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HIGHLIGHTS

® The effects of stress on reversal learning in rats were assessed using touchscreen-equipped operant chambers.
e Stress facilitated rates of late reversal learning after perseveration ceased.

® Glucocorticoid receptor antagonism failed to block the effects of stress.

® Glucocorticoid receptor antagonism significantly increased response but not reward latencies in the task.
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The stress response is essential to the survival of all species as it maintains internal equilibrium and allows
organisms to respond to threats in the environment. Most stress research has focused on the detrimental
impacts of stress on cognition and behavior. Reversal learning, which requires a change in response
strategy based on one dimension of the stimuli, is one type of behavioral flexibility that is facilitated
following some brief stress procedures. The current study investigated a potential mechanism underlying
this facilitation by blocking glucocorticoid receptors (GRs) during stress. Thirty-seven male Long Evans
rats learned to discriminate between two images on a touchscreen, one of which was rewarded. Once a
criterion was reached, rats received stress (30 min of restraint stress or no stress) and drug (GR antagonist
RU38486 or vehicle) administration prior to each of the first 3 days of reversal learning. We expected that
stress would facilitate reversal learning and RU38486 (10 mg/kg) would prevent this facilitation in both
early (<50% correctin one session) and late (>50% correct in one session) stages of reversal learning. Results
showed that stressed rats performed better than unstressed rats (fewer days for late reversal, fewer
correction trials, and fewer errors) in the late but not early stage of reversal learning. RU38486 did not
block the facilitation of RL by stress, although it dramatically increased response, but not reward, latencies.
These results confirm the facilitation of late reversal by stress in a touchscreen-based operant task in rats
and further our understanding of how stress affects higher level cognitive functioning and behavior.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

The stress response is essential to the survival of all species, as it
maintains internal equilibrium and allows organisms to respond to
threats in the environment. The effects of acute stress on cognition
are complex and determined by a number of factors including the
specific stressor, task, sex of the subject, and timing of the stress
relative to the task [1-5]. Acute stress has been associated with
detrimental effects on cognition, as has been demonstrated for the
retrieval of declarative-like forms of memory such as spatial and
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recognition memory mediated by structures of the temporal lobe
[2,3]. However, the influence of acute stress on forms of cogni-
tion dependent on prefrontal cortex (PFC) is less well defined [1].
Research regarding the influence of acute stress on PFC-dependent
executive processing and cognitive/behavioral flexibility have been
inconsistent, with some studies showing impaired performance
[6-9] while others show facilitated performance [10-14], depend-
ing on the specific task and stressor.

Behavioral flexibility refers to the ability of an organism to
change strategies to optimize survival or adapt to the environment
[15]. Reversal learning, a type of behavioral flexibility that requires
a change in strategy based on one dimension of the stimuli, is
partly mediated by the orbitofrontal cortex [11,16]. Reversal learn-
ing assayed using operant-based tasks is facilitated following an
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Fig. 1. Schematic of the experimental design along with the two analyses meth-
ods for reversal learning. Rats were pretrained to touch the screens for food reward
(see Methods). Immediately following pretraining, discrimination was conducted
(mean duration 4-5 days, Table 1). Following discrimination training, rats were
split into treatment groups and RU38486 treatment (60 min before training) and/or
restraint stress (30 min before training) were given on the three subsequent days.
The rats were tested for reversal learning immediately following these three treat-
ment sessions. In the early/late analysis (panel A), reversal learning was analyzed in
relationship to a given rat’s performance on the task irrespective of treatment (see
Section 2 for details on early vs. late distinction). While the majority of rats were in
the early phase of reversal learning during treatment, six of them progressed to the
late phase for days 2 or 3 of reversal testing. For the ‘during manipulation’ (DM) and
‘after manipulation’ (AM) analysis (panel B), performance of the rats was analyzed
separately for sessions during the manipulation (i.e., the first 3 days of reversal)
vs. after the manipulation (all subsequent days). All rats required at least one AM
session to complete reversal learning.

acute (1 day)or subchronic (3 days) stressorin most|[10-12] but not
all studies [7]. Previous studies have used two operant paradigms
for assessing the effects of acute stress on reversal learning. In two
studies [11,12], a touchscreen-based discrimination task [17-19]
that took several weeks to complete was used in mice. After being
trained on a discrimination task for food reward and before ini-
tiating a reversal of the discrimination, mice were subjected to 3
days of swim stress. No immediate effects of stress were found on
the early phase of reversal learning during which perseveration is
high; however, late reversal learning (>50% correct) was facilitated
in C57BL/6] mice subjected to the stressor [11] but not those from
the DBA/2] strain [12]. The facilitation of reversal learning was pre-
vented by BDNF infusions into the ventromedial PFC and mimicked
by lesions of the same region [11]. In contrast, Thai and colleagues
used an operant-based spatial reversal learning task in rats that
took one session to complete [10]. A single 30 min period of acute
restraint stress significantly improved performance of the rats in
this task, an effect independent of mineralocorticoid or glucocor-
ticoid receptor (GR) activation [10]. A second study using a task
design similar to Thai and colleagues [10] found no effect of an
in-context tail pinch stressor on reversal learning |[7]. In addition,
Barkus and colleagues assessed the effects of acute swim stress on
asingle reversal learning session of a touchscreen-based visual dis-
crimination in mice [20]. They found no effect of acute swim stress
on early reversal learning in either GluA1 knockout mice or their
wild type controls (>75% C57BL/6] background).

Given these previous findings, the present study was initiated
with two main objectives: (1) to test whether restraint stress would
also facilitate reversal learning in rats tested in the touchscreen-
based discrimination task; and (2) to investigate the potential
role of GRs in the stress-induced facilitation of reversal learning
using the GR antagonist RU38486. In the present experiment, we
introduced the stress and drug manipulation immediately prior to
each of the first 3 days of reversal learning (Fig. 1). This design
enabled assessment of the immediate effects of restraint stress
and GR activation on early reversal learning [10], as well as the

long-term effects on late reversal learning in a manner similar to
that reported previously [11,12]. We hypothesized that blocking
GRs would prevent the immediate influence of stress on reversal
learning as GRs become saturated by elevated CORT levels follow-
ing stress and blocking GRs reverses the effect of acute stress on
cognitive functioning in previous studies [6,13].

2. Materials and methods
2.1. Subjects

Thirty-seven male Long Evans rats (initial weight: 275-310g,
Charles River, Quebec, Canada) were used in the current experi-
ment. Rats were housed in a temperature controlled room (21 °C)
on a light-dark cycle of 12 h (lights on at 0700). Upon arrival, rats
were housed in pairs and given free access to food (Purina rat
chow) for at least 7 days. The rats were then individually caged
and food restricted to 85% of their free-feeding weights. Water was
available ad libitum throughout the experiment. All rats were food
restricted for 3 days prior to training and handled for a minimum
of 5min on those days. Experiments were conducted in accordance
with the standards of the Canadian Council on Animal Care and
were approved by the University of Saskatchewan Animal Research
Ethics Board.

2.2. Apparatus

Preliminary training and behavioral testing were carried
out in four automated touchscreen testing chambers for rats
(Lafayette Instrument Company, Lafayette, IN). The apparatus
consisted of a trapezoidal testing chamber housed within a
sound-attenuating box. The box contained a 28-volt DC fan for
ventilation and to mask extraneous noise. The inner operant cham-
ber (30.5 x 24.1 x 8.25 cm) consisted of black Perspex walls, clear
Perspex removable lid and a stainless steel grid floor. Each cham-
ber contained a 45 mg food receptacle where food reward pellets
(Dustless Precision Pellets, 45 mg, Rodent Purified Diet; BioServ,
Frenchtown, NJ) were delivered via an automated pellet dispenser.
A 3W house light and tone generator were fitted to the top of the
chamber. The magazine tray was illuminated by a 3W light bulb
and fitted with laser entry detectors to detect the rat’s presence. At
the end of the box opposite the magazine was a flat-screen monitor
equipped with an infrared touchscreen controlled by touchscreen
software (ABET Il Software, Lafayette Instrument Company). Touch-
screens that use infrared photocells can detect a nose-poke without
the rat having to actually touch the screen; sniffing behavior will
elicit a “touch.” A Perspex mask covered the screen with two
response windows that the rat could touch. Attached to the mask
was a shelf positioned in front of the touchscreen that extended
7 cm from the surface of the mask supported by springs. The two
response windows that displayed the stimulus images could be
accessed above the mask ~15cm from the floor of the chamber.
The shelf facilitated the rat’s attention by forcing the rat to face the
stimuli head-on, stop, rear up, and stretch toward the stimuli.

2.3. Habituation and pre-training

The visual discrimination and reversal learning procedures
closely followed those recommended by the manufacturer and
optimized in Professor Timothy Bussey’s laboratory [18,19,21].
Following the third day of food restriction, rats were put in the
touchscreen operant chambers and habituated for 30 min. Food
pellets were placed in the food tray and two stimulus images were
displayed on the two response windows. The rats were not required
to touch the screen. The images included, but were not limited to,
the two images that were used for testing. All images displayed on
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the touchscreen were white objects on a black background sup-
plied by the manufacturer. The house light was not illuminated in
the touchscreen boxes during training and testing stages. The only
light present came from the tray illumination and light from the
images on the screen.

Pre-training commenced the day following habituation. The first
stage of training involved rats receiving one food pellet every 30s
regardless of its behavior. Throughout training and testing, a simul-
taneous tone and tray light illumination indicated to the rat that
there was a reward in the food tray. During this stage, one image
was displayed for 30 s on one of the two response windows. If the rat
touched this image, it would receive three food pellets. Each train-
ing session lasted for 60 min. In order to move to the next training
stage, the rat had to achieve 100 trials in the 60 min, which usually
took only one session.

During the second stage of pre-training rats had to touch the
screen with the image displayed on it in order to receive one food
pellet. Again, only one image was displayed on one of the response
windows and it was left on until the rat touched it. The position of
the image on the right or left screen was semi-random (the image
could not be displayed on the same side more than three times in
a row). Once the rat had chosen the correct image and received a
reward pellet, it would start an inter-trial interval (ITI) of 20 s where
there were no images on the screen. After the ITI, a new trial would
start with an image displayed on one of the two response windows.
The criterion for completion of this stage was 100 trials in 60 min,
which took an average of 2 days.

The third stage of pre-training was similar to the last except
now the rat had to initiate the trial. This meant that, following
the ITI, the rat was required to nose poke into the food tray that
was illuminated in order to start the next trial. As soon as the rat
nose poked into the food tray, the image was displayed on the
screen behind the rat. Similar to the other stages, the rat received a
food pellet when it touched the response window with the image
displayed. After a 20s ITI the food tray would again illuminate,
the rat would nose-poke into the tray, and the image would be
displayed on the screen behind it. Rats moved to the next stage
when they completed 100 trials in 60 min. This took an average of
3 days.

In the final stage of pre-training rats were punished for an incor-
rect choice. If the rats chose the blank screen a correction trial
would be initiated. Correction trials result in the house light being
illuminated for a time-out period of 5s followed by an ITI of 20s.
Following the ITI, the previously incorrect trial was restarted. Cor-
rection trials persisted until the rat chose the correct image which
was rewarded with a food pellet. Following a 20s ITI, a new trial
was then presented. Rats moved to discrimination training when
they achieved 85% or greater correct 2 days in a row. This stage took
an average of 2 days.

2.4. Discrimination training

The day following pre-training, rats were trained to discrimi-
nate between two different images displayed on the two response
windows. Again, the stimuli were semi-randomly positioned on
the right or left side (not more than three trials with the image
on the same side). There were two stimulus images used for dis-
crimination training and reversal learning. These images were
counterbalanced so that one image was the rewarded stimulus for
half of the rats (S1+) whereas the other image was the rewarded
stimulus for the other half (S2+).

If the rat chose the correct image (S+), it would result in a tone
sounding, tray light illumination, and delivery of a food pellet.
Choosing the wrong image (S—) would result in a correction trial
with the house light illuminated for 5s and a 20s ITI followed by
the same trial. Correction trials were repeated until the rat chose

the correct image. Discrimination training continued for 60 min per
daily session until the rat reached 100 trials with 85% or greater
correct for 2 consecutive days.

2.5. Reversal learning

Reversal learning commenced the day after successful com-
pletion of discrimination training. During reversal learning, the
previously unrewarded stimulus image (S—) was the rewarded
stimulus (S+) and the previously rewarded stimulus (S+) was the
unrewarded stimulus (S—). Reversal learning was identical to dis-
crimination training in that correct touches to the rewarded stimuli
would result in tray illumination, a tone and a food reward. Incor-
rect touches to the unrewarded stimuli would result in a correction
trial and the house light would turn on for a 5s time out followed
by the ITI of 20s and then a retry of the previous trial. Correction
trials would persist until the correct image (S+) was touched. The
criterion for completion was 100 trials in 60 min at 85% correct or
greater 2 consecutive days.

2.6. Stress and drug treatment

Eighteen rats were exposed to restraint stress using standard
Plexiglas rat restraint tubes (Model 544-RR, Fisher Scientific) for
30min in a novel room immediately prior to the first three days
of reversal learning. In our laboratory, restraint stress significantly
increases circulating levels of the stress hormone corticosterone
[22]. The other half were left in their cages until reversal learning
commenced. In addition, all rats were injected (i.p.) 60 min prior to
reversal learning. Eighteen rats were injected with the GR antag-
onist RU38486 (10 mg/kg; Sigma-Aldrich, Oakville, Ontario) while
the other 19 were injected with vehicle (50:50 DMS0:95% ethanol;
2ml/kg). The dose of RU38486 was determined from previous
studies [10,13,22].

2.7. Design and data analysis

The study was a 2 x2 between-subjects design. Rats were
separated into 4 groups for reversal learning based on the
drug and stress manipulations (stressed versus unstressed). The
groups were: vehicle+no stress (n=38), vehicle+stress (n=10),
RU38486 +no stress (n=11), and RU38486 +stress (n=8). Three
rats were excluded from analysis based on late reversal perfor-
mance that was greater than two standard deviations from the
mean: one rat from each of the vehicle + stress, RU38486 + no stress,
and RU38486 +stress groups. Final analysis was conducted on a
total of 34 rats: vehicle+no stress (n=8), vehicle +stress (n=9),
RU38486 +no stress (n=10), and RU38486 + stress (n=7). Perfor-
mance on the reversal learning portion of the task was split into
early and late phases. The early phase of reversal learning was
before rats achieved 50% correct in a session (60 min), whereas the
late phase of reversal learning was after the rats achieved 50% or
greater correct in one session. In a secondary analysis, the “during
manipulation” phase (the 3 days during drug/stress manipulation)
was compared to the “after manipulation” phase (all subsequent
days). The dependent variables for both analyses of reversal learn-
ing were number of trials to criterion, number of correction trials,
errors, response latency, and reward latency. Data are presented
as means + standard error of the mean and were analyzed in SPSS
(Version 19.0) using a 2 x 2 ANOVA with stress and drug manipula-
tion as the independent variables. Post hoc analyses (Tukey’s test)
were conducted where appropriate. P values of <0.05 were deemed
significant.
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Table 1

Days required for discrimination and reversal learning. The reversal learning data is
broken down into early and late phases. Data is mean days & standard error of the
mean.

Group Days

Discrimination Reversal Early reversal Late reversal
V-NS 450+ 1.3 813 +24 413 +238 4.00 + 1.1
V-S 444 + 0.7 822 +32 489 +29 333+ 09"
RU-NS 420+ 1.2 8.60 + 2.1 480 +£2.0 3.80 + 1.1
RU-S 457 + 1.8 10.14 £ 2.4 714 £22 3.00 £+ 0.8*

V, vehicle; RU, RU38486; NS, no stress; S, stress.
" Indicates a significant main effect of stress on days to complete late reversal.

3. Results

3.1. Effects of stress and RU38486 on early and late reversal
learning

There was no significant interaction between stress and drug
for any of the dependent measures; thus, these statistics are not
presented. Rats in the 4 treatment groups showed similar rates of
discrimination learning before treatments were initiated (Table 1).
No differences were observed among the groups for the number of
days of discrimination training (main effect of stress: F(1,30)=0.13,
p=0.73; main effect of drug: F(1,30)=0.04, p=0.85). When the
performance on reversal learning was considered, a number of dif-
ferences were observed (Table 1). While neither stress nor drug
treatment significantly altered the total number of days to com-
plete reversal training (main effect of stress: F(1,30)=0.86, p=0.36;
main effect of drug: F(1,30)=1.84, p=0.19), a significant main effect
of stress was found for days to complete late reversal (F(1,30)=4.55,
p=0.041) but not early reversal (F(1,30)=3.21, p=0.083). Inspec-
tion of the data revealed that rats subjected to stress before each of
the first 3 days of reversal learning took significantly fewer days for
late reversal (3.19+0.21 days) than rats that were not subjected
to stress (3.89+0.25 days). No significant main effects of drug
treatment was observed (early reversal: F(1,30)=2.86, p=0.10; late
reversal: F(1,30)=0.60, p=0.44).

Fig. 2 depicts the effects of stress and RU38486 treatment on
the early and late stages of reversal learning. Stress improved
late reversal learning as demonstrated by a significant reduction
in late errors (Fig. 2E; F(1,30)=4.93, p=0.034) and a nearly sig-
nificant main effect of stress on late correction trials (Fig. 2F;
F(1,30)=3.75, p=0.062), although the number of trials in the
late period of reversal learning were not reliably affected by
stress (Fig. 2D; F(1,30)=1.50, p=0.23). Stress had no significant
effect on measures of early reversal learning (Fig. 2A-C; trials:
F(1,30)=0.01,p=0.93; errors: F(1,30)=0.01, p=0.92; correction tri-
als: F(1,30)=0.63, p=0.43) or latency for response (F(1,30)=0.01,
p=0.93) or reward (Table 2; F(1,30)=0.49, p=0.49). Thus, stress
does not appear to have significantly affected motivation to per-
form the task.

Administration of RU38486 did not significantly affect the num-
ber of errors (early: F(1,30)=0.06, p=0.81; late: F(1,30)=2.11,
p=0.16) or correction trials (early: F(1,30)=1.08, p=0.31; late:
F(1,30)=1.60, p=0.22) during the early or late periods of rever-
sal learning (Fig. 2). The drug manipulation significantly reduced
the number of trials completed in the late period of reversal learn-
ing (F(1,30)=7.03, p=0.013) and dramatically increased response
latency during both early (Table 2; F(1,30)=8.73, p=0.006)
and late reversal learning (F(1,30)=9.66, p=0.004). Interestingly,
reward latency was not affected by drug administration during
either period (early: F(1,30)=0.64, p=0.43; late: F(1,30)=2.23,
p=0.15).

Table 2
Response and reward latency during reversal learning. Average response and reward
latencies are noted in seconds.

Analysis type Group Dependent variables
Response latency Reward latency
Mean SE Mean SE
Early V-NS 29.92 9.8 3.09 0.5
V-S 38.86 11.0 233 0.3
RU-NS 97.35* 25.1 2.29 0.1
RU-S 85.00" 229 2.60 0.2
Late V-NS 6.33 14 2.14 0.1
V-S 5.52 1.1 2.25 0.3
RU-NS 11.89° 23 2.62 0.1
RU-S 11.74* 24 245 0.3
DM V-NS 94.70 64.1 2.99 0.5
V-S 37.80 14.2 2.60 0.6
RU-NS 118.42 46.5 2.54 0.2
RU-S 118.52 40.8 2.14 0.2
AM V-NS 11.94 5.0 2.15 0.1
V-S 18.66 6.3 220 0.2
RU-NS 29.16" 8.2 2.55 0.1
RU-S 39.67" 129 2.69 0.2

AM, after manipulation; DM, during manipulation; V, vehicle; RU, RU38486; NS, no
stress; S, stress; SE, standard error of the mean.
" Indicates a significant main effect of RU treatment on response latency.

3.2. Effects of stress and RU38486 administration on reversal
learning during and after manipulation

Stress and RU38486 treatments were given during the first 3
days of reversal learning regardless of whether a given animal was
in the early or late reversal phase (Fig. 1). Therefore, in a secondary
analysis we compared behavior during the sessions immediately
after treatment (i.e., the first 3 daily sessions) to all sessions after
treatment. We have defined these sessions as during manipula-
tion (DM) and after manipulation (AM), respectively. As for the
early-late reversal analysis summarized in Section 3.1, there were
no significant interactions between stress and treatment and these
statistical analyses are not presented.

Fig. 3 and Table 2 summarize the results of the DM vs. AM anal-
ysis. No significant effect of stress on any dependent measure was
found for either DM or AM sessions (statistics not presented). Dur-
ing manipulation errors (Fig. 3B) and correction trials (Fig. 3C) were
reduced in rats subjected to stress consistent with facilitated per-
formance, although these effects failed to reach significance (errors:
(F(1,30)=2.56, p=0.12; correction trials: F(1,30=2.14; p=0.15). A
striking finding from this analysis is that all rats, regardless of vehi-
cle or drug treatment, had long response latencies for DM sessions
(Table 2). However, given the high variability, there was no signifi-
cant effect of drug treatment (F(1,30)=1.34, p=0.26). A significant
main effect of drug treatment was noted for response latency dur-
ing the AM sessions (F(1,30)=5.29, p=0.029). Inspection of the data
showed that rats treated with RU38486 had significantly longer
response latencies. It should be noted that no changes were found
for the reward latencies. Thus, it is unlikely that the long response
latencies were due to a gross motor impairment.

In general, rats treated with RU38486 performed poorly in
sessions conducted immediately following drug treatment. The
number of trials completed was significantly lower for drug treated
rats for DM sessions (F(1,30)=6.92, p=0.013) but not AM sessions
(F(1,30)=1.04, p=0.317). Similar results were observed for errors
and correction trials with drug-treated rats completing signifi-
cantly fewer of each trial type for DM sessions (main effect of drug,
errors: F(1,30)=7.87, p=0.009; correction trials: F(1,30)=9.72,
p=0.004) but not AM sessions (main effect of drug, errors:
F(1,30)=0.13, p=0.72; correction trials: F(1,30)=0.14, p=0.71).
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Fig. 2. Average number of trials (A), errors (B), and correction trials (C) for early reversal learning (<50% correct in one session) and average number of trials (D), errors (E),
and correction trials (F) for late reversal learning (all sessions after early reversal). Error bars indicate standard error of the mean. * indicates main effect of RU38486 (panel
D) or stress (panel E), p <0.05. main effect of stress, p=0.062 (panel F). V, vehicle; RU, RU38486; NS, no stress; S, stress.

4. Discussion

The present experiment assessed the effects of stress and GR
antagonism on reversal learning in male Long Evans rats. Stress
administered immediately before each of the first three reversal
learning sessions did not affect performance during early reversal
learning (Table 1 and Fig. 2). However, previous stress facilitated
performance of late reversal learning as evidenced by significantly
fewer days required for late reversal (Table 1) and errors during the

late reversal period (Fig. 2e). A trend of significantly fewer correc-
tion trials during the late period was also noted (p=0.062; Fig. 2f).
Effects of the GR antagonist RU38486 on task performance were
striking. When data were analyzed using the early vs. late phase
distinction, RU38486 reduced the number of trials to criterion dur-
ing the late period (Fig. 2d) and dramatically increased response,
but not reward, latencies (Table 2). Using the ‘during manipulation’
vs. ‘after manipulation’ analysis, RU38486 reduced the number of
trials, errors, and correction trials committed ‘during manipulation’
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Fig. 3. Average number of trials (A), errors (B), and correction trials (C) for ‘during manipulation’ (DM) days (3 days during which treatments were administered) and average
number of trials (D), errors (E), and correction trials (F) for ‘after manipulation’ (AM) sessions (all sessions following DM days). Error bars indicate standard error of the mean.
* indicates main effect of RU38486 (panels A, B, C), p<0.05.V, vehicle; RU, RU38486; NS, no stress; S, stress.

(Fig. 3). Response, but not reward, latencies were also significantly
increased during the ‘after manipulation’ period (Table 2).

To our knowledge, this is the first report to show facilitated
late reversal learning in rats following stress. Previous studies in
mice have shown that stress facilitates late reversal learning in
C57BL/6] mice [11] but not those from the DBA/2] strain [12] using
a touchscreen-based task. The design used in these experiments is
similar, although it should be noted that we administered restraint
stress to the rats immediately before testing in the first 3 days of
reversal learning (Fig. 1) whereas the other studies gave three daily

sessions of stress before initiating reversal learning [11,12]. One
study also found that a single bout of swim stress had no effect on
the first session of reversal learning in wild-type and GluA1 knock-
out mice using a touchscreen-based task [20], which is consistent
with our findings. Together, these results suggest that stress has a
delayed impact on reversal learning in rats and mice. While stress
did not affect early reversal learning when inhibition of an old strat-
egy was necessary, previously stressed rodents made fewer errors
while learning a new strategy after high rates of perseveration had
ceased (late reversal). These effects of stress were observed without
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changes in response or reward latency (Table 2) suggesting that
neither motivation nor motor functions were altered in the rats
subjected to stress.

Other studies [7,10] have assessed the effects of acute stress on
reversal learning using a lever-based operant task that is typically
completed by rats in a single day [16,23]. In one study, a single
restraint stress session before reversal learning facilitated rever-
sal learning but not set-shifting [10]. In contrast, an in-context tail
pinch stressor impaired set-shifting but not reversal learning in a
similar task [7]. It is unclear why different results were observed
in the two studies; however, the environment in which the rats
were subjected to stress (out of the task context vs. in the task
context) may be a factor [7]. While the length of training for com-
pletion of the operant reversal task is significantly shorter than the
touchscreen-based approach used here, errors are still commonly
analyzed into perseverative and regressive subtypes (roughly cor-
responding to behavior during the periods of early and late reversal,
respectively). No significant differences between perseverative and
reversal error rates were observed following acute stress; rather, a
significant reduction in total errors was reported (Fig. 3 of [10]).
Therefore, it appears that the effects of stress on reversal learning
may be determined, at least in part, by the task duration.

The second purpose of the present study was to assess whether
GR activation is involved in the effects of stress on late rever-
sal learning. To address this question, rats were injected with the
GR antagonist RU38486 on the first 3 days of reversal learning
(Fig. 1). When the data was analyzed using early vs. late criteria,
drug treatment did not significantly affect trials, errors, or correc-
tion trials to complete the early phase of reversal learning (Fig. 2).
However, drug treatment increased response latencies during the
early and late phases of reversal learning without affecting reward
latency (Table 2). During the late period, drug treatment signifi-
cantly reduced the number of trials (Fig. 2d) without effects on
errors and correction trials. These alterations in performance led
to a re-examination of the reversal learning data ‘during manipu-
lation’ vs. ‘after manipulation’ (Fig. 1). As can be seen in Table 1,
there was considerable variability in the days taken to complete
early reversal. Thus, for some rats, this secondary analysis produced
a greater change in the organization of data than for others. Dur-
ing the stress and drug manipulations, rats treated with RU38486
completed significantly fewer trials and had fewer errors and cor-
rection trials (Fig. 3a-c), effects that coincided with a highly variable
increase in response latency (Table 2). In contrast, reward latency
was not affected by drug or vehicle treatment. In drug treated rats,
response latency was also significantly increased after the manipu-
lation. Thus, motivation to perform the instrumental response may
have been reduced for a period of several days by three treatments
with RU38486, although others have noted that chronic exposure
to RU38486 does not alter responding during a progressive ratio
for food reward in mice [24]. Motivation to collect the reward pel-
let and motor behavior was not dramatically affected as reward
collection latencies were not altered during any phase of the task.

Support was not provided for the hypothesis that blocking GRs
would prevent stress from facilitating reversal learning. In a pre-
vious study that used a lever-based operant task to test reversal
learning in one session, no significant effect of blocking GRs on a
stress-induced facilitation of reversal learning was found [10]. In
the present design, 3 days of stress and RU38486 treatment were
conducted as the touchscreen-based task requires multiple days
to complete (Table 1). The effects of RU38486 are confounded by
the effects of the drug manipulation on response latency during
the period of administration and the subsequent several days. Pre-
vious reports also show that repeated administration of RU38486
dys-regulates the hypothalamic-pituitary-adrenal axis leading to
a significant increase in circulating corticosterone/cortisol in rats
[25] and humans [26]. As a result, the complex effects of increased

circulating corticosterone on cognition while GRs are blocked make
interpretation of the effects of systemically administered RU38486
on reversal learning difficult. It should be noted that a single
systemic [13] or local intracerebral administration of RU38486
[6] is effective for assessing the mechanisms underlying stress-
induced changes in cognition. Future studies using targeted local
intracranial infusions of RU38486 may clarify the role of GRs in the
stress-induced facilitation of reversal learning without confounds
related to response latencies or alterations in levels of circulating
corticosterone.

Previous research has identified potential mechanisms that
may be involved in the mediation of stress-induced facilitation
of reversal learning. Graybeal et al. [11] found that injection of
brain-derived neurotrophic factor (BDNF) directly into the vmPFC
following stress is sufficient to prevent facilitation of reversal
learning. In addition, a high dose of corticotropin-releasing fac-
tor (CRF) injected into the locus coeruleus facilitates reversal
learning in rats [27]. Stress-induced changes in neurotransmit-
ters such as glutamate, dopamine, and serotonin may also play
a role in reversal learning facilitation [14,15,28]. Future research
integrating these and other mechanisms that cause the facilita-
tion of late reversal learning following stress will increase the
understanding of the diverse stress effects of stress on behavioral
flexibility.
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