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Chronic Corticosterone Exposure during Adolescence
Reduces Impulsive Action but Increases Impulsive Choice
and Sensitivity to Yohimbine in Male Sprague-Dawley Rats

Mary M Torregrossa', Maylene Xie' and Jane R Taylor*"'2
'Department of Psychiatry, Yale University, New Haven, CT, USA; 2Department of Psychology, Yale University, New Haven, CT, USA

Chronic stress during adolescence is associated with an increased risk for alcoholism and addictive disorders. Addiction is also associated
with increased impulsivity, and stress during adolescence could alter cortical circuits responsible for response inhibition. Therefore, the
present study determined the effect of chronic exposure to the stress hormone corticosterone (CORT) during adolescence on tests of
impulsivity in adulthood and examined possible biochemical mechanisms. Male Sprague-Dawley rats were exposed to CORT by their
drinking water during adolescence (post-natal day 30-50). The rats were then tested in adulthood to assess behavior on the 5-choice
serial reaction time task (SCSRTT), stop-signal reaction time task (SSRTT), and the delay-discounting task, which differentially assess
attention, impulsive action, and impulsive choice. Yohimbine-induced impulsivity on the 5CSRTT and biochemical analysis of the lateral
orbital frontal cortex (IOFC) was also assessed owing to the ability of yohimbine to activate the hypothalamic-pituitary-adrenal axis and
influence impulsivity. Adolescent CORT-treated rats were found to behave largely like controls on the 5CSRTT, but did show reduced
premature responses when the intertrial interval was increased. Nevertheless, the CORT-treated rats tended to have more yohimbine-
induced impulsive responses at low doses on this task, which was not found to be due to increased pCREB in the IOFC, but could be
related to a higher expression/activity of the AMPA receptor subunit GluR|. Adolescent CORT-treated rats performed more accurately
on the SSRTT, but showed greater impulsivity on the delay-discounting task, as indicated by steeper discounting functions. Therefore,
adolescent CORT exposure reduced impulsive action but increased impulsive choice, indicating that chronic stress hormone exposure in

adolescence can have long-term consequences on behavior.

INTRODUCTION

Adolescence is a critical period for physical, social, and
emotional development. Underlying many of these outward
signs of development are ongoing changes in brain
structure and function. In particular, stress responsive
brain regions, including the prefrontal cortex (PFC), limbic
system, and hypothalamic-pituitary-adrenal (HPA) axis,
undergo significant developmental changes during adoles-
cence (Lewis, 1997; Spear, 2000). In addition, stress and
adverse events in adolescence are reported to increase the
risk for psychiatric disorders in adulthood (Covault et al,
2007; Fox et al, 2010; Laucht et al, 2009a,b). An individual’s
propensity to engage in impulsive behavior or make
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impulsive choices is also known to contribute to risk for
certain psychiatric disorders (eg, addiction/alcoholism) and
is characteristic of other psychiatric disorders (eg, atten-
tion-deficit hyperactivity disorder) and bipolar disorder
(Jentsch and Taylor, 1999; Moeller et al, 2001; Swann, 2010;
de Wit, 2009). Therefore, exposure to chronic stress in
adolescence may influence the development of the PFC, thus
altering cognitive control processes, leading to increased
impulsivity and risk for developing psychiatric disorders
(Andersen and Teicher, 2009; Chambers et al, 2003).
Although the effects of chronic stress in adult animals have
been studied extensively, there have been relatively few
studies examining the effects of chronic stress in adolescent
animals, particularly on measures of impulsive behavior.
Several laboratories have studied chronic stress in
adolescence using a variety of stressors including chronic
restraint, social isolation, social defeat, and unpredictable
stress. Different types of stress can have very selective
consequences on behavioral outcomes, but the types of
stressors adolescents encounter can include physical, social,
and emotional stress. Therefore, it is convenient to use a
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paradigm that mimics aspects of chronic stress stemming
from multiple sources. One such model is the chronic
corticosterone (CORT) exposure procedure where animals
are given CORT via their drinking water, providing a non-
invasive means of keeping the primary output hormone of
the HPA axis at relatively high circulating levels for many
days with predictable, circadian fluctuations (Gourley and
Taylor, 2009). Adult animals treated with chronic CORT
display a variety of altered behaviors that look very much
like chronic exposure to other stressors. These include an
increase in depression-like and anhedonic-like behaviors
including increased immobility in the forced swim test
and a decrease in sucrose preference that can be reversed
by antidepressant treatment (Gourley and Taylor, 2009;
Gourley et al, 2008a, b). These animals also show deficits in
extinction of contextual fear, indicating that they may also
have a PTSD-like phenotype (Gourley et al, 2009). Some
effects of juvenile/adolescent stress can also be mimicked by
CORT exposure alone (Jacobson-Pick and Richter-Levin,
2010). Interestingly, some of the effects of chronic CORT or
stress exposure in adult animals do not appear to occur
when the stress takes place during adolescence (Bourke and
Neigh, 2011; Jankord et al, 2011; Xu et al, 2011). For
example, male rodents exposed to chronic restraint or
unpredictable stress in adolescence do not show reductions
in hippocampal neurogenesis, as is observed in adult
animals exposed to chronic stress (Barha et al, 2011; Toth
et al, 2008). However, female rodents exposed to chronic
stress in either adolescence or adulthood show reductions
in neurogenesis (Barha et al, 2011). In addition, chronic
CORT exposure in both young (adolescent) and older adult
monkeys decreases inhibitory control in a PFC-dependent
test of behavioral flexibility (Lyons et al, 2000). However,
these studies were done in female monkeys who might be
more sensitive to chronic CORT in adolescence. In addition,
the monkeys were treated with CORT throughout testing,
and the greatest deficits were seen after a prolonged CORT
exposure. Few other studies have examined the effects of
adolescent stress on cognitive function or impulsivity.
Therefore, the present studies used the chronic CORT
model in male adolescent rats, and tested impulsivity and
other aspects of cognitive function on three well-established
tasks, the 5-choice serial reaction time task (5CSRTT), stop-
signal reaction time task (SSRTT), and the delay-discount-
ing task (c.f., Evenden, 1999; Winstanley, 2011). In addition,
we assessed the sensitivity of the animals to yohimbine-
induced increases in impulsivity as this «#2a-noradrenergic
antagonist has been shown to activate the HPA axis and
increase impulsivity (Sun et al, 2010; Swann et al, 2005).
Yohimbine primarily antagonizes pre-synaptic 2a receptors,
resulting in increased release of norepinephrine, and we
hypothesized that noradrenergic activity could be modu-
lated by long-term plasticity induced by chronic exposure
to CORT in adolescence. Finally, we also examined whether
CORT treatment altered the phosphorylation state of two
downstream targets of protein kinase A (PKA): the AMPA
receptor GluR1 and the transcription factor CREB in the
lateral orbital frontal cortex (IOFC), as a previous study
indicated that increased CREB phosphorylation in this
region is necessary for yohimbine-induced increases in
impulsivity (Sun et al, 2010) and this may be mediated
through activation of PKA.
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MATERIALS AND METHODS
Subjects

Male Sprague-Dawley rats were delivered to our animal
facility aged 24-26 days (Charles River, Kingston, NY). The
rats were allowed approximately 5 days to acclimate to the
facility before CORT treatment was initiated at approxi-
mately post-natal day (PND) 30. The rats were housed in
pairs for the duration of the experiment on a 12:12-h light-
dark cycle in a temperature- and humidity-controlled
environment. Rats had ad libitum access to food and water
except during periods of food restriction described below.
All procedures conformed to the policies set forth by the
Yale University Institutional Animal Care and Use Com-
mittee and the National Institutes of Health Guidelines on
the Care and Use of Laboratory Animals.

Chronic Corticosterone Exposure

Beginning at approximately PND 30, rats were divided into
two groups. The first group was treated with 4-pregnen-
11B,21-diol-3,20-dione21-hemisuccinate, also known as
corticosterone hemisuccinate (CORT) (Steraloids, Newport,
RI) for 20 days (until approximately PND50), encompassing
the majority of rodent adolescence. The rats received a
concentration of 50 pg/ml CORT for the first 14 days of
treatment, then the CORT was gradually weaned away by
progressively decreasing the concentration to 25 pg/ml for
3 days, then 12.5 ug/ml for 3 more days, and finally switching
the rats back to normal tap water for the remainder of the
experiments (see Figure la for experimental timeline). The
second group served as a control and continued to receive
normal tap water throughout adolescence and adulthood.
These animals were weighed and had their bottles weighed
and water changed in the same manner as the CORT-treated
group. These methods were almost identical to those
described previously (Gourley and Taylor, 2009). The
adolescent CORT exposure did not cause any significant
differences in weight gain or fluid consumption across
adolescence or into adulthood (Figures 1b and c).

Behavioral Testing

All rats remained CORT-free during behavioral testing. For
all experiments, rats began food restriction 7-10 days after
the CORT exposure period had ended at approximately
PND 60, which corresponds to early adulthood and allowed
time for the HPA axis to recover production of endogenous
corticosterone. During food restriction, rats were main-
tained at 85-90% of their free-feeding weight. The rats were
then trained to respond for 45 mg sucrose pellets (Bio-Serv,
Frenchtown, NJ) on one of the three behavioral tasks
described below. Separate cohorts of animals were used for
testing on each task so that there is no confound of prior
behavioral testing. All testing was conducted in standard
operant chambers (MedAssociates, St. Albans, VT) and
behavioral programs were controlled by MedPC software.
All boxes were housed in a sound-attenuating chamber
and consisted of Plexiglas front and back walls and ceiling and
aluminum sidewalls. The 5CSRTT boxes were extra tall and
had one rounded sidewall that contained five apertures
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Timeline of experimental events. (a) Male Sprague-Dawley rats were treated with corticosterone via their drinking water during post-natal days

(PNDs) 30-50, and all behavioral testing began at PND 60, 10 days after the CORT exposure. There was no corticosterone CORT given during behavioral
testing. (b) The CORT-exposed rats drank the same amount of fluid as rats drinking normal tap water throughout the CORT exposure period. (c¢) CORT-
exposed rats did not differ from control rats in the amount of weight gained during the CORT exposure across adolescence. Data are displayed as samples
throughout the exposure period. (d) The figure depicts the average dose in mg/kg of CORT that rats consumed on selected days throughout the 50-pg/ml

phase of exposure.

equipped with lights and sensors to detect when a rat poked
his nose into the aperture to break an infrared light beam.
The other sidewall consisted of a central port or magazine
where sucrose pellets were delivered. The magazine also
contained a light and infrared sensors to monitor magazine
entries. The boxes used for the SSRTT and delay-discount-
ing task had a flat sidewall with two, rather than five, nose
poke apertures that were not used for the experiments, and
the other sidewall contained a magazine as described above,
and two retractable levers (one placed on either side of the
magazine). All boxes were also equipped with a houselight,
tone generator, food dispenser, and fan for ventilation and
to produce background noise.

5CSRTT. Rats were trained on the 5CSRTT in a similar
manner as previously described methods (Chudasama et al,
2003; Jentsch and Taylor, 2003). In brief, rats were trained
to make a nosepoke response in a lit nosepoke aperture
while ignoring the four unlit apertures. On each trial, one of
the five apertures was selected at random by the computer
program to be the correct lit aperture.

Initial training. Sessions began with lighting of the
magazine. After the rat responded in the magazine, there
was a fixed 1s intertrial interval (ITI) before the lighting of
one aperture. During initial training, the aperture remained
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lit until the rat responded in one of the apertures. A correct
response on the lit aperture resulted in delivery of one
sucrose pellet and illumination of the magazine. The rat
then had to retrieve the pellet and respond in the magazine
again to initiate another trial. An incorrect response in an
unlit aperture resulted in a 2-s timeout where the houselight
and all other lights were turned off. The timeout ended with
illumination of the magazine so that the rat could initiate a
new trial. Rats were trained in one 40 min session per day,
with no limit on the number of trials that could be
completed. Rats were trained until they made the correct
response on at least 70% of trials.

Remedial training. A few rats from both the adolescent
CORT and control groups required additional training to
learn the nosepoke response. These rats were given
trials where instead of one nosepoke aperture being lit, all
five apertures were lit and a response on any of the five
resulted in delivery of a sucrose pellet, turning off of
the nosepoke aperture lights and turning on the magazine
light. Once these rats were making >100 reinforced
nosepoke responses, they were switched back to the initial
training program where only one aperture was lit on a given
trial. Rats then had to achieve at least 70% accuracy on
this phase of training before being moved on to the next
phase.



Stimulus duration training. From this point on rats were
trained on the same basic program with stimulus durations
that were progressively decreased. These sessions lasted for
40 min or until the rat completed 200 trials, whichever came
first. These sessions were similar to the initial training
described above, except that there was a fixed 2-s ITI
between responding in the magazine and lighting of one of
the apertures. The aperture was lit for a fixed time (stimulus
duration) beginning at 60s and progressively decreased to
20s, 55, 25, and 1s. Rats could make a correct response by
nosepoking in the lit aperture while it was illuminated, or
during a 5-s limited hold period immediately following the
light being turned off. Again, a correct response resulted in
the delivery of one sucrose pellet and lighting of the
magazine. A response on an unlit aperture was counted as
an incorrect response. Failure to respond on any aperture
on a trial was counted as an omission. A response made
during the 2-s ITI before lighting of an aperture was
counted as a premature or impulsive response. Finally,
incorrect responses on an unlit aperture that was the
previously correct, reinforced aperture on the immediately
preceding trial were counted as perseverative responses.
Accuracy was calculated as a ratio of correct responses over
the total number of responses (ie, omissions were not
included in the calculation of accuracy).

Rats had to achieve at least 70% accuracy at each of the
stimulus durations before being moved on to the next
shorter stimulus duration. For the longer stimulus dura-
tions, this generally only required 1-2 sessions, but at the
1-sec stimulus duration rats were trained for 5 days regardless
of the accuracy achieved.

Variable stimulus duration testing: Rats were then
tested for attention and vigilance by varying the length of
the stimulus duration within a single session. In these
sessions, the stimulus duration was chosen at random for
each trial and could be 1.6, 1.2 s, or 0.8 s. Rats were tested
on three daily 40-min sessions with variable stimulus
durations.

Long ITI testing: Next, in order to test the propensity of
the rats to make premature, impulsive responses, the
stimulus duration was kept constant at 2 s but the ITI was
varied across sessions. Rats were first returned to their prior
training of a 2-s stimulus duration and 2-s ITI for one
session to insure that the rats remained highly accurate at
these parameters. Rats were then switched to a session
where the ITI was fixed at 4 s. The rats had three sessions at
a 4-s ITI and were then switched to a 6-s ITI for an
additional three sessions.

Yohimbine testing: Previous studies have found that
yohimbine increases impulsive responses on the 5CSRTT in
rats and humans (Sun et al, 2010; Swann et al, 2005).
Yohimbine is also anxiogenic and activates the HPA axis
(Charney et al, 1984; Myers et al, 2005). Therefore, because
the adolescent CORT-treated rats may have differential
reactions to a pharmacological stressor, we tested the
propensity of yohimbine to increase impulsive responses on
the 5CSRTT in these animals. Rats were maintained on a
schedule where the ITI was 6s, but the stimulus duration
was reduced to 1s. Once the rats achieved stable behavior
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on this schedule, they were given injections of saline and
two doses of yohimbine on different days in random order,
10min prior to the behavioral testing session. Yohimbine
hydrochloride (Sigma-Aldrich, St. Louis, MO) was dissolved
in saline at concentrations of 0.625, 1.25, 2.5, and 5 mg/ml.
Rats were given intraperitoneal injections of two of these
doses on different days in a volume of 1 ml/kg body weight.
All rats received a saline injection prior to one day of
testing. The doses used have been described previously as
being in the behaviorally active range (Sun et al, 2010).

SSRTT. A separate cohort of adolescent CORT-treated and
control rats were tested on the SSRTT to assess whether
adolescent CORT treatment affected impulsive action, or the
ability to inhibit a prepotent response. Rats were trained
and tested on this task in a manner very similar to
previously published methods (Eagle and Robbins,
2003a,b). Briefly, rats were trained to press two levers in
order, in quick succession. On these ‘go’ trials, a correct
response on the second lever resulted in receipt of a sucrose
pellet reinforcer. On a subset of trials (stop trials) a stop-
signal tone was introduced, indicating that the rat had to
withhold responding on the second lever in order to receive
reinforcement. The time from the second lever becoming
available to presentation of the stop signal varied over
testing sessions to obtain a measure of how accurately the
rats could withhold responding on stop trials as the signal
was presented closer to each individual rat’s average time to
make a go response (mean reaction time (MRT)) on the
task.

One-lever training: In order to initiate lever responding
in the task, rats were first trained to press a single lever to
receive reinforcement. Each session began with illumination
of the houselight, delivery of one sucrose pellet, and lighting
of the magazine. The rat then had to initiate the first and
each subsequent trial by responding in the magazine. Once
the rat made a magazine entry the magazine light would go
off, and either the left or right lever (counterbalanced across
groups) was inserted into the box. A single response on this
lever resulted in reinforcement. Each session terminated
after 30 min. Once the rats acquired at least 100 reinforcers
in a session, they were moved on to the next phase of
training.

Two-lever go training: Go training sessions began in the
same way as one-lever training, but a response on the first
lever resulted in immediate retraction of that lever and
insertion of the opposite lever, rather than reinforcement.
Once the second lever was inserted, the rats were initially
given 10s to make a response. A single lever press resulted
in delivery of a sucrose pellet and illumination of the
magazine. Failure to make a response resulted in a 5-sec
timeout, where the lever was retracted and the houselight
turned off. A new trial began with lighting of the magazine
and the houselight. Rats initiated a new trial by making a
response in the magazine. The sessions lasted for 30 min or
the completion of 200 trials whichever came first. For every
session, the average time required for each rat to respond
on the second lever after insertion of the second lever was
calculated. This value is the MRT. Once rats were reliably
responding on the second lever for reinforcement by
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completing > 100 trials (usually requiring 1-2 sessions), the
time that the second lever was available was reduced to a
value 200 ms greater than each rat’s MRT. This time was
adjusted for each daily session based on the behavior of
each rat on the prior day’s session. This training was
continued until the rats’ MRT became fast (0.75-1.8s) and
stable across sessions with completion of at least 70% of
trials.

Stop signal training: Once the rats were responding
accurately and rapidly on go trials, the stop signal trials
were introduced. Stop signal training began with the stop
signal presented with zero delay. In other words, at the same
time that the second lever was presented, a 2-s tone was
initiated that signaled to the animal that he needed to
withhold responding on the second lever in order to obtain
reinforcement. If the rat responded on the second lever on
a stop trial then he was given a 5-s timeout as described
above. If the rat successfully withheld a response, then the
lever was retracted, a sucrose reinforcer was delivered, and
the magazine was lit. Stop trials occurred at random on 20%
of trials during a session to maintain accurate go trial
responding. There was no difference in the structure of go
trials once the stop signal trials were introduced. Rats
generally required several days of training to learn to
withhold responding on stop trials. Once rats learned to
respond with at least 65% accuracy on both stop and go
trials, they were moved to the stop signal-testing phase.
Only a subset of rats learned to accurately respond on both
stop and go trials, so three separate cohorts of adolescent
CORT-treated and control rats were tested on the SSRTT in
order to obtain sufficient statistical power for analysis.

Stop-signal testing: During stop-signal testing, the time
delay between the second lever being presented and the
initiation of the stop signal tone was varied across sessions
to occur either 800, 600, 400, 200, or 100 ms prior to each
rat’s own MRT from the previous day. In other words, the
stop-signal delay (SSD) for 800 ms was calculated for each
individual rat according to the following equation:

SSD = MRT — 0.800s

Each rat began stop signal testing with a delay set to 800 ms
before his MRT to ensure that the rat could maintain
accurate stop trial responding when the initiation time of
the stop signal was varied. After testing at 800 ms, the SSD
was varied across daily sessions in random order from 100-
600 ms prior to each rats’ MRT. Once rats completed
sessions at every SSD, they were re-tested at zero delay to
verify that the animals could still accurately respond on
both stop and go trials. Any rat that could not maintain
>65% accuracy on go trials at every SSD delay tested was
not included in the analysis. Removing these rats from the
analysis was necessary because a fraction of rats would
change their response strategy at varying delays and elect to
stop responding on go trials in order to achieve higher
accuracy on stop trials. Inclusion of these animals could
have skewed these data toward inappropriately high stop
trial accuracy.

Estimation of stop-signal reaction time: We estimated
the stop-signal reaction time (ie, the amount of time it takes
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for the stopping process to finish after the onset of the stop
signal) using the method described by Eagle and Robbins
(2003b). The estimated stop-signal reaction time was
calculated for each rat at the 800, 600, 400, and 200 ms
delays, as these corresponded to the linear portion of the
stop function that passed through 50% accuracy. The
average of these four values was then calculated for each rat
and taken as the strongest estimate of their stop-signal
reaction time. These values were then averaged for each

group.

Delay Discounting

Finally, another cohort of adolescent CORT-treated and
control rats was tested on the delay-discounting task as a
measure of impulsive choice. The behavioral paradigm was
based on the previously published protocols (Mar and
Robbins, 2007; Mar et al, 2011). Briefly, rats were trained to
press one lever for delivery of one sucrose pellet and to
press the opposite lever for delivery of four sucrose pellets.
The delivery of one pellet always occurred immediately after
making the lever press, but pressing the lever for four
pellets resulted in delivery of the pellets after varying delays.
In this manner, the task assesses each animal’s willingness
to wait for a large reinforcer, rather than choosing a smaller,
immediate reinforcer. Rats were first trained to lever press
for reinforcement in general and to become accustomed to
long ITIs before introducing delays.

Lever press training: In the initial phase of training, each
session began with lighting of the houselight and the
magazine light. The rat had to respond in the magazine to
initiate a trial. Once the rat made a magazine response, the
magazine light was extinguished and either the left or right
lever was inserted into the chamber at random. A single
lever press resulted in delivery of one sucrose pellet,
retraction of the lever, and illumination of the magazine.
Failure to make a lever response within 30s resulted in
retraction of the lever and a 5-s timeout where the
houselight was extinguished. On the next trial, the opposite
lever was inserted into the magazine and a single response
resulted in delivery of one sucrose pellet. The first lever to
be inserted on each pair of trials was randomly chosen, but
the rats had an equal number of trials where the left or right
lever was available. Sessions lasted for 30 min or until 100
trials were completed. Once rats learned to respond on the
majority of trials for both the left and right lever, they were
moved on to the next phase of training.

Training on increased ITI: The next phase of training
was essentially the same as initial lever press training except
that a 40-s ITI was introduced at the end of each trial,
regardless of whether the rat made a lever response or not.
If the rat made a response on the inserted lever then he
received a single sucrose pellet, the magazine was lit, and
the lever was retracted. After responding in the magazine to
consume the pellet, the magazine light and houselight were
extinguished for 40s. At the end of the ITI, the magazine
light was turned on and a response initiated a new trial,
which began with lighting of the houselight, insertion of one
of the two levers, and extinction of the magazine light. If the



rat failed to respond on the lever within 10s, then the
houselight was extinguished and the lever was retracted.
After 40 s, the magazine light was lit to signal that a new trial
could be initiated. The sessions lasted for 60 min or until 90
trials were completed. Once rats were successfully respond-
ing on the majority of trials, they were moved on to the next
phase of training.

Lever discrimination and delay-discounting training:
The next phase of training involved training the rats that
one lever (always the left or the right, counterbalanced
across groups) was associated with immediate delivery of
one pellet, whereas the other lever was associated with
delivery of four pellets at varying delays. These sessions
consisted of five blocks of 12 trials each. Each block of
12 trials represented different delays to delivery of the four
pellets if the large reinforcer lever was chosen. Each
successive block of trials used a progressively increasing
delay for delivery of the four pellets in the following order:
0s, 10s, 20s, 405, and 60s. The rat had to make a response
in the magazine to begin each trial as before. Each block of
trials began with two forced-choice trials where either the
left or right lever only was inserted on the first of these two
trials, chosen at random, and the opposite lever was
inserted on the next forced-choice trial. A response on the
inserted lever resulted in reinforcement under the condi-
tions for that block of trials for that lever. In other words, if
the left lever was paired with immediate delivery of one
pellet, then pressing the left resulted in this outcome. On the
next forced-choice trial, only the right lever would be
available and a response on this lever would result in four
pellets delivered after the delay that was operating during
that block of trials. The next 10 trials in the block were free-
choice trials where on each trial both levers were inserted
into the chamber and the rat could choose to respond on
either lever, with the left always giving immediate
reinforcement of one pellet and the right always giving
four pellets after the set delay. For all trials, rats had 10s to
initiate a trial after the magazine was lit, otherwise the light
was extinguished and a new ITI began. The number of
missed trials was recorded as an estimate of attention and
motivation to perform the task. Likewise, rats were given
10s to respond on a lever on each trial, or the lever was
retracted, the houselight was extinguished, and a new ITI
began. Lever omissions were also recorded. During this
phase of the experiment, the ITI was set at 90 s. The session
continued until all 60 potential trials were completed
(roughly 110 min). Successful training in the task was
indicated by rats efficiently discriminating between the
levers associated with small and large reinforcement with 0s
delay. Rats that understand the task should preferentially
choose the large reinforcer when there is no delay to
reinforcer delivery. Rats demonstrating a side bias (ie,
always choosing the left lever regardless of reward
magnitude or delay) were switched to the opposite lever-
reinforcer size contingency, and if the rats still did not
adjust their behavior then they were excluded from the
analysis.

Short delay testing: After the rats reached stable behavior
for several days at these delays (16 total sessions), they were
switched to a series of shorter delays as follows: 0s, 3s, 65,
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10s, and 155, in order to assess whether rats would choose
the larger reinforcer more frequently if there was a shorter
delay. All other aspects of the task remained exactly as
described above. Rats were maintained on this version of
the task for 10 sessions.

Biochemical Studies

The methods used for biochemical analysis were similar to
those previously published in our laboratory (Gourley et al,
2009). At the end of behavioral testing on the 5CSRTT, rats
were killed by rapid decapitation and the brains were
rapidly dissected and frozen on dry ice. Brains were stored
at —80 °C until dissection by cutting frozen brains into
2mm slices using a metal brain mold (Plastics One,
Roanoke, VA). Specific brain regions were then obtained
from the slices using a tissue punch (1.2 mm diameter, Fine
Science Tools, Foster City, CA) including the lateral region
of the IOFC. The tissue punches were stored at —80°C until
the tissue could be homogenized using a sonicator in a
buffer containing 1.37 mM NaCl, 20 mM TrisHCI, 1% Igepal,
10% glycerol, and 1:100 phosphatase inhibitor cocktails I
and II (Sigma-Aldrich). Protein concentrations in each
sample were then quantified using the Pierce bicinchoninic
acid assay kit (ThermoScientific, Rockford, IL). For
immunoblotting, 10 ug of protein from each sample was
diluted 4:1 in 1% SDS and loading buffer containing 20%
glycerol, 2% SDS, and bromophenol blue, and the samples
were then boiled for 10 min. Samples were loaded onto 10-
20% Tris-glycine gradient gels (Invitrogen, Carlsbad, CA)
and proteins were separated using electrophoresis. Proteins
were then transferred to nitrocellulose membranes and
incubated in the following primary antibodies: anti-
phoshpho Ser133 CREB (Rb, 1:1000, Sigma-Aldrich, St.
Louis, MO), anti-CREB (Rb, 1:1000, Sigma), anti-phospho
Ser845 GluR1 (Rb, 1:1000, Phosphosolutions, Aurora, CO),
anti-GluR1 (Rb, 1:500, Millipore, Billerica, MA), and anti-
GAPDH (Ms, 1:10,000, Advanced Immunochemicals, Long
Beach, CA). Immunoblots were incubated in the following
secondary antibodies for analysis on the LI-COR Odyssey
Imager: IRDye700 Dx Anti-Rb IgG and IRDye800 Dx Anti-
Ms IgG (1:5000, Rockland Immunochemicals, Glibertsville,
PA). Protein bands were identified and analyzed using
Licor-Odyssey software. The expression of each protein was
normalized to GAPDH expression for that sample, and for
each gel, bands were further normalized to the average of
the H,0-treated group to control for between gel variations.

Statistical Analysis

For the majority of the statistical analysis, a repeated-
measures (rm) ANOVA was used where the between-
subjects factor was adolescent CORT or H,0 treatment
whereas the within-subjects factor was stimulus duration,
ITI, yohimbine dose, SSD, or delay to larger reinforcer, as
appropriate for each test. Significance was set at a of 0.05,
and any significant interaction effects were further analyzed
by Bonferroni’s post hoc test. Western blot data were
quantified and analyzed by an unpaired, t-test with a set
to 0.05.
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RESULTS
Corticosterone Exposure

Data from all experiments was combined to analyze whether
CORT exposure affected fluid consumption or weight gain
across adolescence. These data were combined because
there were no significant differences between the different
cohorts of animals. During the entire CORT exposure
period, each cage of rats consumed the same amount of
fluid whether they were drinking CORT-containing water
or regular tap water, as indicated by no significant effect
of solution or interaction when analyzed by rmANOVA
(p=0.24; p=0.95, respectively). There was a significant
effect of day indicating that as the animals grew, their total
fluid consumption also increased (F(j, 19y =13.52, p<0.001;
Figure 1b). Likewise, weight was sampled across the CORT
exposure period and Figure 1c indicates that CORT had no
significant effect on adolescent weight gain (p =0.79), but
that weight significantly increased over time (p<0.001).
Figure 1d illustrates the total dose of CORT in mg/kg per rat
per day consumed at days sampled during the 50 pg/ml
phase of CORT exposure, indicating that the level of CORT
the rats were exposed to ranged from approximately 12.5-
7.5mg/kg across days and decreased in direct relation to
their increase in weight. The total dose at the end of the
exposure period is similar to that previously reported for
adult rats, and that maintains high levels of circulating
CORT (Gourley and Taylor, 2009; Gourley et al, 2008a).

5CSRTT—Stimulus Duration Testing

Eight adolescent CORT-treated and eight H,O-treated
control rats were trained on the 5CSRTT beginning 10 days
after the cessation of CORT treatment and PND60
(Figure la). Rats acquired accurate responding on the task
at roughly the same rate, with 7/8 CORT rats and 6/8 H,0
rats responding with >70% accuracy at the 5-s stimulus
duration on the 10th total day of training (all phases). The
H,O control rats required 3 and 5 days, respectively, of
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additional training to reach the same criteria, and the CORT
rat required four additional days of training. From that
point on all rats progressed at about the same rate,
indicating that prior adolescent CORT treatment did not
produce a difference in ability to learn the task.

Figure 2 illustrates the results of varying the stimulus
duration on accuracy, omissions, premature, and persever-
ative responses when rats were tested at stable stimulus
durations of 5, 2, or 1's each session, and accuracy when rats
were tested at variable stimulus durations (1.6, 1.2, and
0.8s). A rmANOVA of accuracy across stimulus durations
revealed a main effect of stimulus duration (F(,, 5y =57.31,
p<0.001), but no significant effect of treatment (p=0.51)
or interaction (p=0.89), indicating that although all
rats showed reduced accuracy as the stimulus duration
decreased and attentional demands increased, there was no
effect of adolescent CORT treatment (Figure 2a). Likewise,
when rats were tested at variable stimulus durations within
a session, analysis of accuracy by rmANOVA revealed a
main effect of stimulus duration (F, .5 =7.63, p=0.002),
but no effect of treatment (p =0.48) or interaction (p =0.81).
Again, these data indicated that although decreasing the
stimulus duration does decrease accuracy as expected,
there is no effect of adolescent CORT treatment on per-
formance in the task (Figure 2b).

Analysis of premature responses again indicated a main
effect of stimulus duration (F(,,25)=9.96, p=0.005), and
although there was no significant effect of treatment
(F(1,28) = 2.79, p = 0.12), or interaction (F(z’zg) = 2.65,
p=0.09); there was a strong trend toward adolescent CORT
treatment reducing premature responses, particularly at the
1-s stimulus duration (Figure 2c). Analysis of omissions and
perseverative responses revealed a main effect of stimulus
duration (F(Z,ZS) = 718, p = 0003, F(z)zg) = 18.08, p < 0.001),
but no effect of treatment (p = 0.63; p =0.43) or interaction
(p=0.68; p=0.41), respectively, for each measure (Figures
2d and e). Finally, there were no differences between CORT-
treated and control rats on their latency to make a response
or initiate new trials (data not shown).
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Figure 2 Effects of chronic adolescent corticosterone (CORT) on baseline behaviors in the 5-choice serial reaction time task (5CSRTT). Chronic
adolescent CORT had no significant effects on task accuracy at stable stimulus durations (a) or variable stimulus durations (b), though all rats showed
decrements in performance as stimulus duration decreased. Chronic adolescent CORT also produced no significant differences in other measures of task
performance including premature responses at a stable intertrial interval (ITl) (c), trial omissions (d), or perseverative responses (e).
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5CSRTT—ITI Testing

In order to determine whether there might be a real
difference in premature or impulsive responding between
the adolescent CORT-treated and control-treated rats, we
next tested the animals at increasing ITIs. The rats were first
returned to a stable stimulus duration of 2s and an ITI of
2's, for which they had been well trained. Then, on the next
daily session, the rats were switched to an ITI of 4s, which
forced the animals to wait longer than they were
accustomed to find out which nose-poke port was the
correct one to make a response for reinforcement.
Increasing the ITI is known to produce an increase in
premature responses (Chudasama et al, 2003). The rats were
kept at a 4-s ITI for a total of three sessions, and then it was
increased again to 6s to again force the animals to wait
longer than they were accustomed to make an accurate
response. Figure 3 illustrates the performance of rats on the
re-baseline day at a 2-sec stimulus duration and 2s ITI,
followed by performance on the first day the animals were
switched to a 4-s ITI and the first day they were switched to
a 6-s ITI. All rats improved their accuracy and decreased
premature responding after multiple days of training on a
new ITI, so these data reflect the ability of the rats to adjust
to novel changes in task demands. As expected, rmANOVA
revealed a main effect of ITI on accuracy in the task
(F2,28)=261.8, p<0.001), as the rats made many more
premature responses and often missed the stimulus light.
There was a strong trend for a main effect of adolescent
CORT treatment (F(;,,5)=4.13, p=0.061) on accuracy in
the task, but there was no significant interaction (p = 0.30).
However, when accuracy at the 2-s ITI was removed from
analysis in order to specifically assess differences in
accuracy in the face of changing task demands, as opposed
to baseline behavior that had been well-trained, we found
a significant effect of adolescent CORT treatment
(F(1,14y=>5.43, p=0.035), but no significant interaction,
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indicating that although at baseline adolescent CORT
treatment did not affect accuracy, prior CORT treatment
does result in a slight improvement in performance in the
face of novel task demands (Figure 3a).

The adolescent CORT treatment also improved perfor-
mance in the task in terms of reducing impulsive,
premature responses. Figure 3b illustrates that there was a
significant main effect of prior CORT on the number of
premature responses (F; 23y =7.62, p=0.015), as well as a
main effect of ITI (F(, 3 =96.84, p<0.001), but no
significant interaction, though there was a strong trend
(p=0.068). The effect of adolescent CORT treatment was
also significant when the 2-s stimulus duration was
excluded from analysis. Therefore, adolescent CORT treat-
ment reduced the tendency of rats to respond prematurely
in response to increases in the ITI. Analysis of omissions
revealed a significant effect of ITI (F(,, .5 =12.20,
p=0.002), but no significant effect of treatment (p =0.17)
or interaction (p = 0.86; Figure 3c). Likewise, although there
was a significant effect of ITI on perseverative responses
(F2,28)=5.61, p=0.009), there was no effect of treatment
(p=0.80) or interaction (p=0.67). Although in general,
increasing the ITI worsens performance on the task,
increasing the ITI actually decreases perseverative re-
sponses. This was likely due to the fewer correct responses
that the rats made overall, and possibly because of an
inability of the rats to maintain in working memory the
identity of the previously reinforced aperture over longer
delays. Regardless, prior adolescent CORT treatment did
not significantly affect perseverative responding at changing
ITIs (Figure 3d).

5CSRTT—Yohimbine Dose-Response Curve

The «-2-noradrenergic receptor antagonist yohimbine has
been shown to increase impulsive responding on the
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Figure 3 Chronic adolescent corticosterone (CORT) decreases impulsivity with changing intertrial intervals (ITls) on the 5-choice serial reaction time task
(5CSRTT). Chronic adolescent CORT improved task accuracy when the [Tl was switched to both 4 and 65 (a), and produced an overall reduction in
premature responses on the first day that the [Tl was switched (b). The adolescent CORT-treated rats showed no significant differences in omissions (c) or

perseverative responses (d) as the [Tl increased. *p <0.05.
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Figure 4 Chronic adolescent corticosterone (CORT) treatment enhances sensitivity to yohimbine-induced impulsivity on the 5-choice serial reaction
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response curve, indicative of a greater sensitivity to yohimbine's effects on impulsivity (a), whereas the number of omissions on the task was not different
between groups and was not significantly disrupted except at the highest dose of yohimbine (b). *#p<0.01.

5CSRTT in rats and humans (Sun et al, 2010; Swann et al,
2005), and because chronic CORT exposure during
adolescence could alter brain responsiveness to noradre-
nergic stimulation and other stressors in adulthood, we
examined the effect of yohimbine at several doses on
behavior in the 5CSRTT. Figure 4 illustrates the effects of
yohimbine on premature responses and omissions as a
percentage of trials initiated. Yohimbine, particularly at the
highest dose, altered the number of trials the rats would
actually initiate, as opposed to data presented above, where
all rats initiated close to all possible trials. Analysis of the
percent of trials resulting in a premature response by
ANOVA revealed a main effect of dose (F4,s6)=11.67,
p<0.001) and a main effect of adolescent CORT treatment
(F(1,86) =8.18, p=10.005), but no interaction (p = 0.70). The
lower doses of yohimbine increased premature responding
in all animals, but the CORT-treated animals showed a
greater amount of impulsive responding, as indicated by the
main effect of CORT (Figure 4a). Both groups of animals
showed a great reduction in impulsivity at the 5-mg/kg
dose, and this was largely because of an overall disruption
in behavior in the task. For example, analysis of omissions
revealed a main effect of dose (F 4, 36) =28.67, p<0.001), but
no effect of treatment (p=0.17) or interaction (p=0.27),
illustrating that the 5-mg/kg dose greatly increased omis-
sions in the task in both groups, whereas the other doses of
yohimbine had relatively little impact on completion of
trials in the task (Figure 4b). Similarly, accuracy was not
altered by yohimbine when compared with a vehicle
injection except at the 5-mg/kg dose where accuracy
decreased. In addition, perseverative responses increased
at the 5-mg/kg dose, but only in the subset of animals of
both treatment groups that made any perseverative
responses at all at that dose (data not shown).

5CSRTT—Biochemical Analysis

A study by Sun et al (2010) found that the yohimbine-
induced increase in impulsivity on the 5CSRTT was
associated with an acute increase in phosphorylation of
CREB in the IOFC, and that inactivation of CREB could
prevent yohimbine-induced increase in impulsivity. There-
fore, we examined whether baseline differences in phospho-
CREB in the adolescent CORT-treated rats could explain the
observed differences in impulsivity, either in response to
changing ITI’s or to yohimbine administration. We also
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examined the expression of the phosphorylated form of the
AMPA receptor subunit GluR1 at serine 845, as this is also a
target of cAMP-dependent PKA. We analyzed protein
expression using eight rats per group. Analysis of phospho-
and total CREB expression, and the ratio of phospho- to
total CREB revealed no significant differences between the
adolescent CORT-treated and control animals (p=0.36,
0.27, and 0.49, respectively; Figure 5a). However, analysis of
phospho-GluR1 expression revealed a significant increase in
the adolescent CORT-treated rats over controls (p =0.028).
Although there was no significant increase in the expression
of total GluR1, there was a trend (p=0.087), and because
there was no significant difference in the ratio of phospho-
to total GIluR1 expression (p=0.484), it is likely that the
increase in phospho-GluR1 represents an overall increase
in GluRl in the IOFC after adolescent CORT treatment
that is maintained in the more active, phosphorylated state
(Figure 5b). An increase in active GluR1 could represent a
mechanism by which adolescent CORT-treated rats are
more sensitive to yohimbine-induced impulsivity.

SSRTT

The reduction in premature responses at increasing ITIs
produced by adolescent CORT exposure on the 5CSRTT
could be interpreted as an improved ability to wait for the
stimulus light to appear, or as an improved ability to inhibit
ongoing responses. In order to tease apart these two
possibilities additional rats were tested on the SSRTT,
which gives an estimate of the ability to inhibit prepotent
responding, and the delay-discounting task, which assesses
willingness to wait for larger reinforcement. First, a separate
cohort of rats were treated with CORT or maintained on
regular H,0 during adolescence. Beginning 10 days after the
end of CORT exposure (PND60), rats were trained to
perform the SSRTT. Overall, a lower percentage of rats
successfully reached the learning criteria of this task (ie,
>65% accuracy on go trials and stop trials with zero delay);
therefore, a total of 24 H,O and 24 CORT rats were trained
on the task in order to have final group sizes of 15 H,0 and
11 CORT-treated animals, which allowed sufficient power
for statistical analysis.

Figure 6 illustrates the behavior of the rats that did
successfully learn the task. A rmANOVA of accuracy on
stop trials across the varying SSDs indicated a main effect of
treatment (F(;, 05y =4.45, p=0.045), illustrating that the
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adolescent CORT-treated rats were actually more accurate
at withholding responses on stop trials across the SSDs
compared with the H,O-treated controls. There was also a
main effect of SSD as expected, with all animals performing
less accurately on stop trials as the delay was increased and
got closer to each animal’s mean go reaction time
(F4,96)=17.03, p<0.001), and there was no significant
interaction (p=0.26), indicating that the CORT-treated
animals were more accurate overall, rather than at any
specific SSD (Figure 6a). There was no significant difference
between the CORT and H,0 groups on stop accuracy at zero
delay to the stop signal using an unpaired ¢ test (p =0.68),
indicating that there was no innate difference in ability to
withhold responding on stop trials when task demand was
low. The difference produced by adolescent CORT treat-
ment only was manifested as the difficulty of the task
increased (Figure 6a). Likewise, analysis of accuracy on go
trials across all of the SSDs by rmANOV A revealed no effect
of delay (p=0.14), treatment (p=10.99), or interaction
(p=10.40), indicating that neither adolescent CORT treat-
ment or varying the SSD altered the ability of rats to
accurately respond on go trials in the task (Figure 6b).
Analysis of the mean go reaction times across SSDs
indicated that there was no significant effect of treatment
(p =0.47), suggesting that CORT’s effects on stop accuracy
were not because of overall slowing of responses
(Figure 6¢). In addition, analysis of the estimated stop-
signal reaction time by a one-tailed t-test indicated no
significant difference between groups in stop-signal reac-
tion time (p = 0.32; Figure 6d).

Delay-Discounting Task

Although the results of the SSRTT indicate that adolescent
CORT exposure reduced impulsive action, they do not
address whether adolescent CORT exposure affects im-
pulsive choice/decision making. Therefore, we tested a
novel cohort of rats on the delay-discounting task, a
procedure that requires animals to choose between
immediate, small reinforcement and delayed, larger re-
inforcement to assess impulsive decision-making ability. A
group of eight adolescent CORT-treated and eight H,O-
treated control rats were initially trained on the task. One
CORT-treated rat and one H,O-treated rat developed a
lever bias, such that they responded on the same lever
(left or right), regardless of whether it was associated with
immediate or delayed reinforcement. These animals were
excluded from data analysis, so that the final group sizes
were seven adolescent CORT-treated and seven adolescent
H,O-treated. Rats were initially trained at delays to
reinforcement ranging from 0-60s. Both groups required
approximately 12 sessions of training to reach stable choice
responding at these delays. The rats continued on this
schedule for four additional sessions to insure behavioral
stability. Figure 7 illustrates the discounting functions for
both groups as percent choice of the large, delayed
reinforcer across the various delays. The function is based
on the average percent choice of the larger reinforcer from
the last 3 days of training for each rat at each delay, which is
how delay-discounting data has been reported in previous
studies (Mar and Robbins, 2007). Figure 7a illustrates
responding early in training before rats show a strong
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preference for the larger reinforcer at zero delay. There was
no significant effect of treatment early in training (p = 0.27).
After stable responding was established, analysis by
ANOVA revealed a significant effect of delay (F4, 60)=
106.6, p<0.001), indicating that as the delay to reinforce-
ment got longer, all rats switched preference to the small,
immediate reinforcer, but there was no effect of treatment
(p=0.14) or significant interaction (p = 0.44, Figure 7b).

Owing to the very steep discounting functions observed at
these delays, with rats only choosing the large reinforcer at
the shortest delay of 10 s 20-30% of the time, we decided to
test shorter delays ranging from 3-15s to see whether group
differences could be observed when rats did not have to wait
so long for the larger reinforcer. A statistical difference in
choice behavior between the groups was observed after 5
days of training at the new delays, with a significant main
effect of both treatment (F(;, 0y = 12.46, p<0.001) and delay
(F(4,60) = 29.40, p<0.001), with both groups preferring the
large reinforcer over 80% of the time with zero delay, but
with the CORT-treated group choosing the larger reinforcer
significantly less frequently if there was any delay to
reinforcement (Figure 7c). The rats were trained for an
additional five sessions and the statistical difference
between groups was maintained. The discounting functions
based on the last 3 days of training at the shorter delays are
illustrated in Figure 7d. Again, there was a main effect of
treatment (F(;, 60y =5.40, p=0.024) and delay (F4, 60)=
31.79, p<0.001), but no significant interaction -effect
(p=10.86), indicating that the adolescent CORT-treated rats
made significantly more impulsive choices at all of the
delays to large reinforcement. No consistent significant
differences were found between groups on any other
measures on the task, including reaction time to choose a
lever or initiate a trial, or on trial omissions (data not
shown).

DISCUSSION

Chronic CORT exposure specifically during adolescence
produces enduring changes in the expression of impulsive
behaviors well into adulthood, long after the cessation of
CORT treatment. Interestingly, adolescent CORT exposure
resulted in bidirectional effects on impulsivity depending
on the dimension of impulsive behavior analyzed. Adoles-
cent CORT-treated rats were less impulsive on measures of
impulsive action. In particular, these rats were better able
to inhibit a prepotent response on the SSRTT. Similarly,
adolescent CORT-treated rats were less impulsive at
increasing ITIs on the 5CSRTT, suggesting that the
treatment either increased their ability to inhibit an ongoing
response or wait for the response signal. The results of the
SSRTT strongly suggest that adolescent CORT treatment
increases the ability to inhibit responding. To provide
further support for this conclusion, we also tested
adolescent CORT-treated rats on the delay-discounting
task, which assesses impulsive choice or the ability to wait
for a bigger reward. Unlike the results from the 5CSRTT and
SSRTT, the adolescent CORT treatment markedly increased
impulsive choice, with the CORT-treated animals selecting
the immediate, small reinforcer at a greater frequency than
the larger reinforcer even at a very short 3s delay.
Therefore, adolescent CORT treatment appears to increase
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Figure 7 Chronic adolescent corticosterone (CORT) increases impulsive choice on the delay-discounting task. When the range of delays to the larger
reinforcer were long (maximum 605s), there was no significant difference between adolescent CORT-treated and control rats on the discounting function
either early (a) or late (b) in training. However, when the range of delays to large reinforcement were short (maximum 15s), adolescent CORT treatment
caused steeper discounting functions both early (c) and late (d) in training at the new delays, indicating an increased impulsive choice, *p <0.05, **p <0.01.

impulsive choice while simultaneously being able to
decrease impulsive action.

Notably, yohimbine caused the adolescent CORT-treated
animals to make more impulsive responses on the 5CSRTT.
When tested under conditions of the yohimbine challenge,
the animals were not asked to adjust their behavior on the
basis of a changing ITI, and thus, the yohimbine effect may
reflect a decrease in the ability to wait for the stimulus
before making a response—conditions under which the
adolescent CORT-treated animals were particularly sensi-
tive. In addition, although the increase in yohimbine-
induced impulsivity could not be attributed to an increase
in baseline levels of phosphorylated CREB, the CORT-
treated animals did show an increase in GluR1 expression
that was in the active, phosphorylated state. Therefore,
upon yohimbine injection, the adolescent CORT-treated
animals may have higher levels of AMPA receptor signaling/
trafficking and/or PKA activity that could lead to acute
increases in phosphorylated CREB that are not observed at
baseline, but may have been observed in response to
yohimbine, as was demonstrated by Sun et al (2010). This
possible difference in reactivity to norepinephrine-stimu-
lated cAMP activity in the IOFC could also put adolescent
CORT-treated animals at risk for behaving impulsively
under stressful conditions, though this was not explicitly
tested here. Studies of the interaction between stress,
norepinephrine, and GluR1 activity in the hippocampus
do indicate that norepinephrine and stress can lower the
threshold for phosphorylation-dependent LTP-induced in-
corporation of GluR1 (Hu et al, 2007). If similar mechan-
isms exist in the lOFC, then the high levels of pGluR1
produced by chronic adolescent CORT could potentiate the
effects of noradrenergic activation on impulsivity. In
addition, increased PKA activation has been associated
with disruption of PFC-dependent tasks, and the increase in

pGluR1 at the PKA site ser845 could indicate an increase in
PKA activity that could be exacerbated by yohimbine to
produce behavioral disruptions including greater impulsiv-
ity (Taylor et al, 1999; Arnsten et al, 2005).

Stress during adolescence has been associated with an
increased risk for developing disorders associated with high
impulsivity, including substance abuse and other psychia-
tric disorders (Moeller et al, 2001). Stress exposure during
certain vulnerability periods, including adolescence, is
known to alter how the HPA axis responds to future
stressors (Barha et al, 2011; Burke et al, 2010; Isgor et al,
2004; Weintraub et al, 2010). Therefore, chronic high levels
of the hormone corticosterone, which is released by the
adrenal glands after HPA axis activation, could produce
permanent changes in response to stressors long after the
CORT exposure has ended. Indeed, several studies have
shown that chronic stress or the presence of an anxiety
disorder can increase sensitivity to the effects of yohimbine
(Charney et al, 1984; Park et al, 2001; Rosen et al, 1999;
Zoladz et al, 2008). However, the majority of differences
in impulsivity observed here are unlikely to be explained
by altered HPA axis function, but rather by long-lasting
neuroplasticity in the circuits that regulate impulsive
behavior and decision-making. Indeed, several studies
involving adolescent stress exposure report that in adult-
hood the animals have no difference in baseline CORT
levels, though they may have a reduction in peak CORT
levels or faster negative feedback after an acute stressor
(Weintraub et al, 2010; Burke et al, 2010; Barha et al, 2011).

The ability of chronic adolescent CORT to actually
decrease measures of impulsivity on the 5CSRTT and
SSRTT could reflect neuroplasticity that results in an
increased sensitivity to the punishment that is used in both
of these tests when an inappropriate response is made.
Future studies could include analysis of physiological
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measures like heart rate during the time out to determine
whether rats previously exposed to CORT find the punish-
ment more stressful than controls, and analysis of post-
error slowing could assess how they learn after a mistake.
Nevertheless, this explanation is supported by the fact that
the adolescent CORT-treated animals were more impulsive
on the delay-discounting procedure, which does not include
a punishment component. Another interpretation of our
results is that exposure to high levels of CORT during
adolescence remodels brain circuits in a manner that makes
individuals better able to cope with stressful situations in
the future, and thus better able to inhibit responding under
changing conditions. Indeed, several studies have indicated
that chronic stress during adolescence can confer resilience
to stressful events later in life (Lyons et al, 2010), and the
adolescent CORT-treated animals were only less impulsive
on tests that involved changing parameters, not when the
task was well learned or parameters were stable.

All of these accounts could lead to the results observed in
the present studies where animals show reduced impulsive
action. The fact that adolescent CORT treatment increases
impulsive choice would not be a direct result of any
differences in sensitivity to punishment, coping, or anxiety-
like behavior. Increased impulsive choice, however, could
result from an inability to bridge delays between actions
and outcomes and/or a greater perceived reduction in the
value of a delayed reward. Likewise, the differences in
different aspects of impulsivity could represent changes in
specific brain circuits induced by chronic CORT exposure.
For example, whereas yohimbine-induced impulsivity
involves activation of specific signaling cascades in the
10FC (Sun et al, 2010), lesions of the infralimbic region of
PFC, not 10FC, have been reported to increase impulsive
responding in the face of increasing ITIs on the 5CSRTT
(Chudasama et al, 2003). Similarly, behavioral inhibition on
the SSRTT may be more dependent on dorsal medial PFC
and dorsal striatal activity (Bari et al, 2011; Eagle and
Robbins, 2003a; Eagle et al, 2011), whereas choice behavior
on the delay-discounting task may be more dependent on
a circuit involving the IOFC and ventral striatum (Bezzina
et al, 2008; Bezzina et al, 2007; Mobini et al, 2002).
Whatever the mechanism, an increase in the likelihood of
making impulsive decisions, particularly for immediate
‘gratification’, could certainly put individuals at a higher
risk for developing addictive disorders. It may be this
increase in impulsive choice that underlies clinical reports
that adolescents exposed to high levels of stress have an
increased likelihood to develop addictive disorders (Covault
et al, 2007; Lloyd and Turner, 2008; Pilowsky et al, 2009).
Moreover, the increase in yohimbine-induced impulsivity
represents an additional risk factor for psychiatric dis-
orders, especially addiction. Drug addicts are known to be
more likely to relapse after a period of abstinence in
response to stress (Sinha, 2007; Stewart, 2003), and acute
stress increases the propensity to use drugs (Sinha, 2001).
Therefore, although baseline levels of behavioral inhibition
may not be impaired after adolescent CORT exposure, the
propensity to increase impulsivity in response to state-
dependent changes could put these individuals at a greater
risk for problem drug use.

Although many studies have not attempted to fractionate
impulsivity when assessing risk for psychiatric disorders,
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this is not the first study to find that different measures of
impulsivity are not always correlated. Rats identified as
having extremely high impulsivity on the 5CSRTT (upper
25% of population) do not show high novelty reactivity,
which is considered another measure of impulsivity or risk
taking (Belin et al, 2008; Molander et al, 2011). In humans,
children with ADHD who are considered to be more
impulsive showed either an increase in impulsive action or
impulsive choice, but behavior on the two types of tasks was
not correlated (Sonuga-Barke, 2002). In addition, a recent
study found that adolescent atomoxetine treatment de-
creases impulsive choice without affecting impulsive action
in adulthood (Sun et al, 2012). Therefore, exposure to high
levels of stress hormones during adolescence may manifest
as differential risk for certain psychiatric diseases. In
addition, different forms of impulsivity may increase risk
for developing an addiction to specific substances. For
example, high innate impulsivity on the 5CSRTT is
associated with the development of compulsive cocaine-,
but not heroin-seeking behavior (Belin et al, 2008;
Economidou et al, 2009; McNamara et al, 2010). On the
other hand, impulsive choice on delay-discounting tasks has
been associated with risk for developing an addiction to
several drugs of abuse, and drug addiction is often
characterized by more impulsive behavior (increased use
or relapse) under stressful conditions, suggesting that
chronic adolescent stress hormone exposure could certainly
put individuals at risk for developing addictive disorders
(Jentsch and Taylor, 1999; Moeller et al, 2001; de Wit, 2009).
Impulsive choice on delay discounting may be more likely
to influence addiction to specific substances, but more
research is needed to determine how specific types of
impulsivity confer risk for addiction to different substances.

In conclusion, we find that chronic adolescent CORT
exposure does not globally alter general cognitive function
or attentional ability and actually reduces measures of
impulsive action. However, adolescent CORT exposure did
significantly increase impulsive choice and impulsive action
induced by yohimbine challenge. The behavioral outcomes
identified here may be explained by alterations in AMPA
receptor/PKA activity in the lateral OFC, but further
research is needed to verify this hypothesis. Nevertheless,
the results do indicate that individuals exposed to chronic,
high levels of stress hormones during adolescence may be at
an increased risk for developing psychiatric disorders
including addiction because of an increased likelihood to
make impulsive choices.
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