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Abstract

Amphetamine (AMPH) exposure leads to changes in behavior and dopamine receptor function in 

the prefrontal cortex (PFC). Since dopamine plays an important role in regulating GABAergic 

transmission in the PFC, we investigated if AMPH exposure induces long-lasting changes in 

dopamine’s ability to modulate inhibitory transmission in the PFC as well as whether the effects of 

AMPH differed depending on the age of exposure. Male Sprague–Dawley rats were given saline 

or 3 mg/kg AMPH (i.p.) repeatedly during adolescence or adulthood and following a withdrawal 

period of up to 5 weeks (Experiment 1) or up to 14 weeks (Experiment 2), they were sacrificed for 

in vitro whole-cell recordings in layer V/VI of the medial PFC. We found that in brain slices from 

either adolescent- or adult-exposed rats, there was an attenuation of dopamine-induced increases 

in inhibitory synaptic currents in pyramidal cells. These effects did not depend on age of exposure, 

were mediated at least partially by a reduced sensitivity of D1 receptors in AMPH-treated rats, and 

were associated with an enhanced behavioral response to the drug in a separate group of rats given 

an AMPH challenge following the longest withdrawal period. Together, these data reveal a 

prolonged effect of AMPH exposure on medial PFC function that persisted for up to 14 weeks in 

adolescent-exposed animals. These long-lasting neurophysiological changes may be a contributing 

mechanism to the behavioral consequences that have been observed in those with a history of 

amphetamine abuse.
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INTRODUCTION

Repeated exposure to amphetamine (AMPH) and other psychostimulant drugs is associated 

with cognitive abnormalities that are contributing factors for the development of drug abuse 

and dependence (McKetin and Mattick, 1997; Ornstein et al., 2000; Gould, 2010). The 

precise mechanisms for drug-induced changes in cognition are unknown, but evidence 

suggests that alterations in dopaminergic system function may play an important role. For 

example, abstinent methamphetamine abusers have deficits in learning, memory and 

impulsivity that are associated with decreases in the density of dopamine transporters and 

dopamine D2 receptors (Volkow et al., 2001a,b; Lee et al., 2009). In animal models, AMPH-

induced deficits in an attentional task that requires normal prefrontal cortex (PFC) function 

are reversed following intra-PFC infusion of a dopamine D1 agonist (Fletcher et al., 2005).

Adolescent users may be especially sensitive to the consequences of repeated drug exposure, 

especially since the mesolimbic dopamine system undergoes extensive changes throughout 

adolescence and young adulthood (Wahlstrom et al., 2010; McCutcheon et al., 2012; Gulley 

and Juraska, 2013). For example, rodent studies of adolescent brain development have 

shown that there are progressive increases in dopamine fiber density (Kalsbeek et al., 1988; 

Benes et al., 2000) and changes in dopamine receptor expression (Tarazi and Baldessarini, 

2000). In the medial prefrontal cortex (mPFC), changes in D1 receptor expression and 

function contribute to age-dependent differences in inhibitory tone in this brain region. For 

example, in early adolescence there is a rapid increase in D1 receptor expression that is 

followed by a marked reduction, or “pruning”, of receptors that continues into young 

adulthood (Andersen et al., 2000; Brenhouse et al., 2008). This developmental change is 

associated with an increase in the excitability of mPFC interneurons following stimulation of 

D1 or D2 receptors (Tseng and O’Donnell, 2007).

We recently found that AMPH-induced deficits in working memory were greater in rats 

exposed to AMPH in adolescence compared to those exposed in adulthood (Sherrill et al., 

2013). Performance in the task we utilized has been shown to be sensitive to mPFC lesion 

(Sloan et al., 2006) and disruption of dopamine function (Didriksen, 1995), which suggests 

that adolescent AMPH exposure may induce greater, or at least specific, changes in PFC 

dopamine functions that are involved in working memory. One such function of dopamine is 

the regulation of inhibitory transmission in the deep layer PFC (Seamans and Yang, 2004). 

Dopamine increases the excitability of GABAergic interneurons (Gonzàlez-Burgos et al., 

2005), as well as the frequency of spontaneous inhibitory postsynaptic currents (sIPSCs) in 

PFC pyramidal neurons (Seamans et al., 2001; Paul and Cox, 2013). This heightened 

inhibitory tone, which is determined by the balance of D1- and D2-like receptor activation 

(Kroener and Lavin, 2010), is thought to be critical for maintaining a high signal-to-noise 

ratio while processing mnemonic information (Cohen et al., 2002; Seamans and Yang, 

2004). Thus, if repeated AMPH exposure alters prefrontal dopamine receptor function, we 
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hypothesize that dopamine-mediated modulation of inhibitory transmission would also be 

altered by repeated AMPH exposure. Moreover, to the extent that the effects of AMPH are 

dependent on age of exposure, this effect might be enhanced in adolescent-compared to 

adult-exposed animals.

As an initial test of these hypotheses, we used the in vitro slice preparation to investigate if 

mPFC pyramidal neurons from rats exposed to AMPH during adolescence or adulthood are 

differentially sensitive to dopamine receptor activation. Non-selective activation was 

assessed following exposure of slices to dopamine, whereas selective activation of D1 

receptors was assessed with the SKF38393. In Experiment 1, recordings were obtained from 

rats in the adolescent- and adult-exposure groups following a 3–5-week withdrawal period. 

In Experiment 2, we determined if the effects of adolescent exposure would persist into 

adulthood by repeating the first set of experiments when rats were all approximately 4.5 

months old. Thus, the withdrawal period from the last AMPH injection varied from 3–5 

weeks and 11–14 weeks for adult- and adolescent-exposed rats, respectively. Because 

sensitization to AMPH is known to rely on dopamine in the PFC (Bjijou et al., 2002) and is 

associated with impaired performance on PFC-sensitive tasks (Fletcher et al., 2005; 

Hankosky et al., 2013; Sherrill et al., 2013) in a D1-reversible manner (Fletcher et al., 2005; 

Selemon et al., 2010), we tested a separate group of rats treated using this same injection 

protocol for evidence of behavioral sensitization following an AMPH challenge.

EXPERIMENTAL PROCEDURES

Subjects

A total of 63 male Sprague–Dawley rats, which were offspring of males and females 

obtained from Harlan (Indianapolis, IN, USA) and subsequently bred in our facility, were 

used in these experiments. Animals were weaned on P22 and housed 2–3 per cage with ad 
libitum access to food and water. They were kept on a 12-h light/dark cycle (lights on at 

0800) with experiments performed between 0830 h and 1830 h. 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).

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 adolescence and/or adulthood as described in Table 1. Those 

assigned to the control group were given 0.9% saline (1 ml/kg), whereas those in the 

treatment groups were given 3 mg/kg AMPH (d-amphetamine hemisulfate salt; Sigma–

Aldrich, St. Louis, MO, USA). For the adult-exposed rats in Experiment 1 and both 

adolescent- and adult-exposed rats in Experiment 2, potential effects of injection experience 

were controlled by administering injections at both adolescent and adult time periods (Table 

1). For all injections, animals were transported to a testing room, given their 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 in the colony room.
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Electrophysiology

Rats used in Experiment 1 (n = 24) were sacrificed between P66 and P77 (mean = P70) for 

those in the adolescent-exposed groups or between P125 and P136 (mean = P130) for those 

in the adult-exposed groups. This kept the withdrawal period between groups at 3–5 weeks. 

Rats used in Experiment 2 (n = 19) were sacrificed between P127 and P143 (mean = P133), 

which corresponded to a withdrawal period in adult-exposed groups of 3–5 weeks and a 

withdrawal period of 11–14 weeks in adolescent-exposed rats. Animals were deeply 

anesthetized with pentobarbital sodium (50 mg/kg, i.p.), perfused with cold, oxygenated 

slicing medium containing (in mM): 2.5 KCl, 10.0 MgCl2, 0.5 CaCl2, 1.25 NaH2PO4, 26.0 

NaHCO3, 11.0 glucose, and 234.0 sucrose, and then decapitated. Their brain was quickly 

removed, sliced into 350- µm-thick coronal sections using a vibrating tissue slicer, and these 

sections were transferred to a holding chamber where they were incubated for at least 1 h 

before recording. Individual slices were subsequently transferred to a submersion-type 

recording chamber on a modified microscope stage (Axioskop 2FS; Zeiss Instruments, 

Thornwood, NY, USA) and continuously superfused with oxygenated physiological saline at 

32 °C. This solution contained (in mM): 126.0 NaCl, 2.5 KCl, 1.25 MgCl2, 2.0 CaCl2, 1.25 

NaH2PO4, 26.0 NaHCO3, and 10.0 glucose. It was gassed with 95% O2/5% CO2 to a final 

pH of 7.4. A 5× objective was used to identify layer V/VI of mPFC and a 63× water-

immersion objective equipped with differential interference contrast optics was used to 

visualize individual neurons.

Using the whole-cell configuration, intracellularly recorded currents were amplified by a 

Multiclamp 700 amplifier (Molecular Devices, Foster City, CA, USA) with voltage-clamp 

protocols generated using pClamp software. Recording pipettes (tip resistance = 3–6 MΩ) 

were filled with a solution containing (in mM): 117.0 Cs-gluconate, 13.0 CsCl, 1.0 MgCl2, 

0.07 CaCl2, 0.1 EGTA, 10.0 HEPES, 2.0 Na2-ATP, 0.4 Na-GTP and 0.3% biocytin. The pH 

and osmolarity were adjusted to 7.3 and 290 ± 1 mosM, respectively. Data were obtained 

from recordings with the access resistance stabilized between 10 and 20 MΩ. Layer V/VI 

pyramidal neurons in either the prelimbic or infralimbic regions of the mPFC were identified 

by their soma shape and apical dendrite oriented toward layer I. A roughly equal number of 

cells from these subregions of the mPFC were recorded across the groups in Experiments 1 

and 2. For recordings of sIPSCs, glutamate receptor antagonists, CPP (10 µM) and DNQX 

(20 µM) were present in the bath and currents were recorded at a 0 mV holding potential. 

Neurons were filled with biocytin and subsequent recovery was used to confirm they were 

pyramidal cells.

A motorized syringe pump was used to apply agonists by injecting a bolus into the input line 

of the recording chamber. All concentrations reported here are the final bath concentrations 

that were estimated as previously described (Cox et al., 1995). Dopamine was made with 

0.08% ascorbic acid every 2–3 h and was kept on ice and away from light. To minimize 

light-induced oxidation, lights were off when dopamine was bath-applied. All chemicals 

were obtained from Tocris (St. Louis, MO, USA) and doses were chosen based on our 

previous studies (Paul and Cox, 2013).
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Behavior

To test for locomotor sensitization in rats who experienced protracted withdrawal from 

AMPH, separate groups of control, adolescent-exposed and adult-exposed rats (n = 20 rats/

group) were injected in the same manner as shown in Table 1 for rats in Experiment 2. They 

were then challenged with two doses of AMPH when they were between P130 and P146 

(mean: P135) and their behavior was assessed in a square open-field arena as described 

previously (Hankosky et al., 2013). Briefly, rats were placed in the arena for 30 min, 

momentarily removed and injected (i.p.) with 0.9% saline, and then returned to the arena for 

an additional 30 min. Lastly, rats were removed, injected with 1 or 3 mg/kg d-AMPH, and 

returned for an additional 90 min. Two days later, this procedure was repeated except rats 

received the dose of AMPH they did not get on the first test day. The order of doses was 

pseudorandomly assigned so that an equal number of rats in each group received both dose 

orders.

Data analysis

Data are presented as mean ± SEM unless noted otherwise. Analysis of sIPSC time course 

was done with a two-way, mixed factor ANOVA (time × group). Group differences in the 

peak response to bath-applied drugs were determined using an adjacent-averaging data 

smoothing method (Seamans and Yang, 2004; Trantham-Davidson et al., 2004; Paul and 

Cox, 2013). For each recording, the peak response area was determined as a 5-min window 

centered around the 1-min bin with the maximal deviation from baseline (the shaded areas in 

Figs. 2–6). This peak response was analyzed with a two-way ANOVA (group × age) 

followed by Tukey’s post hoc analyses where appropriate.

For behavior, photobeam breaks were used to measure ambulation, rearing and stereotypy 

via monitoring software (TruScan v2.01; Coulbourn Instruments). Stereotypy, which is a 

measure of repetitive behavior such as head and body swaying, head bobbing, and sniffing, 

was defined as repetitive photobeam breaks in a focused area that did not contribute to large 

changes in location in the open-field. Cumulative measures following AMPH injection were 

analyzed with two-way repeated measures ANOVAs, with group and dose as the two factors. 

Tukey’s post hoc analyses were used to investigate main effects and interactions.

RESULTS

Effects of adolescent or adult AMPH exposure following 3–5 week withdrawal

In Experiment 1, we recorded sIPSCs in layer V/VI pyramidal neurons from control (n = 14 

and 13 for adolescent and adult, respectively) or AMPH-exposed rats (n = 12 and 13 for 

adolescent and adult exposed, respectively). A representative example of the neurons 

recorded in these experiments is shown in Fig. 1A. Although the adolescent control rats had 

the lowest values of the four groups, the frequency and amplitude of sIPSCs recorded from 

rats in the control and AMPH-exposed groups were similar during baseline (Fig. 1B). 

Statistical analysis of group differences revealed that none were significant (Table 2).

In control rats, bath application of dopamine (50 µM, 4 min) produced a significant increase 

in the sIPSC frequency, but this effect of dopamine was absent in AMPH-exposed rats (Fig. 
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2). A two-way ANOVA of frequency time course data revealed a significant main effect of 

time (F34,476 = 5.58, p < 0.001) and a significant group by time interaction (F102,476 = 1.32, 

p < 0.05). A two-way ANOVA of the peak response showed significant differences in sIPSC 

frequency between control and AMPH-exposed groups (F3,15 = 3.90, p < 0.05), but no age 

of exposure-dependent differences. Dopamine application did not change the sIPSC 

amplitude for any groups.

In our previous studies, this DA-mediate increase in inhibitory activity has been linked to the 

selective activation of D1 receptors (Paul and Cox, 2013). Thus, to determine if D1 receptor 

function was altered by repeated AMPH exposure, we next tested the ability of the selective 

D1 agonist SKF38393 to alter sIPSC activity. SKF38393 (10 µM, 90 s) produced a large 

increase in sIPSC frequency in controls (Fig. 3), but this effect was reduced in both 

adolescent- and adult-exposed rats. A significant main effect of time (F34,510 = 10.9, p < 

0.001), group (F3,510 = 3.59, p < 0.05) and time by group interaction (F102,510 = 1.67, p < 

0.001) was observed. Two-way ANOVA of peak response indicated a significant main effect 

of group (F3,15 = 3.87, p < 0.05). Post hoc comparisons revealed a significant group 

difference between controls and AMPH-exposed groups, but there were no significant age of 

exposure-dependent differences. Analysis of sIPSC amplitude revealed no statistically 

significant differences for either the time course or peak response data (Fig. 3).

Effects of adolescent AMPH exposure following protracted withdrawal (11–14 weeks)

In Experiment 2, we recorded sIPSCs in layer V/VI pyramidal neurons from control (n = 15) 

or AMPH-exposed rats (n = 8 and 12 for adolescent and adult groups, respectively). In the 

latter group, the mean withdrawal period was nearly 13 weeks for rats exposed to AMPH 

during adolescence and nearly 5 weeks for those exposed during adulthood. For this cohort 

of animals, sIPSC frequency during baseline tended to be relatively lower in controls 

compared to AMPH-exposed groups. However, as with Exp. 1, there were no statistically 

significant group differences in this measure or in the amplitude of sIPSCs (Table 2).

We found an increase in sIPSC frequency, but no change in amplitude, following dopamine 

application (50 µM, 4 min) in pyramidal neurons from controls (Fig. 4). This dopamine-

mediated facilitation was significant reduced or abolished in neurons from adult- and 

adolescent-exposed rats. Statistical analysis of sIPSC frequency revealed a significant main 

effect of group (F2,641 = 3.88, p < 0.05), time (F34,641 = 2.53, p < 0.001) and time by group 

interaction (F68,641 = 3.17, p < 0.001). Analysis of the peak response (Fig. 4) revealed 

significant differences in sIPSC frequency between control and AMPH-exposed groups, 

with adolescent- and adult-exposed rats exhibiting a similar lack of sensitivity to dopamine. 

When D1 receptor function was assessed by bath application of SKF38393 (10 µM, 90 s), 

we observed an effect similar to what was seen in Experiment 1. Specifically, there was an 

increase in sIPSC frequency in slices from control rats, but this effect was attenuated in 

slices from AMPH-exposed rats. A two-way ANOVA revealed a significant main effect of 

time (F34,374 = 13.2, p < 0.001) and a time by group interaction (F68,374 = 2.12, p < 0.001). 

Analysis of the peak response revealed that both adolescent and adult-exposed groups 

exhibited this reduced sensitivity to the D1 agonist (Fig. 5), but the effect was greatest for 

those exposed in adulthood. This was confirmed statistically through a significant main 
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effect of group (F2,11 = 4.17, p < 0.05) followed by a significant post hoc comparison 

between controls and the adult-exposed group. The amplitude of sIPSCs did not 

significantly change over time or between groups.

Tests for sensitization following protracted withdrawal (11–14 weeks)

In a separate group of animals, we tested if adolescent-exposed rats exhibited behavioral 

sensitization following the protracted withdrawal period used in Experiment 2. A two-way 

ANOVA of post-AMPH ambulation and rearing revealed significant treatment by dose 

interactions (F2,57 = 3.89; p < 0.05; F2,57 = 7.26; p < 0.01, respectively). Post hoc analysis 

revealed that following 3 mg/kg AMPH, control rats ambulated significantly farther than 

adult-exposed rats and reared significantly more than adolescent- and adult-exposed rats 

(Fig. 6A, B). There were no significant differences in ambulation between AMPH-exposed 

groups, but adolescent-exposed rats reared significantly more than adult-exposed rats. 

Analysis of stereotyped behavior revealed that the reduction of locomotor behavior and 

rearing in AMPH-exposed groups was likely due to a significant increase in this competing 

behavior (Fig. 1C). A two-way ANOVA revealed a significant treatment by dose interaction 

(F2,57 = 7.70; p < 0.01). Control rats engaged in significantly less stereotypy than AMPH-

exposed rats and adult-exposed rats had the greatest response. For all dependent measures, 

there were no significant group differences following challenge with 1 mg/kg AMPH (data 

not shown).

DISCUSSION

The dopamine system, which continues to develop throughout adolescence and young 

adulthood (Gulley and Juraska, 2013), is a primary target of psychostimulant drugs like 

AMPH and lasting adaptations in dopamine function in response to repeated drug exposure 

are hypothesized to contribute significantly to the behavioral consequences that abusers 

experience (Lüscher and Malenka, 2011). Previously, we used a rat model to show that 

repeated exposure to AMPH during adolescence induces long-lasting cognitive deficits that, 

in some cases, are more significant when exposure occurs during adolescence (Hankosky et 

al., 2013; Sherrill et al., 2013; Hammerslag et al., 2014). Here, we tested if AMPH exposure 

would induce persistent changes in dopamine-mediated modulation of inhibitory 

transmission in the mPFC and if the effect of AMPH depends on the timing of exposure. We 

controlled for withdrawal duration and testing age in Experiments 1 and 2, respectively, and 

found that layer V/VI pyramidal cells recorded from rats exposed to AMPH during 

adolescence or adulthood were no longer sensitive to dopamine-induced increases in IPSCs. 

This effect was at least partially mediated by a reduced sensitivity of D1 receptors in 

exposed rats. There was no apparent dependency of this effect on age of exposure, but it is 

notable that the impact of adolescent exposure was evident for as long as three months after 

the last AMPH injection and was associated with an increased behavioral response to the 

drug upon re-exposure.

Dopamine-mediated modulation of inhibitory transmission in the mPFC is determined by 

the balance of D1 and D2 receptor activation (Seamans et al., 2001; Trantham-Davidson et 

al., 2004). Our data suggest that repeated AMPH exposure, regardless of the age when it 
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occurs, results in long-lasting disruption of this modulatory influence. Previous studies in 

juvenile (P14–P28) and young adult (P50–P100) rodents have shown that high 

concentrations of dopamine (> 1 µM) applied in vitro increase sIPSC frequency in mPFC 

pyramidal cells primarily via D1 activation (Seamans et al., 2001; Gonzalez-Islas and 

Hablitz, 2001; González-Burgos et al., 2005; Kroener and Lavin, 2010; Paul and Cox, 2013). 

In line with this, we found a stable increase of sIPSC frequency in control rats following D1 

activation by dopamine or SKF 38393. This effect was significantly attenuated in AMPH 

pre-exposed rats, suggesting a long-lasting impairment of D1-mediated regulation of sIPSC 

activity. Others have reported that AMPH exposure during adolescence or young adulthood 

is associated with adaptive changes in mesocortical dopamine circuits (Labonte et al., 2012; 

Reynolds et al., 2015) and D1 receptor function (Fletcher et al., 2005; Peterson et al., 2006; 

Tse et al., 2011) following 3 days to 4 weeks of withdrawal. Our results suggest the reduced 

responsiveness to dopamine in the mPFC can last at least 14 weeks following adolescent 

exposure (Fig. 4). Interestingly, the D1 receptor insensitivity seemed to diminish after this 

long withdrawal period (Fig. 5) in adolescent-exposed animals, suggesting mechanisms 

other than D1 dysfunction contributing to the blunted response to dopamine. However, from 

the current study, it is not clear if D1 function is still impaired following a prolonged 

withdrawal in those exposed during adulthood. In addition, the detailed mechanisms 

underlying the attenuated inhibitory tone following chronic AMPH exposure will require 

additional study. Previous work suggests that the D1-dependent facilitation of sIPSC activity 

is due to increased presynaptic GABA release, as dopamine and selective D1 agonists have 

no significant effect on the frequency or amplitude of miniature IPSC recorded in mPFC 

pyramidal cells (Seamans et al., 2001; Gorelova et al., 2002; Kroener and Lavin, 2010). D1 

activation increases the excitability of interneurons, which results in an enhancement of their 

output (Gorelova et al., 2002; González-Burgos et al., 2005). Thus, it is possible that 

repeated AMPH exposure induces changes in interneuron physiology such that they become 

less sensitive to D1 stimulation and/or have a reduced output capacity (Morshedi and 

Meredith, 2007). However, the current study does not allow us to rule out the possibility that 

there are postsynaptic changes that may contribute to the reduced inhibition in the pyramidal 

cells. Future studies will be necessary to determine the detailed mechanisms for D1 function 

deficiency and if there are also long-lasting changes in D2 receptor function that might also 

contribute to the effects of AMPH exposure on inhibitory tone in the PFC.

Following a challenge injection of AMPH (3 mg/kg), adolescent- and adult-exposed rats 

exhibited sensitization to the locomotor-activating effects of the drug relative to controls. 

Although both age-of-exposure groups exhibited sensitization, they did so in distinct ways. 

For instance, adult-exposed rats reared significantly less and engaged in significantly more 

stereotypy than adolescent-exposed rats. Furthermore, only adult-exposed rats displayed a 

significant reduction in distance traveled compared to controls. These results replicate and 

extend previous results from our lab (Hankosky et al., 2013), demonstrating distinct 

manifestations of behavioral sensitization in adolescent- and adult-exposed rats that only 

emerge if the challenge dose is high enough (i.e. we found no differences following a 1 

mg/kg challenge). As with our electrophysiological findings, these effects are particularly 

striking for the adolescent-exposed group given that these behavioral changes are evident 

more than 12 weeks following their last AMPH injection. Although locomotor sensitization 
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is unlikely to be an appropriate substitute for assessment of PFC-sensitive cognition, 

multiple reports have demonstrated that rats sensitized to AMPH are impaired in tests of 

PFC-sensitive cognition (Fletcher et al., 2005; Hankosky et al., 2013; Sherrill et al., 2013) 

and that D1-selective drugs can mitigate these AMPH-induced deficits (Fletcher et al., 2005; 

Selemon et al., 2010). Additional experiments are necessary to establish a more direct 

relationship between behavioral sensitization and the electrophysiological changes observed 

here.

Whereas AMPH-induced adaptations in dopamine receptor expression and/or signaling are a 

likely candidate mechanism for the effects on mPFC function that we observed, the current 

studies do not allow us to rule out a potential involvement of 5-HT receptor changes. 

Previous work has shown that the D1 agonist we used in this study (SKF 38393) has 

moderate affinity for 5-HT receptors in vitro (Briggs et al., 1991). However, the effect of 5-

HT receptor activation on sIPSC frequency is transient, lasting less than 15 min (Tan et al., 

2004). In contrast, we found previously (Paul and Cox, 2013) and in the current study that 

dopamine and SKF 38393 had more enduring effects on sIPSC activity. Thus, AMPH-

induced changes in serotonergic signaling are unlikely to play a major role in the loss of 

sensitivity of prefrontal neurons to D1-induced increases in sIPSCs that we observed in 

drug-exposed rats.

The PFC’s top-down control of executive functions relies on deep layer output neurons that 

are tightly controlled by interneurons (González-Burgos et al., 2002). Accordingly, 

disruption of GABAergic function in the mPFC results in a broad spectrum of cognitive 

impairments (Gonzalez-Burgos et al., 2011; Enomoto et al., 2011). The current study 

suggests that a deficit in D1-mediated inhibitory transmission in the mPFC is a candidate 

mechanism through which repeated AMPH exposure induces lasting deficits in cognition in 

both humans (Ornstein et al., 2000) and laboratory animals (Gulley and Juraska, 2013). 

Importantly, the drug exposure paradigm we used in Exp. 2 is identical to the one we used 

previously to demonstrate impairments in working memory (Sherrill et al., 2013), cognitive 

flexibility (Hankosky et al., 2013) and impulse control (Hammerslag et al., 2014) after a 

prolonged abstinence, where certain cognitive changes were specific to adolescent exposure. 

These diverging behavioral outcomes suggest that there are different neuroadaptations 

following exposures at the two developmental stages. In this initial study of seeking the 

drug-induced plasticity specific to adolescent exposure, we did not find evidence for a 

differential effect of exposure age on dopamine-mediated inhibition in the mPFC. Our 

results suggest that additional neuroadaptations are likely responsible for the enhanced effect 

of adolescent AMPH exposure on working memory that we have observed (Sherrill et al., 

2013). For example, withdrawal from chronic exposure to psychostimulants during 

adolescent was recently shown to result in a long-lasting dysregulation of BDNF expression 

and downstream signaling in the mPFC (Giannotti et al., 2014).

CONCLUSION

In summary, our findings demonstrate that chronic AMPH exposure leads to reduced 

inhibitory transmission in the mPFC as a result of alterations in dopamine receptor function. 

Importantly, these effects persist after a protracted withdrawal period. The findings from 
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adolescent-exposed rats reveal that drug-induced changes in mPFC function last throughout 

the adolescent period and linger well into adulthood, long after drug exposure has ceased. 

Adolescents may be especially vulnerable to certain aspects of drug-induced plasticity, 

which in turn may confer a greater risk for developing cognitive dysfunction, addiction and 

other psychological disorders (Gulley and Juraska, 2013). Previous work in adolescent rats 

exposed to cocaine (Cass et al., 2013) or cannabinoids (Cass et al., 2014) has also 

demonstrated lasting changes (up to 35 days) in inhibitory tone in the mPFC. Thus, the 

ability of drugs of abuse to alter the normal developmental trajectory of prefrontal circuitry 

may be a principal mechanism through which adolescent drug exposure can lead to 

longstanding, if not permanent, changes in prefrontal control over behavior. It will be 

important for future studies to determine the precise mechanisms that underlie drug-induced 

plasticity leading to vulnerability, as well as understand what factors might lead to resilience 

to the effects of drugs (Hammerslag and Gulley, 2016).
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Fig. 1. 
Representative examples of the neuron type and sIPSCs recorded during baseline. (A) A 

photomicrograph of a biocytin-filled pyramidal neuron recorded in the prelimbic region of a 

rat in the adult-exposed control group. (B) Samples of sIPSCs recorded from pyramidal 

neurons in slices from rats in each of the four groups from Experiment 1.
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Fig. 2. 
Time course and peak response for sIPSC amplitude and frequency in slices exposed to 

dopamine (DA; 50 µM for 4 min, as indicated by horizontal bar) in Experiment 1. 

Recordings were obtained from 4 to 6 cells/group in slices from 3 to 4 rats/group. Shaded 

regions in the time series indicate the areas of peak response (see “Experimental 

procedures”). The mean responses during these periods are summarized in the bar graphs. *p 
< 0.05, vs. control.

Kang et al. Page 15

Neuroscience. Author manuscript; available in PMC 2017 June 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Time course and peak response for sIPSC amplitude and frequency in slices exposed to 

SKF38393 (10 µM for 90 s, as indicated by horizontal bar) in Experiment 1. Recordings 

were obtained from 4 to 7 cells/group in slices from 3 to 4 rats/group. Data are presented as 

described for Fig. 2. *p < 0.05, vs. control.
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Fig. 4. 
Time course and peak response for sIPSC amplitude and frequency in slices exposed to 

dopamine (DA; 50 µM for 4 min, as indicated by horizontal bar) in Experiment 2. 

Recordings were obtained from 4 to 10 cells/group in slices from 4 to 5 rats/group. Data are 

presented as described for Fig. 2. *p < 0.05, vs. control.
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Fig. 5. 
Time course and peak response for sIPSC amplitude and frequency in slices exposed to 

SKF38393 (10 µM for 90 s, as indicated by horizontal bar) in Experiment 2. Recordings 

were obtained from 4 to 5 cells/group in slices from 4 to 5 rats/group. Data are presented as 

described for Fig. 2. *p < 0.05, vs. control.
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Fig. 6. 
Locomotor activity in an open-field arena induced by 3 mg/kg AMPH (n = 20 rats/group). 

Ambulatory distance (A), number of rears (B) and stereotypy (C) is shown for the entire 90-

min period following injection. Rats were pre-exposed to saline or 3 mg/kg AMPH as 

described for Experiment 2 (see Table 1). *p < 0.05; **p < 0.01; ***p < 0.001, vs. control; #p 
< 0.05.
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Table 1

Summary of groups injected (i.p.) with either saline or 3 mg/kg AMPH a total of 10 times (once every other 

day) during the ages noted. For Experiment 1, rats were sacrificed for slice electrophysiology 3–5 weeks 

following their last injection. In Experiment 2, rats were sacrificed at about the same age in adulthood such 

that withdrawal periods were 3–5 weeks and 11–14 weeks for adult and adolescent groups, respectively

Adolescent Adult

P27–P45 P85–P103 P27–P45 P85–P103

Exp. 1

  Control Saline × 10 – Saline × 10 Saline × 10

  Treated AMPH × 10 – Saline × 10 AMPH × 10

Exp. 2

  Control Saline × 10 Saline × 10 Saline × 10 Saline × 10

  Treated AMPH × 10 Saline × 10 Saline × 10 AMPH × 10
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Table 2

Summary of postnatal age (P) at sacrifice for slice electrophysiology experiments and sIPSC characteristics 

during baseline recording. Also shown for AMPH-exposed rats is the mean number of withdrawal days 

between the last drug injection and sacrifice

Age at recording (P) sIPSC frequency (Hz) sIPSC amplitude (pA)

Exp. 1

  Control

    Adolescent 70 ± 2.2 8.9 ± 1.1 27.3 ± 1.1

    Adult 133 ± 2.8 10.6 ± 1.5 29.1 ± 1.3

  Exposed (withdrawal duration)

    Adolescent (26 ± 1.2 days) 71 ± 1.2 10.0 ± 1.4 30.1 ± 2.1

    Adult (25 ± 0.8 days) 128 ± 0.9 9.4 ± 1.3 31.0 ± 1.1

Exp. 2

  Control 134 ± 1.5 7.4 ± 0.9 22.6 ± 0.6

  Exposed (withdrawal duration)

    Adolescent (88 ± 2.1 days) 132 ± 2.1 9.5 ± 1.1 23.5 ± 0.9

    Adult (33 ± 2.0 days) 135 ± 2.0 9.1 ± 1.2 22.2 ± 0.8
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