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Abstract
Heightened impulsivity is a feature of some psychiatric disorders, including addiction, that also
have sex-specific patterns of expression. The relationship between addiction and impulsivity may
be driven by drug-induced changes in behavior caused by long term adaptations in signaling
within the medial prefrontal cortex (mPFC). Here, we used a response inhibition task that is
sensitive to changes in mPFC function to examine the effects of sex and exposure to amphetamine
(AMPH) on impulsive action and vigilance. We also examined drug-induced alterations in
glutamatergic and dopaminergic signaling through challenge injections with the NMDA receptor
antagonist MK-801 (dizocilpine) and AMPH. Male and female Sprague Dawley rats were injected
(i.p.) with saline or 3 mg/kg AMPH every other day during adolescence (postnatal day (P) 27–45)
or adulthood (P85–103). Starting on P125–135, rats were tested for their ability to lever press for a
food reward during periods of signaled availability and withhold responding during a “premature
response” phase. In experiment 1, rats received challenge injections (i.p.) of MK-801 and AMPH
followed by tests of task performance and locomotor activity. In experiment 2, rats received intra-
mPFC infusion of MK-801. We found that females had better inhibitory control and poorer
vigilance than males and that AMPH exposure had both sex- and age-of-exposure dependent
effects on impulsivity. Systemic drug challenges disrupted task performance, particularly in
females, and increased impulsivity while intra-mPFC infusions had modest effects. AMPH
exposure did not affect responses to drug challenges. Together, these results suggest that sex
mediates both trait and drug-induced impulsivity.
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1. Introduction
Impulsive behavior is frequently associated with psychopathology, including disorders such
as attention deficit-hyperactivity disorder (ADHD), obsessive-compulsive disorder,
schizophrenia and substance abuse [1–5]. Drug abuse is associated with elevated levels of
impulsivity [6–8]; for example, both recreational and dependent stimulant users are impaired
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in measures of response inhibition [9–11]. Interestingly, sex differences in the incidence and
presentation of these disorders sometimes co-vary with impulsivity [12,13]. Fewer females
are diagnosed with ADHD and those diagnosed are less impulsive than their male
counterparts [12,14,15]. Females with schizophrenia are diagnosed later in life compared to
males [16], but they exhibit more “positive” symptoms including increased impulsivity
[17,18]. Healthy females tend to be less impulsive, though few human studies that
specifically address this are available at this time [19]. Sex differences in impulsivity, if
present, could explain sex differences in the development of some psychopathologies.

Animal studies provide evidence for sex differences in impulsivity, but the direction of these
differences has depended on the type of impulse control under investigation. Compared to
males, female rats are more impulsive on tests of impulsive choice [20], but they appear less
impulsive on tests of impulsive action [21,22]. One caveat of the studies reporting decreased
impulsive action in females is that they have often relied on tasks that are primarily designed
to test attention, including the five choice serial reaction time (5-CSRT) task [22] and the
spatial divided attention task [21]. Not only do males exhibit better attention during task
performance [21], but they also exhibit heightened vigilance (i.e., sustained attention) during
long delays [22]. Because attention and vigilance are difficult to isolate from impulsive
action, tasks requiring significant attentional demands may complicate the identification of
sex differences in impulsivity.

The present study was designed to investigate the potential interaction of sex and drug
exposure history on impulsive action using a task with relatively low attentional demands
[23]. We have previously demonstrated that there are greater deficits in working memory
[24] and behavioral flexibility [25] when rats are exposed to amphetamine (AMPH) during
adolescence compared to adulthood. In addition, we have found increased impulsive-like
behavior following adolescent AMPH exposure [26]. These studies were all done in males,
however. Female rats are known to be more sensitive to the acute effects of AMPH [27,28]
and AMPH-induced locomotor sensitization [29,30], which may also lead them to be more
sensitive to the effects of AMPH on impulsivity. Moreover, the influence of sex on
sensitization may interact with age, as adolescent females exhibit enhanced AMPH
sensitization relative to adult females and adolescent males [31].

A secondary goal of the present study was to determine the extent to which differences in
glutamate receptor function might contribute to group differences in impulsive action.
Withdrawal from AMPH exposure is associated with reduced expression of NMDA and
AMPA receptors in the mPFC [32,33] and performance on the response inhibition task
utilized in the current experiment has previously been associated with glutamate receptor
plasticity in the prelimbic region of the mPFC [23]. We therefore hypothesized that AMPH-
exposure would influence the response to an NMDA antagonist, MK-801, known to increase
impulsive action [34].

2. Methods
2.1. Subjects

A total of 150 male and female Sprague-Dawley rats, which were born in our animal facility
from breeders originally obtained from Harlan (Indianapolis, IN, USA), were used in these
experiments (n = 72 and 78 for experiments 1 and 2, respectively). In experiment 1, group
sizes were 11–13 rats/treatment condition/sex. In experiment 2, group sizes were initially
12–14 rats/treatment/sex, but final group sizes were 10–13/treatment/sex. Nine rats either
did not complete testing or were excluded from the final analysis due to technical difficulties
including health complications, headpiece malfunction, or inaccurate cannulae placement.
Experimental procedures were approved by the Institutional Animal Care and Use
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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).

Rats were weaned on postnatal day (P) 22 and housed with same-sex littermates in groups of
2–3 per cage for the duration of the experiment (experiment 1) or until they underwent
cannulation surgery (experiment 2). Rats were kept on a 12-h light/dark cycle (lights on at
0800 h) in a temperature-controlled room and water was available ad libitum throughout the
study. Food was available ad libitum until either P120 (experiment 1) or 5 days after surgery
(P125–130; experiment 2). At this time, rats were restricted to 6 g/day (females) or 8 g/day
(males). Food allotments were adjusted individually in 1–2 g increments so that rats were
maintained at 85–90% of free-feeding weight for the duration of instrumental behavior
training and testing. Behavioral training and testing was performed Sunday through Friday
between 1000 and 1600 h. Locomotor testing occurred between 1600 and 2000 h.

2.2. Drugs
d-AMPH sulfate (Sigma, St. Louis, MO, USA) and MK-801 maleate (dizocilpine; Abcam
Inc., Cambridge, MA, USA) were dissolved in saline, with doses calculated as the weight of
the salt. Intraperitoneal (i.p.) injections were given at a volume of 1ml/kg. In Exp. 2, frozen
aliquots of vehicle and MK-801 were allowed to defrost and come to room temperature
before they were infused.

2.3. Apparatus
Response inhibition training was conducted in standard operant chambers (Coulbourn
Instruments; Allentown, PA, US), located within sound attenuating cubicles. Chambers were
equipped with a food trough in the center of the front wall. The food trough contained a
white cue light and an infrared photocell that detected head entries. Retractable levers were
located to the left and right of the food trough; a white cue light was located directly above
each lever. Rats were randomly assigned to use either the left or the right lever at the
beginning of behavioral training; the inactive lever remained retracted throughout the
experiment. A white houselight was located near the chamber ceiling on the back wall.
Sessions were recorded and analyzed using Graphic State software (v3.1; Coulbourn
Instruments).

Locomotor activity was measured in an open-field arena that consisted of an acrylic box
(40.6 × 40.6 × 40.6 cm) surrounded by a photobeam frame (Coulbourn Instruments). The
arena was housed in a sound attenuating chamber (76 × 80 × 63 cm) that had two ceiling
mounted white lights (4W each) and a 76-mm speaker located on one inside wall. The
speaker was connected to a white noise generator (Coulbourn Instruments) that was active
during testing (70 dB). Computer software (TruScan v 2.01, Coulbourn Instruments) was
used to record photobeam breaks (100 ms sampling rate) and convert this to measures of
ambulatory distance (m) or stereotypy (see below).

2.4. Saline or AMPH pre-exposure
Rats in both experiments received 10 i.p. injections (1ml/kg), every other day, during both
adolescence (P27–45) and adulthood (P85–103). Rats in the adolescent-exposed group
received 3.0 mg/kg d-AMPH sulfate during adolescence and 0.9% saline during adulthood.
Rats in the adult-exposed group received 0.9% saline during adolescence and 3.0 mg/kg d-
AMPH sulfate during adulthood. Control animals received 0.9% saline during both
adolescence and adulthood. Rats were injected in a separate room and placed into individual
cages lined with hardwood bedding. After 60 min, they were returned to their home cages
and moved back to the colony room.
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2.5. Experiment 1
2.5.1. Instrumental Training—On the fifth day of food restriction (P125), rats were
given 10 of the reinforcements used in this study (45 mg pellets; Bioserv, #F0021;
Frenchtown, NJ) in their homecage. On the next day, rats underwent magazine training
wherein a total of 20 food pellets were delivered on a variable time 90-s (60–120 s)
schedule. During pellet delivery, the house light was extinguished and a cue light within the
food trough was illuminated for 1 s. The following day, rats began daily lever press training
sessions. During these sessions, the house light was extinguished, a single lever was
extended, and the cue light above the lever was illuminated. A lever press resulted in lever
retraction, extinguishing of the lever cue light, delivery of a food pellet, and a 1-s
illumination of the food trough cue light. Sessions lasted for 60 min or until 150 pellets were
earned. If a rat obtained fewer than 10 pellets during a lever press training session, that
session was followed by a session of hand shaping. Lever press training continued until rats
met a criterion of ≥ 80 reinforcements/session for two consecutive sessions.

2.5.2. Response inhibition training—After they met the initial training criterion, rats
received 2–3 daily sessions of a “no delay” version of the response inhibition task (adapted
from Hayton, Lovett-Barron, Dumont, & Olmstead, 2010). These sessions began with a 10-s
intertrial interval (ITI) where all lights were extinguished and both levers were retracted.
Each subsequent trial had a 5-s “reinforced phase” where the lever was extended, the cue
light above the lever was illuminated, and a response led to the delivery of a food pellet. As
before, pellet delivery was associated with lever retraction, extinguishing of the cue light
above the lever, and illumination of the food trough cue light for 1 s. If the rat did not
respond during the reinforced phase the trial was scored as an omission and the next ITI
began. Each session consisted of 150 trials.

Rats were next trained on the delay version of the response inhibition task, which required
them to withhold responding until the passage of a “premature phase” that was either 0.5, 1,
or 2 s in duration. This phase occurred at the start of each trial and was signaled by
illumination of the house light and extension of the lever. Responses during this phase,
which were scored as premature, ended the trial and began the 10-s ITI. If rats withheld
responding during this phase, they progressed to the reinforced phase, as described above.
Each session consisted of 150 trials, with 50 trials each of the three premature phase delays
presented in random order. Training continued until rats met a stability criterion of two
consecutive sessions with < 10% variation in inhibitory control, which was calculated by the
following equation [(reinforced responses)/(reinforced responses + premature responses)].

2.5.3. Effects of systemic drug challenges—After reaching the stability criterion, rats
(n = 38 male, 34 female) were given a series of drug challenges to determine the effect on
response inhibition task performance. First, they were habituated to the testing procedure
with a single session in the task 30-min after they were injected with saline (1 ml/kg, i.p.).
Next, they were tested with MK-801 (0.03, 0.06, or 0.08 mg/kg) and AMPH (0.3, 0.6, 0.9
mg/kg) in four-day blocks. On day 1 of each block, all rats were given saline. On days 2–4,
rats were given drug doses in random order (using a modified Latin Square Design).
MK-801 was tested during the first four-day block and was given 30-min prior to the start of
the task; AMPH was tested second and was given 15 min prior to task start.

Following the test with their last dose of AMPH, rats were given ad libitum access to food in
their home cages and remained in their home colony for 8–10 days. They were then tested
for their locomotor response to a challenge does of AMPH (1.0 or 3.0 mg/kg, i.p.) during
two sessions that were separated by 8–10 days. During these tests, rats were placed in an
open-field arena for 30 min, injected (i.p.) with saline and returned to the open-field for 30
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min, and were then given AMPH. Rats were allowed to behave undisturbed in the open-field
for 60 min following the AMPH injection.

2.6. Experiment 2
2.6.1. Surgery—Between P120 and P125, rats in experiment 2 underwent surgery to
implant a bilateral guide cannula (Part # C235G-1.5/SPC; Plastics One, Roanoke, VA)
targeted at the prelimbic region of the mPFC. Briefly, rats were anesthetized with ketamine
and xylazine (90 and 10 mg/kg, respectively; i.m.) and placed in a stereotaxic frame. Holes
were drilled in the skull overlying the mPFC (+3.0 mm from bregma and ±0.75 mm from
the midline; Paxinos and Watson, 2006) and the guide was lowered 3.2 mm below the skull
surface. Four additional holes were drilled in the skull for insertion of stainless-steel support
screws and dental acrylic was added to cement the cannula in place. A dummy cannula cut
to the same length as the guide was then inserted to prevent obstruction. Rats were allowed
to recover for at least five days before food restriction was initiated.

2.6.2. Effects of MK-801 infusion in the mPFC—On the fifth day of food restriction
(P130–P135), rats underwent instrumental and response inhibition training, as described for
Experiment 1. After they met the response inhibition stability criterion, rats were habituated
to the infusion test procedure via a “mock” infusion: they were briefly restrained, the dust
cap overlying the guide cannulae was removed, the infusion pump was operated for 1-min,
and the dust cap was replaced after 2 additional min elapsed. Rats remained in their home
cages for 5-min before starting the response inhibition session. Prior to the start of the next
three daily response inhibition sessions, rats were given bilateral infusions of saline or
MK-801 (2.0 or 4.0 μg/side), with MK-801 doses presented in random order before the last
two test sessions. During infusion, the dust cap and obdurators were removed, two 4.2 mm
injectors (Part # C235I/SPC; Plastics One, Roanoke, VA) were inserted into the guide
cannulae, and 0.5 μl was infused over a 1-min period. Injectors remained in place for 2-min
to allow for diffusion. The injectors were then removed, the obdurators and dustcap were
replaced, and the rat was returned to its home cage for 5-min.

2.6.3. Histology—At the completion of behavioral testing, rats were deeply anesthetized
with chloral hydrate (800 mg/kg, i.p.) and neutral red (0.5 μl/side) was infused into the guide
cannulae to aid in identification of the injection site. Rats were then perfused transcardially
with saline (60 mL) followed by buffered formalin (60 mL). Their brains were then removed
and stored in formalin for at least seven days before they were sectioned (60 μm slices) on a
freezing stage microtome. The series of sections encompassing the guide cannulae and
injector tip was stained with cresyl violet and examined under a light microscope to verify
infusion locations. Rats were excluded from data analysis if either side of the bilateral
cannulae did not terminate in the prelimbic region of the mPFC (Fig. 6A).

2.7. Data analysis
In both experiments, the number of responses, the latency to make these responses, and the
number of omissions were recorded for each response inhibition session; responses were
either premature or reinforced in sessions with a delay. Inhibitory control was calculated for
each session with a delay by dividing the number of reinforced responses by the total
number of responses for each of the three premature delay lengths. This inhibitory control
measure was then analyzed using a four-way ANOVA; sex and treatment were the between-
subjects factors while premature delay length and session (or dose) were the within-subjects
factors. In addition, inhibitory control during the criterion session was analyzed with a three-
way ANOVA, with sex and treatment as between-subjects factors and delay length as the
within-subjects factor.
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Latency was calculated for each session by taking the average latency to make a premature
or reinforced response. For “no-delay” sessions, all responses were reinforced. Because
many rats made no premature responses during the 0.5 and 1-s premature delay lengths, only
trials with a 2-s premature delay length were used to calculate latency in delay sessions.
Latency and the number of omissions were then analyzed using a three-way ANOVA with
sex and treatment as between-subjects factors and session (or dose) as a within-subjects
factor. In addition, latency during the criterion session, as well as the number of sessions
required to reach criterion, were analyzed using a two-way ANOVA with sex and treatment
as between-subjects factors.

For each of the open-field tests, activity was quantified during the 60 min following AMPH
injection via software that provided a measure of ambulation and the total number of
stereotyped movements. Ambulation was calculated by tabulating consecutive photobeam
breaks in the horizontal plane and converting this to distance (in meters). Stereotypy, which
is a measure of repetitive behavior such as head and body swaying, head bobbing, and
sniffing, was calculated by tabulating repetitive beam breaks in a focused area that do not
contribute to large changes in location in the open-field. Ambulation and stereotypy were
then analyzed using separate three-way ANOVAs with sex and treatment as between-
subjects factors and AMPH dose as the within-subjects factor.

Because females differ in their response to AMPH during both adolescence [31], and
adulthood [29,30], the effects of AMPH exposure were also examined separately in males
and females. Planned three-way ANOVA were run within each sex for all previously
mentioned four-way ANOVAs, with treatment as the between-subjects factor and premature
delay length and session (or dose) as the within-subjects factors. All tests were performed in
SAS (version 9.3). Alpha level was set to p < 0.05 and Tukey HSD post-hoc tests were used
to investigate significant main effects and interactions. Because the residuals of the number
of omissions in the response inhibition task were not normally distributed, a power
transformation was performed on these data before they were analyzed statistically.

3. Results
3.1. Experiment 1

3.1.2. Response Inhibition training—Inhibitory control improved across the first three
delay training sessions. Four-way ANOVA revealed significant main effects of session
(F2,132 = 48.2, p < 0.001), delay (F2,132 = 964.8, p < 0.001) and sex (F1,66 = 7.50, p =
0.008), but no main effect of treatment. As shown in Fig. 1A with the data collapsed across
treatment group, females exhibited greater inhibitory control across sessions compared to
males. There also were sex x delay (F2,132 = 48.2, p < 0.001) and session x delay (F2,132 =
48.2, p < 0.001) interactions. Sex differences in inhibitory control were only evident at the
0.5 and 1-s delays, as shown in Fig. 1B, with data collapsed across treatment group. There
were no significant effects of sex or treatment on the number of sessions required to meet
the stability criterion (i.e., two consecutive sessions with < 10% variation in inhibitory
control). When the data were collapsed across group, the mean sessions to criterion was 5.62
± 0.43 and 6.33 ± 0.41 sessions for females and males, respectively. However, during the
criterion session, females were still significantly less impulsive than males (83.2 ± 2.5% and
75.1 ± 2.4%, respectively, collapsed across treatment). Three-way ANOVA revealed
significant main effects of sex (F1,66 = 5.31, p = 0.024) and delay (F2,132 = 159.2, p <
0.001), but no main effect of treatment and no interactions.

Measures of latency to make a lever press response during the premature or reinforced
phases of each trial also revealed evidence for sex differences. Females were slower to
respond during no-delay training, relative to males. Three-way ANOVA of response latency
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revealed main effects of sex (F1,66 = 9.32, p = 0.003) and session (F1,66 = 161, p < 0.001).
Response times during no-delay training for females and males were 1.72 ± 0.06 sec and
1.46 ± 0.06 sec, respectively, collapsed across treatment and session. During the first three
delay training sessions, latency to make a premature response increased and three-way
ANOVA revealed significant main effects of session (F2,132 = 74.1, p < 0.001) and sex
(F1,66 = 8.64, p = 0.005). There was no main effect of treatment and no interactions. With
data collapsed across treatment groups (Fig. 1C), it is evident that males made premature
responses more quickly than females. The statistical significance of this difference was
verified by significant main effects of sex (F1,66 = 8.64, p = 0.005) and session (F2,132 =
74.1, p < 0.001). During the criterion session, two-way ANOVA of premature response
latency revealed that the main effect of sex persisted (F1,66 = 4.17, p = 0.045), with females
and males making premature responses after 1.43 ± 0.05 sec and 1.29 ± 0.05 sec,
respectively (collapsed across treatment). In contrast to this sex difference in premature
response latency, the latency to make a reinforced response (Fig. 1C) was not different
across treatment, sex or training sessions. There were also no effects of treatment or sex on
reinforced response latency during the criterion session, where females responded in 1.03 ±
0.06 sec and males responded in 1.04 ± 0.06 sec (collapsed across treatment).

Planned three-way ANOVA of inhibitory control within each sex revealed main effects of
session (F2,62 = 100.0, p < 0.001) and delay (F2,62 = 93.0, p < 0.001), as well as treatment x
session (F4,62 = 3.62, p = 0.010) and session x delay (F4,124 = 3.40, p = 0.011) interactions
in females. The treatment x session interaction was due primarily to the relatively low
inhibitory control exhibited by adult-exposed females during the first session (Fig. 2A). In
males the planned three-way ANOVA revealed main effects of session (F2,70 = 136.9, p <
0.001) and delay (F2,70 = 81.5, p < 0.001), but no effect of treatment and no interactions
(Fig. 2B).

3.1.3 Effects of systemic drug challenges—Challenge injections of MK-801 reduced
inhibitory control, but only in females. Four-way ANOVA revealed a main effect of sex
(F1,66 = 4.67, p = 0.034), but the main effect of dose failed to reach significance (p = 0.082)
and there was no effect of treatment and no interactions. While females had better inhibitory
control, they also appeared to be more sensitive than males to the effect of MK-801 (Fig.
3A). Planned three-way ANVOA revealed main effects of dose (F3,93 = 11.8, p < 0.001) and
delay (F2,62 = 43.8, p < 0.001) in females, while dose failed to reach significance in males (p
= 0.055). MK-801 also reduced latency to make a premature response: three-way ANOVA
revealed a main effect of dose (F3,198 = 4.62, p = 0.004), but the sex x dose interaction failed
to reach significance (p = 0.087). MK-801 increased latency to make a reinforced response
in females only, as shown in Fig. 3B, with data collapsed across treatment group. Three-way
ANOVA revealed main effects of dose (F3,198 = 7.38, p < 0.001) and sex (F1,66 = 8.18, p =
0.006), as well as a sex x dose interaction (F3,198 = 12.4, p < 0.001), but no effect of
treatment and no interactions. Finally, MK-801 increased omissions; three-way ANOVA of
the transformed omission data revealed main effects of dose (F3,198 = 4.27, p = 0.006) and
sex (F1,66 = 11.7, p = 0.001), as well as a sex x dose interaction (F3,198 = 8.03, p < 0.001),
but no effect of treatment and no interactions. Females made more omissions than males at
the highest dose of MK-801, as shown in Fig. 3C, with data collapsed across treatment.

Challenge injections of AMPH reduced inhibitory control more robustly than challenge
injections of MK-801. Four-way ANOVA revealed main effects of dose (F3,197 = 5.78, p <
0.001), sex (F1,66 = 11.8, p = 0.001), and delay (F2,132 = 882.8, p < 0.001), but no effect of
treatment. Females displayed better inhibitory control across doses of AMPH, as shown in
Fig. 4A with data collapsed across treatment. The four-way ANOVA also revealed sex x
delay (F2,132 = 6.54, p = 0.002) and dose x delay (F6,394 = 9.57, p < 0.001) interactions.
Examination of the dose x delay interaction revealed that AMPH challenge reduced
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inhibitory control only during 2-s delay trials, as shown in Fig. 4B with data collapsed
across sex and treatment group. However, premature response latency during these trials
was unaffected by AMPH dose. Three-way ANOVA revealed only a main effect of sex
(F1,66 = 7.79, p = 0.007); females made premature responses more slowly, as shown in Fig.
4C, collapsed across treatment. Reinforced response latency, however, was increased
following AMPH challenge. Three-way ANOVA revealed a main effect of dose (F3,198 =
3.73, p = 0.012) and a sex x dose interaction (F3,198 = 7.01, p < 0.001), but no effect of
treatment. As shown in Fig. 4C, with data collapsed across treatment, females took longer to
make a reinforced response at the highest dose of AMPH. AMPH also increased the number
of omissions. Three-way ANOVA of the transformed omission data revealed a main effect
of dose (F3,198 = 11.4, p < 0.001) and a sex x dose interaction (F3,198 = 4.13, p = 0.007).
Females made more omissions than males at the highest dose of AMPH, as shown in Fig.
4D, with data collapsed across treatment.

The locomotor response to subsequent challenge with 1.0 or 3.0 mg/kg AMPH revealed
evidence for lasting sensitization in rats pre-exposed to the drug (Fig. 4). Three-way
ANOVA of ambulation in the open-field revealed main effects of dose (F1,65 = 104, p <
0.001) and treatment (F2,65 = 8.66, p < 0.001), as well as a treatment x dose interaction
(F2,65 = 8.79, p < 0.001). Post hoc analysis revealed that, relative to controls, rats exposed to
AMPH during adolescence or adulthood had significantly lower levels of ambulation
following injection of 3.0 mg/kg AMPH (Fig. 5A). This reduction in ambulation was due to
an increase in a competing behavior, stereotypy. Three-way ANOVA of stereotypy revealed
main effects of dose (F1,65 = 61.7, p < 0.001) and treatment (F2,65 = 10.7, p < 0.001), as well
as a treatment x dose interaction (F2,65 = 6.31, p = 0.003). Post hoc analysis revealed that,
relative to controls, adolescent- and adult-exposed rats had significantly higher levels of
stereotypy following 3.0 mg/kg AMPH (Fig. 5B).

3.2. Experiment 2
3.2.1. Response Inhibition training—In experiment 2, inhibitory control improved
across the first delay three training sessions. Four-way ANOVA revealed main effects of
session (F2,144 = 40.7, p < 0.001), sex (F1,72 = 7.35, p = 0.008), and delay (F2,144 = 1000.7,
p < 0.001). Females displayed better inhibitory control across sessions, as shown in Fig. 6A
with data collapsed across treatment. Four-way ANOVA also revealed session x delay
(F4,288 = 5.35, p < 0.001), sex x delay (F2,144 = 9.62, p < 0.001), sex x treatment (F2,72 =
3.30, p = 0.043), and sex x treatment x delay (F4,144 = 2.44, p = 0.049) interactions. Sex
differences in inhibitory control were only evident at the 0.5 and 1-s delays, as shown in Fig.
6B, with data collapsed across treatment group. The sex x treatment and sex x treatment x
delay interactions were explored through planned three-way ANOVA within each sex (see
below). The number of sessions required to reach criterion (i.e., two consecutive sessions
with < 10% variation in inhibitory control) depended on sex and treatment. Adolescent-
exposed males required the greatest number of sessions to reach criterion – a mean of 8.75
sessions compared to means between 5.46 and 6.86 sessions for all other groups. Two-way
ANOVA revealed a main effect of sex (F1,72 = 7.69, p = 0.007) and a sex x treatment
interaction (F2,72 = 4.75, p = 0.012). Upon reaching criterion, the effects of sex and
treatment on inhibitory control were no longer present, with females and males displaying
similar levels of inhibitory control (77.9 ± 2.9% and 74.1 ± 2.9%, respectively, collapsed
across treatment).

Similar to what we observed in Exp. 1, measures of latency to make a lever press response
during the premature or reinforced phases of each trial also revealed evidence for sex
differences. Females were slower to respond during no-delay training, relative to males.
Three-way ANOVA of response latency revealed main effects of sex (F1,72 = 27.0, p <
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0.001) and session (F1,72 = 276, p < 0.001); the effect of treatment failed to reach
significance (p = 0.051). Response times during no-delay training for females and males
were 1.68 ± 0.06 s and 1.27 ± 0.06 s, respectively, collapsed across treatment and session.
During the first three delay training sessions, latency to make a premature response
increased and three-way ANOVA revealed main effects of session (F2,144 = 64.5, p < 0.001)
and sex (F1,72 = 11.3, p = 0.001), but no effect of treatment and no interactions. With data
collapsed across treatment groups (Fig. 6C), it is evident that males made premature
responses more quickly than females. During the criterion session, two-way ANOVA of
premature response latency revealed that the main effect of sex persisted (F1,72 = 5.20, p =
0.026), with females and males making premature responses after 1.35 ± 0.05 s and 1.19 ±
0.05 s, respectively (collapsed across treatment). Latency to make a reinforced response
decreased across the first three sessions. Three-way ANVOA revealed a main effect of
session (F2,139 = 3.46, p = 0.034) as well as a sex x session interaction (F2,139 = 6.22, p =
0.003), but no effect of treatment and no interactions. With data collapsed across treatment
groups (Fig. 6C), it is clear that females made reinforced responses more quickly during the
first session. There were no effects of sex or treatment on latency to make a reinforced
response during the criterion session, where females responded in 1.00 ± 0.06 s and males
responded in 1.05 ± 0.07 s (collapsed across treatment)

Inhibitory control during the first three sessions was influenced by interactions between sex,
treatment, and delay, as discussed previously. Post hoc analysis of this interaction revealed
that the effect of treatment was delay-dependent in both females (Fig. 7A) and males (Fig
7B). During the 0.5 and 1-s delays, adult-exposed females had poor inhibitory control
relative to both adolescent-exposed and control rats, but they no longer differed from
controls at the 2-s delay. Adolescent-exposed males, however, were only impaired relative
to controls during the 2-s delay. Planned three-way ANOVA within each sex were used to
explore these interactions further. In females there were main effects of treatment (F2,37 =
8.00, p = 0.001), session (F2,74 = 73.1, p < 0.001), and delay (F2,74 = 126.7, p < 0.001). Post
hoc tests revealed that adult-exposed females had less inhibitory control than the adolescent-
exposed and control females (Fig. 7C). In males there were main effects of session (F2,70 =
116.1, p < 0.001) and delay (F2,70 = 66.9, p < 0.001), as well as a treatment x session
interaction (F4,70 = 2.96, p = 0.026). Post hoc tests revealed that adolescent-exposed males
had poorer inhibitory control than control males during the 3rd session (Fig. 7D).

3.2.2. Effects of intra-mPFC infusion of MK-801on response inhibition—
Infusion of MK-801 into the prelimbic mPFC (Fig. 8A) had no statistically significant
effects on inhibitory control (Fig. 8B), but latency to make a premature response was
increased (Fig. 8C). Three-way ANOVA of premature response latency revealed a main
effect of dose (F2,126 = 3.55, p = 0.032), but no main effects of treatment or sex and no
interactions. Latency to make a reinforced response tended to decrease across infusion dose,
but three-way ANOVA revealed the main effect of dose was just below the statistical
significance level (F2,122 = 3.55, p = 0.052) and there were no other significant main effects
or interactions. As shown in Fig. 6D, MK-801 significantly reduced omissions. Three-way
ANOVA revealed a main effect of dose (F2,126 = 19.5, p < 0.001), but no other main effects
or interactions.

4. Discussion
In the current study, we used a response inhibition task with relatively low demands on
attentional resources to investigate the potentially interacting influences of sex and AMPH
exposure on impulsive action. We found that females had better inhibitory control compared
to males. Moreover, females were the only sex to show a consistent effect of AMPH pre-
exposure on impulsivity, with rats exposed during young adulthood exhibiting reduced
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inhibitory control compared to rats exposed during adolescence and saline-treated controls.
The effect of AMPH pre-exposure in males was limited to the second experiment, where rats
exposed during adolescence, but not adulthood, displayed reduced inhibitory control relative
to saline-treated controls. We also investigated whether the response to drug challenge
would be affected by sex or previous AMPH exposure. In the first experiment we found that
challenge injections of MK-801 or AMPH had a greater effect on task performance in
females, compared to males, but the response to these challenges was unaffected by previous
AMPH exposure. In addition, all AMPH-exposed rats exhibited sensitization to the
locomotor-stimulating effects of acute AMPH. In the second experiment we found that intra-
mPFC injections of MK-801 did not increase impulsivity and had no interacting effect with
sex or AMPH exposure, but they did alter response latency and omission rate. Overall, our
results suggest that sex mediates both basal (i.e., trait) and drug-induced impulsivity, as well
as the response to systemic drug challenge.

4.1. Response inhibition training
The finding that females are less impulsive than males is consistent with two other studies of
sex differences in impulsive action that used tasks requiring rats to attend to numerous
stimuli simultaneously [21,22]. We have previously demonstrated that females exhibit faster
acquisition of conditioning than males [35], and so it is possible that females may have
learned to inhibit responses more rapidly than males. However, this is unlikely to explain the
present results because females were less impulsive than males throughout all training and
testing sessions in the first experiment. This is consistent with another recent study on sex
differences in impulse control, which demonstrated that females had better inhibitory control
after up to 70 sessions of training [22]. It is noteworthy, however, that that sex differences
were no longer evident by the criterion session in experiment 2. Males required more
sessions to reach criterion and the additional training sessions they received may have
diminished the effect of sex.

Females not only make fewer premature responses, but those that they do make are delayed
relative to males. One explanation for this finding is that females may have exerted more
control over pre-potent responses, even when they ultimately failed to stop them. However,
it is also possible that the sex difference in premature response latency was influenced by
sex differences in attention. Indeed, studies demonstrating low levels of impulsive action in
females have also found that females have poorer visual attention and are less able to sustain
attention (i.e., vigilance) during intertrial intervals [21,22]. Though the simple response
inhibition task used in this study had low attentional demands, we were able to assess visual
attention through the latency to make a reinforced response after the signaled end of the
premature phase; females responded at least as rapidly as males, perhaps even more rapidly,
following the illumination of the cue light. Not only do females seem to have similar
attention during performance of the task, but it is also unlikely that physical differences
(e.g., size, speed) contributed to sex differences in premature response rate and latency.

Though sex differences in attention did not seem to inordinately contribute to our results,
this does not rule out the possibility for an influencing role of vigilance [36]. When we
analyzed latency during no-delay sessions, we found that females respond more slowly
following the 10-s intertrial interval, even in sessions where there was no consequence for
failing to inhibit responding. Combined with the slower premature response rate, this
suggests that females may have poorer vigilance during the intertrial interval. Therefore, the
sex difference in inhibitory control we observed may represent impaired vigilance, enhanced
inhibitory control or some combination of the two. Previous work has demonstrated that
these processes are connected and may influence each other [22,36]. As rats learn to inhibit
premature responding in our study, they also learn that continued vigilance for the extension
of the levers is no longer advantageous since the cue light becomes the relevant stimulus,
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instead of lever extension. Latency to respond following lever extension (i.e., during the
premature phase) increases for all rats across sessions as a result of this increase in
inhibitory control and decrease in vigilance. Though vigilance cannot be separated from
inhibitory control in the current study, others have suggested that both factors contribute to
sex differences in performance on the 5-CSRT task [22] and we suspect that this is the case
in our study as well.

Though the current study adds to growing evidence for sex differences in impulsivity and
vigilance, there are conflicting reports that should be considered. In one study, female rats
responded more than males during signaled non-availability periods on a Go/No-Go task,
which the study authors interpreted as impaired inhibitory control [37]. In contrast to other
studies of impulsive action, pre-potent responses in this Go/No-Go task are without
consequence, and therefore may measure differences in anticipatory or extinction
responding rather than impulsive action. In another study, rats trained in a two-choice serial
reaction time (2-CSRT) task exhibited inconsistent sex differences in impulsive action [38].
It is noteworthy, however, that females are less impulsive than males when tested with the
more complex, five-choice version of this task, the 5-CSRT task [22]. The reason for the
discrepancy between these similar tasks is unclear and warrants further investigation.
Finally, it is possible that sex differences in impulsivity are subtype-dependent as female
rats exhibit greater levels of impulsive choice [20]. In contrast, human females seem to have
lower levels of impulsive choice [19,39]. More human and animal studies are needed to
clarify how sex affects impulsivity as differences in impulsivity may lead to meaningful
changes in disease vulnerability or even in the effects of drugs of abuse.

We found that the effects of AMPH exposure on impulsive action were dependent on sex
and age of exposure. Specifically, females exposed to AMPH in adulthood exhibited
increased impulsivity compared to saline-treated controls. Though we found that adult-
exposed females were more impulsive in both experiments, the effect of AMPH exposure on
impulse control was more pronounced in the second experiment. For males, we found no
effect of AMPH exposure in the first experiment, while there was a modest effect of
adolescent-exposure in the second. The reasons for this are not clear, but rats in the second
experiment underwent surgery for bilateral implantation of intracerebral cannulae and this
experience could be considered a stressful event. Stress can cause cross-sensitization to the
effects of psychomotor stimulants [40,41]. Therefore, the stress induced by surgery may
have interacted with the effects of prior AMPH exposure to cause even greater drug-induced
deficits in impulse control in the second experiment.

Though AMPH exposure produced increases in impulsivity in both males and females, the
effect was more robust and consistent in females. Our finding that females were more
impacted by the long-term effect of AMPH on impulsive action is consistent with a recent
study in humans, which found that psychostimulant abuse is associated with greater
increases in motor impulsivity in females, relative to males [42]. Increased sensitivity to the
effects of AMPH on the mPFC could explain the observed sex difference in AMPH-induced
impulsivity [29,43]. For example, AMPH sensitization leads to reduced PFC thickness in
females, but not in males [44]. Though we found that females were more sensitive to the
effects of AMPH on impulse control, we failed to reveal an effect of sex on locomotor
sensitization. Although this seems inconsistent with other published results [29,31], these
studies assessed sensitization on the last day of AMPH exposure. Here, we used an extended
withdrawal period (two to four months, depending on age-of-exposure). Given that sex
differences disappear when sensitization is examined following just 16 days of withdrawal
[45], the longer withdrawal period in the current study may explain the similar levels of
sensitization in males and females.
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Though adult AMPH exposure produced more robust effects in females, only males
demonstrated persistent impairments following adolescent AMPH exposure. The finding
that adolescent exposure, but not adult exposure, increased impulsivity in males is consistent
with our previous studies in males, where we have demonstrated that adolescent exposure to
AMPH has a greater effect on working memory and behavioral flexibility compared to adult
exposure [24,25]. Adolescents may be more vulnerable to the effects of drugs because
adolescence is an important period in cortical development [46]. However, we were unable
to detect any persistent effect of adolescent AMPH-exposure on impulsivity in females even
though sensitization to the locomotor-stimulating effects of AMPH was still evident nearly
four months after the last AMPH treatment in adolescence. Sex differences in cortical
development may explain the lack of effect in females. Females undergo overproduction and
pruning of synapses earlier in adolescence than males; therefore males and females may
have been in different stages of cortical development during the final adolescent AMPH
treatments [47].

It is also possible that adolescent-exposed females may have recovered from the effects of
repeated AMPH exposure on impulsivity by the time training in the task commenced. Adult-
exposed rats began training after a withdrawal period of 17–27 days, whereas adolescent-
exposed rats began after an 80–90 day withdrawal period. In our previous study, the effect
of adolescent AMPH-exposure on working memory was diminished when training began
after an 80-day, relative to a 30-day, withdrawal period [24]. In addition, others have shown
that deficits in memory caused by adolescent cocaine exposure are no longer apparent
following a 105 day withdrawal period [48]. Also noteworthy are results showing that
adolescent rats exposed to cocaine do not exhibit long term changes in nucleus accumbens
glutamate following a 14-day withdrawal whereas adult-exposed rats do exhibit these
changes [49–51].

4.2. Effects of systemic drug challenges
Although adult-exposed females exhibited AMPH-induced increases in impulsive action,
AMPH exposure did not influence the effects of MK-801 and AMPH challenge on
impulsive action. Systemic challenge with the NMDA antagonist MK-801, which has
previously been shown to increase impulsive action at similar doses [34], decreased
inhibitory control but there was no difference between AMPH-exposed and control animals.
We did, however, find that MK-801 was significantly more effective at disrupting task
performance (response latency and omissions) in females compared to males. Previously,
females were reported to exhibit more locomotor behavior and neurotoxicity following high
doses (0.3 and 5.0 mg/kg, respectively) of MK-801 [52,53]. One potential interpretation of
the heightened sensitivity of females to the effects of MK-801 that we and others have
observed is that there may be sex differences in glutamatergic transmission. There is
currently little direct evidence for such a hypothesis, but others have suggested that sex
differences in glutamatergic signaling could help explain the fact that female rats tend to
exhibit enhanced performance in cognitive and instrumental conditioning tasks relative to
males [54,55]. Of course, sex differences in sensitivity to MK-801 likely also would involve
other neurochemical systems as this drug leads to increased metabolism and turnover of
dopamine and serotonin in many areas, including the PFC [56]. These systems have all been
shown to be involved in impulse control [57,58]. For example, poor inhibitory control is
associated with higher levels of dopamine D1 receptor mRNA expression in the nucleus
accumbens [59] and male rats have greater levels of nucleus accumbens D1 receptor
expression [60].

The sex differences we observed in response to AMPH challenge followed the same pattern
that we observed with challenge injections of MK-801: females exhibited heightened
sensitivity to the effects of AMPH challenge on reinforced response latency and omissions.
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This provides additional support for the possibility that sensitivity to the disruptive effects of
MK-801 may be mediated by sex differences in dopamine signaling. As with MK-801, we
found a dose-dependent decrease in inhibitory control following AMPH challenge, but we
found no effect of previous AMPH exposure on the response to AMPH challenge. In
contrast, all AMPH-exposed rats exhibited robust sensitization to the locomotor stimulating
effects of AMPH, regardless of sex or age-of-exposure. This suggests that the changes
underlying the development of locomotor sensitization do not extend to areas involved in
impulse control. In line with this, AMPH sensitization produces changes in monoamine
transmission in numerous regions, but not within the mPFC [45,61]. Given that the mPFC
plays an important role in the control of impulsive responses, it would seem that locomotor
sensitization to AMPH does not necessarily predict changes in the effect of AMPH on
mPFC-related tasks.

4.3. Effects of intra-mPFC infusion of MK-801on response inhibition
Previous studies have suggested that acquisition and performance of a response inhibition
task similar to the one used here is associated with changes in the expression of AMPA and
NMDA receptors in the mPFC [23]. This led us to hypothesize that intra-mPFC infusions of
an NMDA antagonist would disrupt task performance. However, we found that intra-mPFC
infusions of MK-801 disrupted response latency and omissions while having no significant
effect on inhibitory control. Thus, we observed an effect of systemic, but not intra-mPFC,
MK-801 on inhibitory control. There are a number of factors that may be responsible for this
discrepancy. First, systemic MK-801 affects glutamate, dopamine and serotonin in multiple
brain regions [56], so it is possible that the effects of systemic MK-801on impulsive action
may not have occurred in the mPFC. Another possibility is that the doses of MK-801 we
infused into the mPFC may not have been high enough to produce an effect. This is
somewhat unlikely, however, since similar doses of MK-801 infused into the mPFC impair
performance on other tasks designed to test behavioral flexibility [62,63] and working
memory [64]. A third possibility is related to the target location for our infusions, the
prelimbic region of the mPFC. This region was targeted because plasticity associated with
learning the response inhibition task seems to occur in the prelimbic, and not the infralimbic,
mPFC [23]. However, intra-mPFC infusion of another NMDA antagonist, R-CPP, increased
impulsivity on the 5-CSRTT when the infusion was aimed at the infralimbic, but not the
prelimbic, mPFC [65]. Furthermore, mPFC lesions increase impulsivity on the 5-CSRTT
when they occur in the infralimbic, but not the prelimbic, mPFC [66]. Because we did not
find an effect of intra-mPFC MK-801 in any of our rats, it is unclear whether AMPH
exposure affected glutamate transmission in this region.

4.4. Conclusion
We found that females had better inhibitory control, but poorer vigilance, relative to males,
which is an effect we replicated across two different experiments. When taken with previous
results [21,22], these findings suggest that the female advantage in inhibitory control may be
independent of sex differences in attention, but is not necessarily independent of sex
differences in vigilance. Though females were less impulsive in general, their behavior was
also more affected by drug exposure and challenge. Females exhibited drug-induced
impulsivity following exposure to a sensitizing regimen of AMPH during adulthood and
were more sensitive to the effects of MK-801 and AMPH challenge. Males, in contrast, only
exhibited a modest degree of drug-induced impulsivity following adolescent exposure to
AMPH. The heightened sensitivity of females to drug effects may represent a sex difference
in sensitivity to these drugs. Though we found that all AMPH-exposed rats exhibited
locomotor sensitization to the effects of the drug, this sensitization was not associated with
any change in the effects of AMPH or MK-801 challenge. Because we were unable to
reduce impulse control with intra-mPFC infusion of MK-801, these results cannot speak to
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the effect of AMPH exposure on mPFC glutamate transmission. In summary, we found that
sex mediates impulsivity and the response to drug challenge, while sex and age-of-exposure
interact to mediate the effects of AMPH exposure on impulse control. Though females may
be less susceptible to developing diseases like ADHD and addiction because of their
enhanced inhibitory control, they may also be more vulnerable to the harmful long-term
effects of drug abuse.
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• We studied impulsive action and vigilance in adult male and female rats

• Rats were pre-exposed to saline or amphetamine in adolescence or young
adulthood

• Females were less impulsive than males and have poorer vigilance

• Impulsivity was increased in adult-exposed females and adolescent-exposed
males

• Females were more affected by AMPH and MK-801 challenge, relative to males
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Figure 1.
The effect of sex on performance during the first three response inhibition training sessions
in experiment 1 (n = 34–38/group). Panel A shows sex differences in inhibitory control
across the three sessions, collapsed across treatment group. Panel B shows sex differences,
collapsed across treatment group, in latency to make a premature (left) or reinforced (right)
lever press across the three sessions. Panel C shows sex differences in inhibitory control,
collapsed across treatment and session, for each of the premature delay durations. ** p <
0.01, *** p < 0.001 vs males
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Figure 2.
The effect of amphetamine exposure on performance during the first three response
inhibition training sessions in experiment 1 (n = 11–13/group). Panels A and B show the
effect of treatment on inhibitory control across the three sessions in females and males,
respectively. # p <0.05 vs adolescent-exposed females
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Figure 3.
Sex differences in the response to systemic MK-801 injection, collapsed across treatment
group (n = 34–38/group). Panel A shows inhibitory control following MK-801. Panel B
shows latency to lever press during the premature (left) and response (right) phases. Panel C
shows the number of trials omitted in each session. * p < 0.05, ** p < 0.01, *** p < 0.001 vs
males
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Figure 4.
Sex differences in the response to systemic AMPH injection and the effect of delay duration
on the response to AMPH. Panel A shows inhibitory control following AMPH, collapsed
across treatment group (n = 34–38/group). Panel B shows latency to lever press during the
premature (left) and response (right) phases, collapsed across treatment group (n = 34–38/
group). Panel C shows the number of trials omitted in each session, collapsed across
treatment group (n = 34–38/group). Panel D shows the effect of AMPH on inhibitory control
at each of the premature delay durations, collapsed across sex and treatment group (n = 72).
** p < 0.01, *** p < 0.001 vs males; + + all dose comparisons significant at p < 0.01 for this
delay
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Figure 5.
Activity during 60-min period following 1.0 and 3.0 mg/kg AMPH injection (n = 11–13/
group). Panel A shows cumulative ambulation (m). Panel B shows the cumulative number of
stereotyped movements. *** p < 0.001 vs. control.
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Figure 6.
The effect of sex on performance during the first three response inhibition training sessions
in experiment 2 (n = 38–40/group). Panel A shows sex differences in inhibitory control
across the three sessions, collapsed across treatment group. Panel B shows sex differences,
collapsed across treatment group, in latency to make a premature (left) or reinforced (right)
lever press. Panel C shows sex differences in inhibitory control, collapsed across treatment
and session, for each of the premature delay durations. ** p < 0.01, *** p < 0.001 vs males
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Figure 7.
The effect of amphetamine exposure on performance during the first three response
inhibition training sessions in experiment 2 (n = 13–14/group). Panels A and B show the
effect of treatment on inhibitory control for each of the premature delay durations, collapsed
across session, for females and males, respectively. Panels C and D show the effect of
treatment on inhibitory control for the first three sessions, collapsed across delay, in females
and males, respectively. @p < 0.05, @@p < 0.01, @@@p < 0.001 vs adult-exposed
females; #p < 0.05 vs adolescent-exposed males
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Figure 8.
Sex differences in response to MK-801 infusion in the mPFC, collapsed across treatment
group (n = 34/group). Panel A shows the schematic representation of sites for local infusion
in the mPFC. Shaded boxes indicate the area within which all included placements
terminated, numbers (in mm) indicate the coronal section position relative to Bregma
(sections adapted from Paxinos and Watson, 2007). Panel B shows inhibitory control
following MK-801 infusion. Panel C shows latency to lever press during the premature (left)
and response (right) phases. Panel D shows the number of trials omitted in each session.
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