interaction (F(2,89)=0.69, p=0.5). The mean 

percentage of omitted trials was 18±3, 21±3 and 11±3 for EA, MA and Adult rats, 

respectively with MA rats having a higher percentage of omitted trials compared to Adult 

rats (p<0.05).
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The impairing effects of social stress did not endure into adulthood (Fig. 1B). For separate 

groups of rats that were stressed in EA and MA and were trained and tested in adulthood 

(EA controls=7, EA stress=7, MA controls=7, MA stressed=5) there was no effect of prior 

stress (F(1,22)=2.0, p=0.17) or age at which manipulations occurred (F(1,22)=0.08, p=0.8) 

(Fig. 1B). There was no Age X Stress interaction (F(1,22)=0.22, p=0.64), no Age X Stage 

interaction (F(2,21)=0.04, p=0.96), no Stress X Stage interaction (F(2,21)=0.3, p=0.74) and 

no Age X Stress X Stage interaction (F(2,21)=0.35, p=0.7).

3.2. Relationship between coping strategy and behavior

As in our studies of resident-intruder stress in male rats, female rats exposed to social stress 

clustered into subpopulations based upon their latency to defeat. The ranges and mean 

latencies for EA, MA and Adult rats for the short latency (SL) cluster and long latency (LL) 

clusters are shown in Table 1. A repeated measures ANOVA across stage revealed an Age X 

Stage interaction (F(4,164)=4, p<0.005). Analysis of SD revealed an effect of age 

(F(2,89)=4, p<0.05) with MA rats performing better than other age groups. There was also 

an effect of latency cluster (F(2,89)=4.7, p<0.05) indicating that SL rats performed worse 

than control rats (p<0.05). Latency cluster had a significant effect on REV (F(2,89)=5.7, 

p<0.005). SL rats required more trials to reach criterion than control or LL rats (p<0.05). For 

the SHIFT stage of the task there was an effect of age (F(2,89)=3.5, p<0.05) with EA 

exhibiting better performance. Notably, stress impaired strategy set shifting performance 

selectively in the LL latency cluster of EA rats. A repeated measures ANOVA across stages 

for the EA rats alone indicated a Stage X Cluster interaction (F(4,58)=2.8, p<0.05). This 

effect was a result of a difference in the SHIFT component of the task in which EA-LL rats 

required more trials to reach criterion than either EA-controls or EA-SL rats (F(2,32)=6.2, 

p<0.01; p<0.05 Tukey HSD).

To better identify relationships between coping strategy and task performance the latency to 

defeat was correlated with trials to criterion for different task stages. The latency to defeat 

was inversely correlated to the number of trials to reach criterion in the REV stage of the 

task (r2=0.14, p<0.02) indicating that rats that resist defeat perform better in reversal 

learning tasks (Fig. 1D). No statistically significant correlations were observed between 

latency to defeat and performance in any other task stage.

3.3. Relationship between coping strategy and error type

Coping strategy was related to the error type during reversal learning (Fig. 2). A two-way 

ANOVA (Age x Latency cluster) of regressive errors made during reversal learning showed 

a significant effect of latency cluster (F(2,89)=7.6, p<0.001) such that LL rats made 

significantly fewer regressive errors compared to both controls and SL rats (p<0.001). There 

were no effects on perseverative errors. During the SHIFT stage there was a significant 

effect of age on regressive errors (F(2,89)=5.0, p<0.01) such that MA rats made more 

regressive errors compared to EA and Adult rats (p<0.01).

3.4. Neuronal activation in the prefrontal cortex associated with behavioral performance

EA rats had more c-fos profiles in the PFC, consistent with their superior performance in 

strategy set-shifting stage (Fig. 3A,B). A two-way ANOVA (Age x Stress) showed an effect 
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of age (F(2,34)=10.4, p=0.0005) with EA rats having more c-fos profiles compared to both 

MA and Adult rats (p<0.01). The number of c-fos profiles in the PFC was inversely 

correlated to trials to criterion in the SHIFT stage (r2=0.15, p=0.02) (Fig. 3C). Interestingly, 

this correlation improved when data from Adults were deleted and only adolescent rats were 

used (r2=0.26, p=0.01).

Consistent with the c-fos results, the ratio of pERK:ERK was also greater in EA rats 

compared to MA or Adult rats (Age effect (F(2,46)=7.0, p<0.005; post-hoc p<0.05) (Fig. 4). 

There was no correlation between the ratio of pERK:ERK and trials to criterion in the 

strategy set-shifting task (r2=0.07, p=0.26).

Although there was no significant correlation between c-fos profiles in the PFC and trials to 

criterion in the REV stage, the line describing this relationship suggested a positive rather 

than an inverse relationship as seen with trials to criterion in the SHIFT stage. Therefore, the 

relationship between REV and SHIFT performance was examined (Fig. 5). There was a 

statistically significant inverse correlation between performance in REV and SHIFT stages 

of the task (p<0.01, r2=0.08) that strengthened when the data were constricted to just 

adolescents (p<0.005, r2=0.12).

4. Discussion

The present study demonstrated that social stress has relatively immediate impairing effects 

on cognition of female rats that are a function of the age at which stress occurs, the specific 

cognitive task and the coping strategy. In general, exposure to social stress was associated 

with impaired side discrimination and reversal learning in rats that exhibited a propensity 

towards subordination. Strategy set-shifting performance was optimal in early adolescence 

and this was preserved in stress-exposed rats that had a subordinate coping style but 

impaired in rats that resist subordination. The finding of an inverse correlation between 

performance in reversal learning and strategy set-shifting supports the notion that these 

processes interfere with each other. Together these findings suggest that stress may impair 

different cognitive processes (reversal learning or strategy set-shifting) in individuals with 

different coping strategies. The finding that strategy set-shifting performance of female 

adolescent rats was positively related to mPFC activation stands in direct contrast with the 

recent finding that this is inversely correlated to mPFC activation in male adolescent rats 

[15]. Thus, performance of the same cognitive task can engage different brain regions in 

adolescent males and females. This can account for differences in the timing of social stress 

consequences between adolescent female rats that express impairments immediately and 

adolescent male rats that exhibit protracted impairments.

4.1. Stress and cognitive function

Stressor exposure is thought to contribute to psychiatric disorders through its effects on the 

neural substrates of affect and cognition. Whereas studies of the effects of different stressors 

on rodent models of affect are numerous, effects on executive functions that are core 

features of stress-related psychiatric disorders have been less well explored [32]. Most 

studies report impairments in cognitive flexibility resulting from stress effects on the mPFC 

[33–35]. For example, acute tail pinch, chronic restraint and chronic unpredictable stress 
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impair attentional set shifting or strategy set-shifting performance [35–38]. However, this is 

not a general effect of all stressors as chronic cold stress selectively impairs reversal 

learning and acute restraint and repeated swim stress enhance reversal learning [39–41]. 

These differences reflect distinct effects of certain stressors on multiple brain regions that 

bias the regulation of cognitive processes towards certain strategies [39].

Much human evidence for a role of stress in psychopathology is based on the effects 

psychosocial stress. Although the resident-intruder model of social stress is used extensively 

to model psychiatric disease in rodents, there are surprisingly few studies of its impact on 

cognitive functions [15, 42]. An important determinant of the impact of stress is the 

developmental stage during which it occurs. The influence of a stressor on cognition is 

greatest when it occurs within critical windows during which brain structures and circuits 

underlying cognitive functions are developing [6]. In humans, early life stress is associated 

with impairments in sustained attention, inhibitory control and cognitive flexibility [5, 6, 

43–45] and these are features of the psychiatric disorders that early life stress has been 

implicated in, including depression, anxiety, post-traumatic stress disorder, personality 

disorders and schizophrenia [3, 46]. To begin to assess the impact of social stress on 

cognitive functions at different stages of development, we recently investigated the effects 

of resident-intruder stress presented to early adolescent, mid-adolescent and adult male rats 

on performance in the OSST task [15]. Because many stress-related disorders are more 

prevalent in females [47–50], the present study was run in parallel in female rats.

4.2. Effects of age on OSST performance of female rats

As previously reported for males [15], there were age differences in task performance, 

irrespective of stressor exposure, that generally indicated that younger female rats performed 

better. MA females had better side discrimination performance and EA females had better 

strategy set-shifting performance. The study in males demonstrated that EA and MA rats 

had better strategy set-shifting performance compared to adults [15]. These findings are 

consistent with other reports of better attentional set shifting performance in adolescents [51, 

52] although one study reported poorer performance in adolescent males [53].

4.3. Effects of stress and coping style on OSST performance of female rats

Female social stress had immediate effects to generally impair side discrimination and 

reversal learning and to impair strategy set-shifting in a subpopulation of EA rats. These 

impairments did not endure into adulthood. Although it could be argued that the number of 

subjects in studies of the protracted effects of female adolescent stress may not have been 

sufficient to see effects, the tendency in these animals was towards improved rather than 

impaired performance. The immediate effects of social stress on adolescent female cognitive 

function contrasts with the reported protracted effects in adolescent males, which are not 

expressed until adulthood [15]. Sex differences in the timing of stress-induced impairments 

in cognitive processes imply temporal differences in the development of circuits that 

subserve these processes. The sex differences in task-related mPFC activation discussed 

below are consistent with this notion.
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Previous studies underscore the importance of coping style in the consequences of male 

resident-intruder stress [11–13]. In general, male rats that exhibit the subordinate defeat 

posture with a short latency express certain behavioral, neuroendocrine and physiological 

endpoints that model what is observed in certain depressed patients. Female rats also 

clustered into subpopulations based on latency to defeat. Although behavioral or 

neuroendocrine differences between these two female subpopulations have yet to be 

thoroughly characterized, the present study demonstrated a distinct association between 

coping strategy and the cognitive process that was sensitive to stress. Thus, SL rats were 

vulnerable to impairments in side discrimination and reversal learning but protected from 

stress-induced impairments in strategy set-shifting, whereas LL rats were sensitive to stress-

induced impairments in strategy set-shifting and exhibited better reversal learning 

performance. The ability of stress to selectively affect one cognitive process and not the 

other depending on coping strategy may reflect the inverse relationship between the two 

processes. Chronic stress has been proposed to bias cognitive strategies away from goal 

directed strategies and towards slow habitual processes by producing opposite 

morphological effects on neural substrates that underlie these processes [35,54]. For 

example, chronic stress promotes atrophy of mPFC neurons that project to the associative 

striatum and hypertrophy of neurons in the lateral orbitofrontal cortex and dorsolateral 

striatum [54]. The current findings suggest that these neural substrates may be differentially 

vulnerable to stress in SL and LL rats. It is interesting to speculate that in SL rats, assuming 

the defeat posture represents a strategy shift and that neural substrates that underlie this may 

be relatively more prominent and resistant to impairments. In LL rats activity may be biased 

towards the competing orbitofrontal cortex-dorsolateral striatal circuits that mediate habitual 

processes such as reversal learning.

The relationship between coping strategy and performance in the OSST in females contrasts 

the findings in males, for whom coping strategy was only a factor in strategy set-shifting 

performance and unlike females the SL coping strategy was associated with impaired 

strategy shifting in males. Additionally, this was only expressed in stressed adolescents that 

were tested in adulthood. This indicates that optimal coping strategies are sex specific.

4.4. Strategy shifting and mPFC activation

Attentional set-shifting and strategy set-shifting in the OSST are regulated by the mPFC, as 

they are impaired by lesion or chemical inactivation of this region [22, 23, 29, 55]. 

Consistent with engagement of the mPFC in strategy shifting, mPFC activation as assessed 

by the number of mPFC c-fos profiles was positively correlated to strategy shifting 

performance in the female rats in the present study. The higher p-ERK:ERK ratio in EA rats 

was also consistent with this, given that EA females out-perform the other age groups in the 

strategy shifting stage of the task. A similar relationship between mPFC c-fos or p-ERK-

immunoreactive neurons and extradimensional set shifting performance in an attentional set 

shifting task and between mPFC c-fos and strategy set-shifting performance in the OSST 

was reported for adult male rats [15, 30]. Notably, in adolescent male rats, although strategy 

shifting is superior to adult males, the relationship between mPFC activation and 

performance is inverted and indices of increased mPFC activation are associated with 

increased trials to reach criterion or poorer performance [15]. In the present study, limiting 
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the data to just female adolescents improved the correlation between mPFC c-fos profiles 

and strategy shifting performance. These findings underscore an important developmental 

sex difference in the neural substrates engaged during strategy shifting that may explain sex 

differences in timing of the consequences of stress. We speculate that in adolescent males, 

the PFC is still in development and vulnerable to stress but not on-line for performance of 

strategy shift and alternate circuits facilitate this task. Because the stress has impacted the 

mPFC during its development the deficit is expressed in adulthood, at a time when the 

mPFC typically takes over this task in males. In adolescent females the PFC may be more 

highly developed compared to males and on-line at the time of testing so that it is more 

vulnerable to immediate effects of social stress. However, these effects do not endure 

because the stress occurred at a time when the PFC was more fully developed and less 

vulnerable to long term effects.

Together these findings emphasize the importance of age and coping style on the impact of 

repeated social stress on cognitive function, as well as the specific cognitive task. Taken 

with previous studies in males, the present findings suggest that females may be more 

resilient to adolescent social stress in that the effects do not endure into adulthood and this 

may be a function of a developmentally earlier stage at which the PFC comes on-line to 

perform tasks requiring cognitive flexibility.
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Abbreviations

EA early adolescent

LL long latency

mPFC medial prefrontal cortex

MA mid adolescent

OSST operant strategy set-shifting task

PND post natal day

REV reversal learning

SL short latency

SD side discrimination

SHIFT strategy shifting
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Highlights

• We compared social stress effects on cognition in adolescent and adult female 

rats

• Stress-coping strategy determined the impact of adolescent stress on cognition

• Consequences of female adolescent social stress do not endure into adulthood

• Female adolescent cognitive flexibility correlates to prefrontal cortex activity
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Figure 1. 
Effect of age, stress and coping strategy on task performance. A) Performance of rats that 

were exposed to repeated social stress or control manipulation and trained in the operant set 

shifting task during the week following the last stress/control manipulation. The abscissa 

indicates task stages of side discrimination (SD), reversal learning (REV) and strategy set-

shifting (SHIFT). The ordinate indicates trials to reach criterion. Each bar is the mean of 19 

control and 14 stressed EA rats, 18 control and 14 stressed MA rats and 14 control and 13 

stressed Adult rats. Vertical lines are S.E.M. @ p<0.05, effect of age; *p<0.05, effect of 

stress. B) Performance of rats that were exposed to repeated social stress or control 

manipulation during EA or MA and trained in the operant set shifting task as adults. The 

abscissa and ordinate are as in A. Each bar is the mean of 7 controls and 7 stressed EA rats 

and 7 control and 5 stressed MA rats. There were no effects of age or stress on performance 

at any task stage. C) Performance of rats based on latency clusters. The abscissa and 

ordinate are as in A. Each bar is the mean of 19 control, 7 SL and 7 LL EA rats, 18 control, 

9 SL and 5 LL MA rats and 14 control, 9 SL and 4 LL Adult rats. @ p<0.05, effect of age; 

*p<0.05, effect of latency cluster, **p<0.005, effect of latency cluster; # p<0.05. D) 

Correlation between defeat latency and trials to reach criterion in the REV task. Each point 

represents an individual Adult, EA or MA rat as indicated by the legend. R2=0.15, p<0.02.
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Figure 2. 
Effect of stress and coping strategy on error type. Bars indicate the number of perseverative 

(P) and regressive (R) errors made by control, SL or LL rats of different age groups during 

REV. Vertical lines indicate S.E.M., *p<0.05 compared to both control and SL. #p<0.05 

compared to SL.
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Figure 3. 
Effect of social stress and coping strategy on PFC c-fos. A) Representative 

photomicrographs of the mPFC from EA, MA and Adult rats showing c-fos immunoreactive 

profiles. B) Mean number of c-fos profiles in the PFC of EA, MA and Adult rats that had 

social stress or control manipulation. The ordinate indicates the mean number of c-fos 

profiles. Each bar represents the mean of 6 control and 6 stressed EA rats, 7 control and 5 

stressed MA rats and 6 control and 5 stressed Adult rats. Vertical lines indicate S.E.M. 

*p<0.0005 compared to other ages. C) Correlation between c-fos profiles in the PFC and 

performance in the SHIFT stage. The abscissa indicates the number of PFC c-fos profiles 

and the ordinate indicates trials to criterion for the strategy set-shifting stage. Each point 

represents an individual EA, MA or Adult rat as indicated by the legend. R2=0.15, p<0.02.
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Figure 4. 
Effect of social stress on ERK phosphorylation in the PFC. A shows representative Western 

blots from EA, MA or Adult rats. ERK represented in red fluorescence and P-ERK in green. 

ERK and P-ERK are detected at the same molecular weight (near 42,44 kD) and 

simultaneous visualization of both appears as one yellow blot. In order to distinguish both 

proteins in the figure ERK and P-ERK bands were imaged separately and the P-ERK image 

was placed above the line of ERK bands and separated by a white line. B) Quantification of 

P-ERK:ERK ratio. The ordinate indicates the ratio of P-ERK:ERK. Each bar is the mean of 

10 control and 12 stressed EA rats, 4 control and 4 stressed MA rats and 9 control and 8 

stressed Adult rats. *p<0.005 compared to MA and Adult rats.
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Figure 5. 
Inverse correlation between reversal learning and strategy shifting. The abscissa indicates 

the number of trials to reach criterion during REV and the ordinate indicates the number of 

trials to reach criterion in the SHIFT stage. Each point represents an individual Adult, EA or 

MA rat as indicated in the legend.
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Table 1

Range and average defeat latencies for all age groups

Short Latency Long Latency

Adult 152±22 s (38–223 s) 472±45 s (374–562 s)

EA 67+16 s (33–154 s) 325+33 s (221–444 s)

MA 105+28 s (19–198 s) 473+71 s (363–720 s)
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