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Abstract
Drug use typically begins during adolescence, which is a period of ongoing neurobiological
development that may confer heightened vulnerability to develop drug dependence. Previously,
our lab has shown that amphetamine (AMPH)-induced deficits in a medial prefrontal cortex
(mPFC)-sensitive working memory task are greater in rats exposed to the drug during adolescence
compared to adulthood. Here, we examine potential age-dependent effects of AMPH exposure on
behavioral flexibility tasks that are sensitive to disruptions in mPFC and orbitofrontal cortex
(OFC) function. Male Sprague-Dawley rats were injected (i.p.) with saline or 3 mg/kg AMPH
every other day between postnatal days (PNDs) 27–45 and PNDs 85–103. Starting around PND
125, rats were tested in an attentional set-shifting task and a subset of those was then tested in an
operant strategy shifting task. Following completion of the operant task, rats were challenged with
3 mg/kg AMPH and monitored in open field chambers. Our results demonstrate that AMPH-
exposed rats were faster to acquire simple and compound discriminations, but were impaired
during the first stimulus-reward reversal when compared to controls. In the operant strategy
shifting task, adolescent-exposed rats shifted more rapidly between strategies and completed
reversals faster than adult-exposed and control rats, respectively. The final AMPH challenge
revealed evidence for sensitization in drug pre-exposed rats, with adult-exposed animals
exhibiting the most significant effects. Together, these results suggest that AMPH induces long-
lasting changes in behavioral flexibility that are at least partially dependent on age of exposure and
may be due to adaptations in OFC function.
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1. Introduction
Adolescence is a transitional period between childhood and adulthood, which in humans is
estimated to range from 12 to as late as 25 years of age [1,2]. There are normal, yet
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substantial, neurobiological and cognitive changes occurring during this period [2–4], which
also coincides with the peak time period of initiation of drug use [5]. This is of significant
concern because an early onset of drug use is associated with a number of negative
outcomes, including continued use into late adulthood [6], a greater likelihood to transition
to dependence [7] and the development of significant cognitive dysfunction [8]. Importantly,
cognitive impairment resulting from drug exposure during adolescent development may play
a significant role in the heightened vulnerability of adolescents to developing addiction.
Indeed, cognitive deficits in tasks sensitive to the prefrontal cortex (PFC) are observed in
drug abusers [9,10] and have been linked to poorer treatment outcomes [11].

Studies in humans and laboratory animals have demonstrated that the PFC is among the last
brain regions to fully mature [12]. For example, longitudinal MRI studies have demonstrated
that gray matter in the PFC follows an inverted U-shaped curve that peaks during early to
mid-adolescence and declines to stable levels by the early twenties [13]. Furthermore, post-
mortem findings have shown that synapse elimination continues to occur in the PFC during
adolescence [14,15]. Similar effects have been observed in rodents during their adolescent
period, which has been defined as broadly as postnatal days (PNDs) 21 to 60 [16], but more
conservatively as PNDs 28–45 [2]. During this time, there is a loss of neurons in the medial
PFC (mPFC) [17] and changes in the molecular composition of synapses in this region [18].
Widespread changes in neurochemical signaling and connectivity with other brain regions is
also ongoing during this time. For example, there are significant changes in the density of
monoamine transporters [19] and dopaminergic fibers in the PFC [20], as well as alterations
in the number of receptor sites. In the case of dopamine D1 and D2 receptors in the PFC and
nucleus accumbens (NAc), there is an initial period of overproduction followed by
elimination as animals reach young adulthood [21,22]. Importantly, these receptors are
known to differentially modulate NMDA receptors in the PFC and NAc between
adolescence and adulthood [23–26].

In psychostimulant abusers, deficits have been observed in PFC-sensitive tasks assessing
attention [27–29], behavioral inhibition [30], and decision-making [31]. In rodents exposed
to amphetamine (AMPH) during adulthood, there is evidence for impairments in
extradimensional shifts and reversal learning in an attentional set shifting task (ASST) [32],
impaired visual attention in a five-choice serial reaction time task [33], and impaired
impulse control in a differential reinforcement of low rates of responding task [34]. Recent
studies, which have focused on the potential for age-dependent differences in the effects of
repeated drug exposure on cognition, have suggested that adolescents may be more
vulnerable to drug-induced deficits in performance [35]. For example, studies from our
laboratory have shown that pre-exposure to AMPH leads to more significant deficits in
working memory when that exposure occurs during adolescence compared to adulthood
[36].

The goal of the current study was to further examine the potential for age of exposure-
dependent effects of AMPH on cognition. To do this, we tested adult rats exposed to saline
or AMPH during adolescence or young adulthood in an ASST that has previously been
shown to be sensitive to manipulations that disrupt functioning in the PFC [37]. Specifically,
performance on the extradimensional shift is known to be sensitive to lesions of the mPFC
[38], whereas lesions to the orbitofrontal cortex (OFC) impair reversal learning [39]. Based
on our previous findings of AMPH-induced disruptions in working memory [36] and the
long lasting effects of adolescent AMPH exposure on response perseveration in adulthood
[40], we hypothesized that rats treated with AMPH would be impaired on reversal learning
and the extradimensional shift. A subset of rats that completed the ASST were tested in an
operant strategy shifting task that has been argued [41] to assess behavioral flexibility and
be sensitive to mPFC function in a manner similar to the ASST. Thus, we hypothesized that
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performance in the ASST would correlate to that on the operant-based task, with AMPH
pre-exposure causing deficits in behavior. In order to determine if there were lasting effects
of drug pre-exposure on AMPH-induced motor activity, rats that concluded operant testing
were subsequently observed in an open-field arena following a challenge injection of
AMPH.

2. METHODS
2.1 Subjects

Subjects were sixty-six male Sprague-Dawley rats born from vendor-obtained breeders
(Harlan; Indianapolis, IN, USA) that were maintained in our facility. They were weaned on
PND 22 and housed 2–3 per cage with same-sex littermates. Starting between PND 119–
120, rats were food restricted so that they could be maintained at ≥ 85% of their free-feeding
body weights; water was available ad libitum throughout the study. Rats were kept on a 12-
hour light/dark cycle (lights on at 0800) with experiments performed between 0830 and
1830. Experimental procedures were approved by the Institutional Animal Care and Use
Committee at the University of Illinois, Urbana-Champaign, and were consistent with the
Guide for the Care and Use of Laboratory Animals (National Research Council, 2011).

2.2 Pre-treatment
Rats were assigned to one of three treatment groups – control, adolescent-exposed, or adult-
exposed – such that all groups were represented in each litter. Injections (i.p.) were given
every other day during both adolescence (PND 27–45) and young adulthood (PND 85–103)
as follows: those assigned to the control group were given 0.9% saline (1 ml/kg) at both time
points, those in the adolescent-exposed groups were given 3 mg/kg d-AMPH sulfate during
adolescence and saline during adulthood, and those in the adult-exposed groups were given
saline during adolescence and 3 mg/kg d-AMPH sulfate during adulthood. This dose of
AMPH, which was calculated based on the weight of the salt, was chosen based on our
previous studies demonstrating its ability to induce long-lasting changes in behavior
following adolescent or adult exposure [40,42]. For this treatment, animals were transported
to a testing room, given their assigned injection, and placed individually in a clear plastic tub
(46 × 25 × 22 cm) lined with hardwood bedding. After 60 min, rats were returned to their
home cages and the colony room.

2.3 Attentional set-shifting task
Starting on ~PND 125, which was at least 5 days after they began food restriction, rats
started training in an ID/ED version of an ASST (adapted from [38] and [43]). Training and
testing took place in a clear plastic arena (74 × 30 × 50 cm), with access to either side of the
arena controlled by insertion or removal of a divider. Terra-cotta pots with a height of 10 cm
and an internal diameter of 11 cm were used and outfitted with stimuli for discriminations as
described below. Rats were first trained to dig in a pot filled with corncob bedding for food
reinforcement (45-mg Bioserv pellets). Food pellets were buried increasingly deeper in the
pot until rats were reliably digging to retrieve pellets. Subsequently, they were trained to
discriminate between pots based on one of three stimulus dimensions (texture, odor, or
digging medium). A pair of pots that differed along one stimulus dimension (e.g. digging
medium) was presented to rats by removing the divider to expose one end of the testing
arena. On each trial, one of the pots was baited with a food pellet and the other remained un-
baited. Residue from a crushed food pellet was placed in the un-baited pot to encourage the
use of the presented stimulus dimension as the basis for discrimination rather than olfactory
cues of the food pellet. At the start of each discrimination, rats were given four discovery
trials during which they could dig in both pots without consequence. Choice of a particular
pot was defined as displacement of the digging medium with the snout or paws. Following
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discovery trials, rats were allowed to dig in one pot only, as the non-chosen pot was
immediately removed from the testing arena. Rats were trained in each discrimination until
they met a criterion of six consecutive correct choices.

On the following day, rats were trained on a series of seven discriminations, with their
movement to the next discrimination dependent on them meeting the training criterion of six
consecutive correct choices (Table 1). First, rats were given a simple discrimination (SD)
where the pots differed on a single stimulus dimension (e.g. odor). Next, they were
progressed to a compound discrimination (CD) where all three stimulus dimensions were
present on the pots. In this discrimination, the correct stimulus during the SD was
maintained, an irrelevant dimension was added (e.g. digging medium) and the third
dimension added was kept constant across all pots (e.g. texture). Following the CD, the
stimulus-reward association was reversed (CD reversal, or CDR) such that the previously
non-rewarded stimulus was rewarded and the previously rewarded stimulus was no longer
rewarded. Next, an intradimensional shift (IDS) was required. In this discrimination, the
relevant stimulus dimension from the previous discriminations was maintained (e.g. odor),
but all of the stimuli were changed for a total changeover design [44]. Following acquisition
of the IDS, the stimulus-reward association was again reversed (intradimensional reversal,
or IDR). Lastly, rats were progressed to an extradimensional shift (EDS), in which the
previously irrelevant stimulus dimension (e.g. digging medium) predicted location of the
food pellet and the previously relevant dimension (e.g. odor) became irrelevant. Entirely
novel stimuli were used for the EDS. Following acquisition of the EDS, the stimulus-reward
association was reversed one final time (extradimensional reversal; EDR).

2.4 Operant Strategy-Shifting
Following completion of ASST, a subset of rats (n = 29; between PND 128–132) began
training in the operant strategy-shifting task as adapted from Floresco et al. [41]. Rats were
trained and tested in standard operant chambers (Coulbourn Instruments; Whitehall, PA,
USA) that were housed inside sound-attenuating cubicles. The chambers were identical to
those described previously by our lab [40].

Training began with one session of magazine training, during which 60 pellets were
delivered on a random time 30-sec schedule. Subsequently, rats were trained during four 30-
min sessions (1 session/day) to lever press on both levers on a fixed ratio 1 (FR1) schedule
of reinforcement. The order in which the levers were presented was counterbalanced across
groups and alternated each day. Rats that did not acquire lever pressing by the end of the
second session were manually shaped using successive approximations. Following lever
press training, rat’s were trained during five sessions to respond within 10-sec of lever
extension into the chamber. Each rat s side bias was then established in a single session as
described by Floresco et al. [41].

Strategy shifting sessions, which were given once per day, consisted of 120 trials that were
separated by a 20-sec ITI. During each trial, one of the two cue lights located above the
levers was illuminated for 3 sec, followed by illumination of the houselight and extension of
both levers into the chamber. Individual cue lights were presented pseudorandomly across
trials, such that no cue light could be presented on more than two consecutive trials. Rats
were first trained to use a visual strategy by reinforcing them (with delivery of a food pellet)
for pressing the lever that had a cue light illuminated above it, regardless of the lever’s
spatial location (i.e., left or right side of pellet delivery trough). Trials continued until rats
achieved ten consecutive correct choices and had completed at least 30 trials. On the day
following acquisition of this performance criterion, rats were required to shift to an
egocentric response strategy. This required that rats press a lever relative to its position,
regardless of cue light location (e.g. always press the left lever). The location of the
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reinforced lever for the response strategy was determined individually for each rat such that
it was the lever opposite of the rat’s side bias that was observed during initial training (see
above). Trials continued until rats achieved a criterion of eight consecutive correct choices.
Following acquisition of the response strategy, the stimulus-reward association was reversed
such that pressing on the previously non-rewarded lever now resulted in reinforcement (e.g.
always press the right lever). As before, trials continued until rats achieved a criterion of
eight consecutive correct choices. For all stages of the task, trials where rats failed to
respond on a lever within 10-sec of trial onset were terminated, scored as an omission, and
led to the ITI.

2.5 AMPH challenge
At the conclusion of operant testing, rats were returned to ad libitum feeding conditions.
Between 10 and 16 days later (PND 152–157), they were tested for their behavioral response
to challenge injections of saline and 3 mg/kg d-AMPH. Locomotor activity was assessed in
one of four available open-field arenas (Coulbourn Instruments) that each consisted of a
clear acrylic box (41 × 41 × 41 cm) fitted with a photobeam frame located 2.5 cm above the
arena floor (16 beams/dimension; 2.5 cm between beams). These chambers were located
inside a 76 × 80 × 63 cm sound attenuating cubicle that had a 76 mm speaker mounted on
the inside of one wall and two ceiling-mounted white lights (4 W each) that provided dim
illumination. White noise (70 dB) was played continuously through the speakers when rats
were in the testing room. Each open-field apparatus was connected to a nearby computer
running activity monitoring software (TruScan, v 2.01; Coulbourn Instruments) that
recorded beam breaks with a 500 ms sampling rate and converted this to ambulatory
distance (m).

On the day of open-field testing, rats were transported in their home-cages to the testing
room and allowed to habituate for 30 min. Rats were then placed individually into an open-
field chamber and allowed to behave undisturbed for 30 min. They were then briefly
removed from the apparatus and injected (i.p.) with 0.9% saline and immediately returned to
the chambers for an additional 60 min. Lastly, rats were removed from the chamber, injected
with 3 mg/kg d-AMPH, and returned for an additional 60 min.

2.6 Data analysis
For each of the discriminations in the ASST, latency from the time the divider was lifted
until rats dug in a pot and both the number of trials and errors to criterion were recorded.
Because different components of this task assess separate cognitive domains [45],
discriminations that occurred consecutively (SD and CD) were analyzed together in a two-
way, mixed factor ANOVA with group as the between-subjects factor and discrimination as
the repeated factor. The remaining discriminations were analyzed separately in one-way
ANOVAs. Tukey’s post-hoc tests were used to investigate significant main effects and
interactions.

For the operant strategy-shifting task, the number of trials and errors to criterion were
recorded. Errors following the shift to the response strategy were classified as perseverative,
regressive, or never-reinforced according to previously established criteria [41].
Perseverative errors were defined as those that would have been correct when the visual
strategy was in force (e.g., responding on the left lever when the left cue light was
illuminated, but the right lever response was the reinforced response). Trials in which this
type of error could be made were divided into blocks of eight consecutive trials. A
perseverative error was scored when six out of the eight trials in a trial block were errors
because the rat was still using the previous (i.e., visual) strategy on 75% of the trials.
However, once five or fewer errors were made in a trial block, subsequent errors were
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scored as regressive. All other errors in a session were scored as never-reinforced, as they
would not have been correct in a visual strategy and they included responses on the non-
reinforced lever during the response strategy. Rats that did not acquire the reinforced
strategy within one session were removed from subsequent strategy shifting analyses
(visual: n = 1 control, n = 1 adolescent-exposed, and n = 2 adult-exposed; reversal: n = 1
adult-exposed). Because the strategy shifts are mediated by distinct neural substrates [41]
they were analyzed in separate one-way ANOVAs. Error types, however, were analyzed in a
two-way repeated measures ANOVA because they occurred within the same session (shift
from visual to response strategy). Tukey’s post-hoc tests were used to investigate significant
main effects and interactions.

For the AMPH challenge, two dependent measures of behavior were taken from the activity
monitoring software. The first was ambulation, which was calculated by tabulating
consecutive photobeam breaks in the horizontal plane and converting this to distance (in
meters). The second was stereotypy, which is a measure of repetitive behavior such as head
and body swaying, head bobbing, and sniffing, and is calculated by tabulating repetitive
beam breaks in a focused area that do not contribute to large changes in location in the open-
field. Cumulative measures during the first 10- (novelty) and 30-min (habituation) in the
open-field arena were analyzed in separate one-way ANOVAs. Cumulative measures
following saline (60-min) or AMPH (60-min) injection were analyzed with two-way
repeated measures ANOVAs to compare differences in responding following injection with
saline or AMPH. Tukey’s post-hoc analyses were used to investigate main effects and
interactions. For all statistical tests, p values ≤0.05 were considered significant.

3. RESULTS
3.1 ASST

Rats were trained on a series of seven discriminations beginning with the SD and CD. As
shown in Fig. 1A, rats treated with AMPH during adolescence or adulthood required fewer
trials to reach criterion on the SD compared to controls, but this was not statistically
significant. However, two-way repeated measures ANOVA of errors to criterion revealed a
significant main effect of group (F2,126 = 3.05; p = 0.05). As shown in Fig. 1B, adult-
exposed rats made significantly fewer errors than controls in both the SD and CD.
Consistent with the tendency to require fewer trials, particularly on the SD, post-hoc
analyses also revealed a trend for adolescent-exposed rats to make fewer errors than controls
(p = 0.052). For both the SD and CD, there were no differences in latency to make a choice
(data not shown).

During the IDS and EDS, rats were presented with a set of novel stimuli and were required
to maintain or shift from an attentional set, respectively. Pre-treatment with AMPH did not
significantly affect trials or errors to criterion, although AMPH-exposed rats appeared to
shift more readily between the IDS and EDS (Fig. 2; errors to criterion not shown). One-way
ANOVA of latency to make a choice during the EDS revealed a significant main effect of
group (F2,63 = 3.37; p < 0.05). Post-hoc analyses indicated that adult-exposed rats had
significantly shorter latencies than controls (Fig. 2B).

Following the CD, IDS, and EDS, rats were challenged with a reversal of the rule they had
just acquired. As shown in Fig. 3, performance on the CDR was impaired in AMPH-treated
groups of rats compared to controls. One-way ANOVA of errors to criterion revealed a main
effect of group (F2,63 = 4.41; p < 0.05) and post-hoc tests confirmed that both the
adolescent- and adult-exposed groups committed significantly more errors than controls
(Fig. 3B). Consistent with this finding, AMPH pretreated rats appeared to require more trials
to criterion, but this was not statistically significant. Furthermore, a one-way ANOVA of
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latency during the CDR revealed significant group differences (F2,63 = 4.49; p < 0.5). Post-
hoc analyses indicated that during the CDR, both adolescent- and adult-exposed rats had
significantly shorter latencies than controls (Fig. 3C). Analysis of trials, errors, and latency
during the IDR and EDR revealed no significant differences.

3.2 Operant Strategy-Shifting
A subset of rats that completed the ASST (n = 29) were trained in an operant strategy-
shifting task. In this task, rats were first reinforced for using a visual strategy, shifted to a
response strategy, and then reinforced for shifting to the opposite response strategy. As
shown in Fig. 4A, there were no statistically significant differences in the number of trials or
errors to criterion during the visual strategy. However, analysis of trials and errors to
criterion when rats were shifted to the response strategy (Fig. 4A–B) revealed significant
differences between groups for both measures (trials: F2,22 = 3.82; p < 0.05; errors: F2,22 =
4.04; p < 0.05). Post-hoc analyses indicated that adolescent-exposed rats required
significantly fewer trials to reach criterion than adult-exposed rats and committed
significantly fewer errors than both adult-exposed and control rats. There were also
significant group differences in performance during the reversal strategy (F2,21 = 4.15; p <
0.05) and post-hoc tests revealed that adolescent-exposed rats required significantly fewer
trials to reach criterion than controls. Analysis of the number of errors to reach criterion
during the reversal revealed no significant differences.

Analysis of the relative contributions of different types of errors committed during the
response strategy, which required rats to shift from the previously learned visual strategy,
suggested group differences in the way rats performed this shift (Fig. 4C). A two-way
repeated measures ANOVA revealed a significant effect of error type (F2,44= 42.9; p <
0.001) and a significant group x error type interaction (F4,44 = 4.22; p < 0.01). Post-hoc tests
revealed that adolescent-exposed rats committed a greater and smaller proportion,
respectively, of perseverative and regressive errors than adult-exposed rats. There were no
group differences in the number of never-reinforced errors committed.

In order to investigate the association between behavior on the ASST and the operant
strategy-shifting task in rats that performed both tasks, we performed a correlation analysis
of trials to criterion on each of the reversals during ASST with trials to criterion during the
operant strategy-reversal. We found no statistically significant correlations between the rat’s
performance on any of the set-shifting reversals and the operant strategy reversal (range of
r2 values: 0.01–0.03). We also correlated trials to criterion between the EDS and the operant
shift from visual to response strategy, both of which have been shown to be sensitive to
mPFC function [38,41]. There also was no statistically significant relationship between these
factors (r2 = 0.002).

3.3 Amphetamine Challenge
Approximately 2 weeks following completion of the operant strategy shifting task, rats (n =
29) were challenged with 3 mg/kg AMPH and their locomotor activity was assessed in an
open-field arena. Analysis of cumulative activity during the first 10 min rats were in the
open-field (i.e., novelty response) and the entire 30-min habituation period revealed no
significant group differences in either ambulation or stereotypy (data not shown). AMPH, in
contrast, had unique effects in AMPH-treated rats compared to controls (Fig. 5A). Two-way
repeated measures ANOVA of ambulation revealed a main effect of time (F1,52 = 139.6; p <
0.001) and a group x time interaction (F2,52 = 3.23; p < 0.05). Post-hoc analyses
demonstrated that adult-exposed rats traveled significantly less distance following AMPH
injection than control and adolescent-exposed rats. This relative reduction in ambulation was
likely due to a significant increase in a competing behavior, stereotypy. A two-way repeated
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measures ANOVA of stereotypy revealed a significant main effect of time (F1,52 = 85.8; p <
0.001) and a near group x time interaction (F2,52 = 2.65; p = 0.080). Based on the
consistency of these data with recently published findings [36] we chose to further
investigate the nature of this near significant interaction. As shown in Figure 5B, post-hoc
analyses confirmed that both adolescent- and adult-exposed rats engaged in more stereotypy
than controls following AMPH challenge.

4. DISCUSSION
In this study, we examined age-dependent effects of AMPH exposure on behavioral
flexibility during adulthood. We found that rats treated with AMPH exhibited faster
acquisition (committed fewer errors) in simple and compound discriminations. In contrast to
these apparent improvements in performance, rats pretreated with AMPH, regardless of age
of exposure, exhibited deficits in reversal learning that were most significant in those
exposed during adulthood. When a subset of these rats was trained on an operant strategy
shifting task, we found that adolescent-exposed rats shifted more rapidly to an alternative
strategy and a reversal of the previous strategy than adult-exposed and control rats,
respectively. Furthermore, consistent with our previous findings [40], we found that
adolescent-exposed rats committed a greater proportion of perseverative errors and fewer
regressive errors compared to adult-exposed rats during strategy reversal learning. Lastly,
when rats were given an AMPH challenge at the conclusion of operant testing, both
adolescent- and adult-exposed rats exhibited sensitized behavioral responses to the drug.
Together, these results demonstrate that AMPH exposure has a long-lasting impact on
behavioral flexibility and locomotor plasticity that can be modulated by the age of exposure.

Our finding that rats exposed to AMPH did not exhibit impairments in the shift to the EDS
is somewhat inconsistent with other studies in rats exposed to AMPH in adulthood [32,33],
however, the treatment regimes in these studies covered a longer period of time and used
escalating doses of AMPH (1–5 mg/kg). Furthermore, the extent to which the EDS used in
the current experiment assessed mPFC functioning is unclear. In fact, our control group did
not display a significant increase in trials to criterion between the IDS and EDS, indicating
that our task may not have been sensitive to functioning in the mPFC. Failure to observe a
significant increase in trials to criterion between IDS and EDS responding in controls has
been observed in other studies as well [46,47], and appears to be a function of the number of
IDSs presented [48–51]. Furthermore, rats with lesions to the OFC either fail to demonstrate
[46] or require multiple IDSs in order to demonstrate the cost of shifting to an EDS [49].
Therefore, our attentional set-shifting results pertaining to AMPH’s influence on tasks
sensitive to the mPFC are inconclusive. In spite of this, the burgeoning literature of age-
dependent effects of drug exposure on cognition [35,52], including a recent study from our
lab [36], suggests that adolescent drug exposure does differentially impair performance on
tasks sensitive to mPFC function when the task is appropriately sensitive to function in this
subregion of the PFC.

Our results demonstrating that rats exposed to AMPH are impaired during the first of three
stimulus-reward associations are consistent with our recent findings of increased
perseveration in adolescent-exposed rats [40] and reveal that this impairment is not
dependent on the age of exposure, at least when rats are tested following different time
periods of withdrawal. Moreover, these studies suggest that AMPH pretreatment results in
deficits in behaviors that are sensitive to the OFC. Previously, reversal learning and
perseverative responding have been associated with deficits in this subregion of the PFC
[37,39,46,49,53,54] and both AMPH and cocaine exposure lead to deficits in these tasks
[32,55,56]. Although the deficits observed in adolescent- and adult-exposed rats appear
similar in magnitude, the time between the last AMPH injection and testing was ~8 weeks
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longer for adolescent-exposed rats than adult-exposed rats. Given that the effects of AMPH
are known to dissipate with longer withdrawal periods [57,58], the lasting deficits in the
adolescent-exposed group is striking and suggests that there may be differential effects of
drug exposure during adolescence compared to adulthood.

Multiple lines of research suggest that the patterns of behavioral performance we observed
in rats treated with AMPH could be mediated by drug-induced alterations in serotonergic
functioning. Several studies have demonstrated that both systemic [59–64] and intra – OFC
manipulations of serotonin [50,60,65] affect reversal learning and perseveration.
Specifically, systemic and intra-OFC antagonism of 5-HT2C, but not 5-HT2A, receptors
enhance reversal learning by reducing perseverative responses [59,65]. These data, together
with AMPH’s known ability to stimulate the release of 5-HT and other monoamines,
suggest that changes in serotonergic functioning are a likely mechanism for the changes in
AMPH-exposed rats we observed here. Given the continued development of serotonergic
innervation in the PFC during adolescence [19], we might expect age of exposure-dependent
differences in AMPH’s effect on serotonin neurotransmission, but this hypothesis will
require further testing.

The patterns of performance displayed throughout the ASST by AMPH-exposed rats
converge on a common theme, indicating that their behavior is guided by heightened
sensitivity to reward-associated cues. AMPH-exposed rats acquired SD and CDs faster than
controls (committed fewer errors), but made significantly more errors when the stimulus-
reward association was reversed. Faster acquisition of the SD and CD suggests that AMPH-
exposed rats made associations between reward-paired cues significantly faster than control
rats, which is consistent with studies of Pavlovian conditioning following psychostimulant
exposure [66–68]. This interpretation is further supported by our observation that AMPH-
exposed rats committed significantly more errors during initial reversal learning than
controls, as this indicates that they had more trouble inhibiting responses to previously
rewarded cues [59], although this deficit dissipated with training. Furthermore, adolescent-
and adult-exposed rats had shorter latencies to make choices throughout many of the shifts
compared to control rats, which reached significance during the CDR (adult-exposed) and
EDS (AMPH-treated), suggesting that their behavior was controlled by features of reward
cues rather than information about the stimulus dimension. If their behavior had been guided
by features of the stimulus dimensions, then they should have demonstrated a ‘shift cost’ in
the form of increased latency to make a choice [69]. These data are consistent with the
notion that the behavior of AMPH-exposed rats was guided primarily by prepotent
responses that were driven by reward-associated cues.

Performance during operant strategy-shifting revealed age of exposure-dependent
differences in AMPH’s effects on cognitive functioning, but did not entirely parallel the
findings from the ASST phase of the experiment. The most likely explanation for the
disparate findings between our ASST and the operant strategy shifting task is that the
operant task did not employ a total changeover design [44,70]. Without the use of a total
changeover design, the rat’s performance may have been influenced by intermittent
reinforcement of a previously reinforced strategy, thereby making direct comparison of the
two tasks more difficult. In drug naïve rodents, intermittent reinforcement of a previously
reinforced strategy slows the acquisition of a new strategy [71]. This may explain why our
control group performed worse than AMPH-exposed groups on strategy shifts and reversals
since, in both cases, previously correct strategies were intermittently reinforced. Moreover,
our findings are consistent with a previous study [72] that also failed to observe deficits in
strategy shifting following AMPH exposure.
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The differences between adolescent- and adult-exposed rats during the strategy shifts may
shed light on fundamental differences in their patterns of behavior. The intermittent
reinforcement inherent in these shifts causes them to take on properties of a probabilistic
learning paradigm, which suggests that sensitivity to positive and negative feedback could
account for the patterns of behavior we observed [64]. Adopting alternative strategies in the
face of a shift (lose-shift) would enhance performance on the strategy shift and reversal
components of this task similar to the behavior observed in the adolescent-exposed rats. This
suggests that, under conditions of probabilistic reinforcement, adolescent-exposed rats
exhibit heightened sensitivity to negative feedback. Since adult-exposed rats performed
similar to adolescent-exposed rats during set-shifting, but not strategy shifting, it is possible
that they have heightened sensitivity to reward-associated cues like adolescent-exposed rats,
but are less sensitive to negative feedback. Differential sensitivity to positive and negative
feedback would suggest that there may be age of exposure-dependent differences in
serotonergic functioning [64], which would be consistent with the knowledge that
serotonergic innervation of the PFC continues to develop during adolescence [19]. However,
the hypotheses that sensitivity to negative feedback and serotonin neurotransmission are
differentially sensitive to drug-induced alterations depending upon the age of exposure will
require further testing.

When we analyzed the types of errors committed during the shift from the visual to response
strategy, adolescent-exposed rats made a greater proportion of perseverative responses
compared to adult-exposed rats. This is consistent with the type of deficit we observed
previously in rats exposed to AMPH during adolescence [40], both of which are indicative
of alterations in OFC functioning [37,46,49]. Furthermore, this pattern of behavior is
consistent with disruptions in serotonergic functioning, as several studies have linked
serotonergic neurotransmission with changes in perseverative responding [59,61–63]. This
evidence contributes to our hypothesis that there may be age of exposure-dependent
alterations in OFC and serotonin functioning.

Following a challenge injection of 3 mg/kg AMPH, adolescent- and adult-exposed rats
demonstrated sensitized behavioral responses compared to controls. Furthermore, although
adolescent- and adult-exposed rats both displayed sensitization to the challenge injection,
their responses were fundamentally different. Adult-exposed rats had significantly lower
post-AMPH locomotion, but engaged in significantly more stereotyped behaviors than
controls. Adolescent-exposed rats engaged in significantly more post-AMPH locomotion
than adult-exposed rats and engaged in significantly more stereotyped behaviors than
controls, similar to levels reached by adult-exposed rats. Studies that have examined age-
dependent differences in psychostimulant sensitization differ considerably from the
methodology of the current study and have yielded inconsistent findings [73–79], largely
due to differences in pretreatment, dose, and withdrawal period. However, our findings are
similar to a recently published study from our lab [36] with a few exceptions. In both
studies, AMPH-exposed rats demonstrated sensitization to the challenge injection; however,
in the Sherrill et al. [36] study adult-exposed rats reached similar levels of locomotion and
higher levels of stereotypy than adolescent-exposed rats. These inconsistencies are likely
due to minor differences in the studies. Prior to the AMPH challenge, rats in the Sherrill et
al. [36] study were challenged with ketamine and low doses of AMPH during cognitive
testing. This, and differences in subject acquisition (not all of the rats in the previous study
were obtained from breeders maintained in our facilities), are likely responsible for the
differences observed. In both studies we demonstrate long lasting sensitization following
AMPH exposure (~3.5 and ~2 months in adolescent- and adult-exposed rats, respectively),
and here we show that there are differences in the composition of behavioral plasticity
depending upon the age of exposure. In conjunction with our strategy shifting data, these
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data suggest that there are age-dependent differences in the long-lasting effects of AMPH
exposure.

In summary, the results of the current experiment suggest that drug-induced changes in
cognitive flexibility and behavior are dependent on the age of exposure and the task being
utilized. While we did not observe age-dependent effects of AMPH exposure on
performance in the ASST, our data from the strategy shifting and locomotor testing suggest
that some of AMPH’s effects are dependent upon the age of exposure. Indeed, we have
demonstrated previously that adolescent-exposed rats have heightened working memory
deficits [36] and a reduction in dopamine-mediated inhibition in mPFC pyramidal neurons
[35] when compared to controls. Other studies that have examined the age-specific effects of
drug exposure on cognition have typically compared treatment groups at different ages
[52,56], but this approach is subject to an influence of age differences in task performance
that exist prior to drug exposure [45,80,81]. To our knowledge, this is the first study to
compare age of exposure-dependent differences in behavioral flexibility at the same
endpoint (i.e. PND 125) and demonstrate the existence of long-lasting drug-induced
alterations on behavioral flexibility. Future studies are needed to further elucidate the impact
of these specific (and sometimes subtle) age-dependent changes in function and to determine
the precise mechanisms through which AMPH acts to alter the normal trajectory of
adolescent brain development.
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Highlights

• Amphetamine impairs reversal learning early, but not late, in a set-shifting task

• Adolescent amphetamine exposure facilitates strategy reversal learning

• Amphetamine-induced sensitization is greater in rats exposed during adulthood

• Results suggest that amphetamine induces lasting changes in cognitive
flexibility
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Figure 1.
Performance on the simple and compound discrimination (SD and CD, respectively) in rats
exposed to saline (control; n = 18) or AMPH during adolescence (n = 24) or adulthood (n =
24). Shown are trials (A) and errors (B) occurring before the performance criterion, which
was defined as six consecutive correct pot choices. * p < 0.05, #p = 0.052 compared to
control (collapsed across discrimination).
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Figure 2.
Comparison of performance on the intradimensional shift (IDS) and extradimensional shift
(EDS), showing trials and average latency to criterion. (A) Trials to criterion and (B)
average choice latency are presented for these two discriminations. * p < 0.05, versus
control within EDS.
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Figure 3.
Performance on the three stimulus-reward reversals that followed the compound,
intradimensional and extradimensional shifts. Data presented are (A) trials to criterion, (B)
errors to criterion, and (C) average choice latency for the compound discrimination reversal
(CDR), intradimensional reversal (IDR), and extradimensional reversal (EDR). * p < 0.05,
** p < 0.01, versus control within CDR.
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Figure 4.
Comparison of performance on the operant strategy-shifting task in rats exposed to saline
(control; n = 8–9) or AMPH during adolescence (n = 9–10) or adulthood (n = 7–10). Rats
began with a visual strategy, shifted to a response strategy, and finally reversed the response
strategy. Rats that failed to acquire a strategy within one session were excluded from
subsequent analyses. (A) Trials to criterion and (B) errors to criterion are shown for the
three strategies: visual, response, and reversal. (C) Percent of total errors on the response
strategy classified as perseverative errors (PE), regressive errors (RE), or never reinforced
errors (NRE). * p < 0.05, ** p < 0.01 vs. adolescent-exposed within strategy.
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Figure 5.
Response to a challenge injection of 3 mg/kg AMPH given ~2 weeks following completion
of operant strategy-shifting (n = 9–10/group). Ambulatory distance (A) and stereotypy
moves (B) are presented as cumulative activity during the 60-min period following AMPH
injection. * p < 0.05, ** p < 0.01.
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Table 1

Order of training for the seven discriminations sets used in the ID/ED set-shifting task. In the example
illustrated here, texture (T) was the constant stimulus dimension across all discriminations and the stimulus
depicted in bold was baited. For SD through IDR, odor (O) was the relevant dimension and digging medium
(D) was irrelevant. For EDS and EDR, D was the relevant dimension and O was the irrelevant dimension.
Numbers refer to specific stimuli (e.g., O1= Lavender).

Discrimination Odor Digging Medium Texture

Simple Discrimination (SD) O1, O2 None None

Compound Discrimination (CD) O1, O2 D1, D2 T1

Compound Discrimination Reversal (CDR) O1, O2 D1, D2 T1

Intradimensional Shift (IDS) O3, O4 D3, D4 T2

Intradimensional Reversal (IDR) O3, O4 D3, D4 T2

Extradimensional Shift (EDS) O5, O6 D5, D6 T3

Extradimensional Reversal (EDR) O5, O6 D5, D6 T3
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