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Abstract

Non-medical use of amphetamine (AMPH) among adolescents is prevalent, which is problematic 

given the potential consequences of developmental drug exposure on brain function and behavior. 

Previously we found in adult male rats that AMPH exposure starting before puberty induces a 

persistent decrease in dopamine D1 receptor (D1R) function in the medial prefrontal cortex 

(mPFC). Here we investigated if this dysfunction was associated with changes in D1R expression 

in the mPFC and nucleus accumbens (NAc). We also determined if starting drug exposure well 

before or near the onset of puberty would influence AMPH-induced changes in D1R expression 

and behavior. Male and female Sprague-Dawley rats were treated once every other day (10 

injections total) with saline or 3 mg/kg AMPH (i.p.) from either postnatal day (P) 27 to 45 (pre-

puberty groups; pre-P) or P37 to 55 (peri-puberty groups; peri-P). After 1, 7 and 21 days of 

withdrawal, sucrose preference tests were performed to assess anhedonia. Exploratory behavior 

was studied in an open-field arena and on an elevated plus maze (EPM). Rats were then sacrificed 

for western blot analysis of D1R expression. We found that AMPH withdrawal induced decreases 

in sucrose preference that persisted in rats with peri-P onset treatment. Pre-P onset AMPH 

exposure led to increased open arm exploration in the EPM test, as well as a decreased D1R level 

in the mPFC but not NAc. Our results demonstrated that AMPH exposure starting at different 

developmental stages resulted in distinct neurobehavioral abnormalities, suggesting an important 

role of exposure timing in drug-induced plasticity.
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1. Introduction

Empirical evidence suggests that illicit substance use during adolescence may profoundly 

alter brain development (Gulley and Juraska, 2013; Spear, 2015) and potentially increase the 

risk of future substance abuse and addiction (Paus et al., 2008; Hammerslag and Gulley, 

2016). Amphetamine (AMPH) is among the most widely abused drugs and it has been 

estimated that about 10.3% of the US population has used AMPH at least once by the 10th 

grade (UNODC, 2010). Studies of the impact of adolescent AMPH exposure have largely 

utilized laboratory rodent models as a means to investigate potential neurobiological and 

cognitive changes. In rats, adolescence is generally accepted to begin near postnatal day (P) 

28 and extend until approximately P60 (Spear, 2000; Brenhouse and Andersen, 2011). It is 

characterized by a rise in gonadal hormones, which leads to pubertal onset as identified by 

vaginal opening in females and preputial separation in males at approximately P35 and P45, 

respectively (Korenbrot et al., 1977; Castellano et al., 2011). Rat adolescence also involves 

numerous neural and behavioral changes that are noted as early as P28 and are similar to 

those seen in humans (Sisk and Foster, 2004; Spear, 2011).

Adult rats that had been previously exposed to moderate doses of AMPH (2–3 mg/kg, i.p.) 

during different portions of adolescence have been shown to have deficits in associative 

learning (Richetto et al., 2012), behavioral flexibility (Hankosky et al., 2013), impulse 

control (Hankosky and Gulley, 2013; Hammerslag et al., 2014) and working memory 

(Sherrill et al., 2013). These cognitive changes may be due in part to alterations in 

dopaminergic function, as the mesocorticolimbic dopamine system undergoes extensive 

changes throughout adolescent development and thus may be especially vulnerable to drug-

induced adaptations (Wahlstrom et al., 2010; McCutcheon et al., 2012; Gulley and Juraska, 

2013).

One notable developmental change in dopamine is in the expression and function of its 

receptors. For example, D1 receptor (D1R) levels in the medial prefrontal cortex (mPFC) 

increase rapidly in early adolescence, peak around postnatal day (P) 40, and continue to 

decrease into young adulthood (Andersen et al., 2000). The localization of these receptors 

on particular cell types within the mPFC also changes during this time (Brenhouse et al., 

2008), and this redistribution is associated with an increase in the excitability of mPFC 

interneurons following stimulation of D1R or D2 receptors (Tseng and O’Donnell, 2007). In 

the nucleus accumbens (NAc), D1R levels peak relatively earlier around P30 (Naneix et al., 

2012); this receptor’s functional maturation is less understood. These developmental 

changes in dopamine receptor expression and function are thought to be critical for the 

maturation of the mesocortical circuit and its role in mediating various cognitive and 

affective behaviors (Tseng and O’Donnell, 2007; Casey et al., 2008; Naneix et al., 2012). 

We recently used in vitro, whole-cell recordings to demonstrate that adult rats exposed to 

AMPH during adolescence had reduced function of D1Rs in the mPFC (Kang et al., 2016). 

A potential mechanism for this effect is an AMPH-induced change in the typical 

developmental shift in the expression of D1R. A primary goal of the current study was to 

investigate if adolescent AMPH exposure induces changes in D1R expression in the mPFC 

and in one of the target structures whose ontogeny it influences, the NAc (Casey et al., 

2008).
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A secondary aim of the current study was to determine if developmental exposure to AMPH 

would induce lasting changes in affective behavior that is also known to be sensitive to 

changes in dopamine function (Rodgers et al., 1994; Dunlop and Nemeroff, 2007; Labonte 

et al., 2012; Yu et al., 2014). Increases in anxiety and depression are frequently observed in 

those who abuse AMPHs, especially during early stage of withdrawal (London, 2004; 

Thompson et al. 2004; Zorick et al., 2010; Leventhal et al., 2010). In adult rodents, 

withdrawal from chronic exposure to AMPHs is associated with increases in anxiety-like 

behavior (Barr et al., 2010) and a transient anhedonic state (Barr and Phillips, 1999; Che et 

al., 2013; Pathak et al., 2015). To date, few studies have examined affective behavior 

following exposure to AMPH in adolescence and the available results are mixed (Labonte et 

al., 2012; Kolyaduke and Hughes, 2013). Moreover, increasing evidence suggests that the 

timing of drug exposure during the peri-adolescent period is likely to be an important 

determining factor for adaptations in the brain and behavior that result. For example, an 

earlier study examined the long-term effects of repeated exposure to nicotine starting in pre-, 

mid- or post-adolescence in mice (Adriani et al., 2004). Exposure with mid-adolescence 

onset (P36) produced a heightened locomotor response to novel environment in adulthood, 

whereas pre- (P23) and late-adolescent onset (P49) exposure had no or very modest effects 

on this behavior. Some of these differences may be related to the onset of puberty, which in 

female rats is between P31 and P39 and in male rats is between P40 and P48 (Juraska and 

Willing, 2016).

Using the same adolescent drug exposure paradigm that we have used previously to 

demonstrate changes in behavior and neurophysiology that last well into adulthood 

(Hankosky and Gulley, 2013; Hankosky et al., 2013; Sherrill et al., 2013; Hammerslag et al., 

2014; Kang et al., 2016; Paul et al., 2016), we injected male and female rats with 3 mg/kg 

AMPH every other day starting well before puberty onset (P27) or near female puberty onset 

(P37). We then assessed withdrawal associated anhedonia and anxiety-related behavior in 

these pre-pubertal (Pre-P) and peri-pubertal (Peri-P) groups of rats using tests of sucrose 

preference and measures of activity in open-field arena and an elevated plus maze. Lastly, 

rats were sacrificed and their brains were removed for analysis of D1R expression in the 

mPFC and NAc.

2. Materials and Methods

2.1 Subjects

Subjects were male (n = 45) and female (n = 76) Sprague-Dawley rats born in our animal 

facility from dedicated breeders originally obtained from Harlan (Indianapolis, IN, USA). 

Following weaning on P22, rats were housed 2 per cage with same-sex littermates. All rats 

were maintained on a 12:12 h light/dark cycle (lights on at 0800 h) with food and water 

available ad libitum. Experimental procedures, which were performed between 1300 and 

1800 h, were approved by the Institutional Animal Care and Use Committee at the 

University of Illinois at Urbana-Champaign and were consistent with the Guide for the Care 
and Use of Laboratory Animals (National Research Council, 2011).
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2.2 Apparatus

For testing of sucrose preference, an acrylic divider was inserted into each pair-housed rats’ 

home cage. This divider, which was transparent and contained multiple small holes (~8 mm 

diameter) that allowed for olfactory and tactile interactions between cage mates, temporarily 

separated rats so that accurate measures of individual consumption could be obtained. 

During the 48-h test, food was available ad libitum to both rats.

Locomotor activity was assessed in open-field arenas (Coulbourn Instruments; Whitehall, 

PA USA) that each consisted of a clear acrylic box (41 × 41 × 41 cm) fitted with two 

photobeam frames (16 beams/dimension; 2.5 cm between beams). A lower frame was 

located 2.5 cm above the arena floor and was used to determine ambulation; an upper frame 

was located 15 cm above the floor and was used to determine rearing. These chambers were 

located inside a 76 × 80 × 63cm sound attenuating cubicle that had a 76 mm speaker 

mounted on the inside of one wall and two ceiling-mounted white lights (4 W each) that 

provided dim illumination. White noise (70 dB) was played continuously through the 

speakers when rats were in the testing room. Each open-field apparatus was connected to a 

nearby computer running activity monitoring software (TruScan, v 2.01; Coulbourn 

Instruments) that recorded beam breaks with a 500 msec sampling rate.

Anxiety-related behavior was measured on an elevated plus maze (EPM) that was located in 

a testing room illuminated by a dim red light (60 W). The EPM consisted of two open arms 

(50 cm × 10 cm, each with a 2 mm raised edge along the sides to discourage falls) and two 

enclosed arms (50 cm × 10 cm, with 40 cm high walls). Open and enclosed arms were 

arranged opposite to each other, and all arms had an open top. The maze arms were elevated 

100 cm above the floor and a padded surface was placed 50 cm below the arms to provide 

cushion in the case of a rat falling from open arms.

2.3 AMPH exposure

d-Amphetamine sulfate (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 0.9% saline 

at a concentration of 1 mg/mL and dose was calculated based on the weight of the salt. Rats 

were assigned to the following adolescent treatment groups: pre-pubertal onset (pre-P) 

females (n = 10 given AMPH; n = 9 given saline), pre-P males (n = 10 given AMPH; n = 13 

given saline), peri-pubertal onset (peri-P) females (n = 13 given AMPH; n = 12 given saline) 

and peri-P males (n = 12 given AMPH; n = 12 given saline). Assignment to groups was 

pseudorandom such that all groups were represented in each of the 15 litters used in this 

study. Injections (i.p.) of 3 mg/kg AMPH or saline were given every other day over a 3-week 

period for a total of 10 injections (see Fig. 1). These began on P27 for rats in the pre-P 

groups and P37 for rats in the peri-P groups. For each treatment, animals were transported to 

a testing room, given their assigned injection, and placed individually in a clear plastic tub 

(46 × 25 × 22 cm) lined with beta-chip bedding. After 60 min, rats were returned to their 

home cages and the colony room.

2.4 Assessment of puberty onset

We performed once daily checks for evidence of vaginal opening in females or preputial 

separation in males (Juraska and Willing, 2016) in a subset of rats that underwent the 
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behavioral testing described below (n = 3–6/group). These checks were also performed on a 

separate cohort of female rats that were experimentally naïve (n = 8) or were treated with 

saline (n = 6–7) or AMPH (n = 5–7) with pre- or peri-pubertal onset. Rats were examined 

starting on P27 and continuing until these external signs of puberty onset were noted.

2.5 Behavioral assessments

The timeline for behavioral testing is illustrated in Fig. 1. One and seven days following 

their last injection with saline or AMPH (Fig. 1), rats were given 48-h free access to a sipper 

tube (100 mL) filled with tap water and one filled with a 1% sucrose solution. The amount 

of water and sucrose solution consumed was measured after the first 24 h, at which time the 

relative position of the water and sucrose tubes was also switched.

Approximately three weeks (20–21 days) after their last injection, rats were transported 

individually from their colony to a testing room where they remained for a 5 min habituation 

period. They were then placed in an open-field arena and allowed to behave undisturbed for 

10min. Subsequently, they were moved to another testing room, allowed to habituate for 5 

min, and were then tested on the EPM. For this test, rats were placed in the center of the 

maze with their head oriented towards an open arm and they were allowed to behave 

undisturbed for 5 min. Following the EPM test, rats were returned to the colony. A final 48-h 

sucrose preference test was performed approximately 30 min after the completion of the 

EPM test.

The order of testing was determined based on studies showing both anxiogenic (Barr et al., 

2010) and anxiolytic (Labonte et al., 2012) effects of repeated AMPH in the EPM. Pre-

exposure to environmental novelty, such as in an open-field arena, has been shown to 

increase open-arm entry and exploration in a subsequent EPM tests (Walf and Frye, 2007). 

Because the goal here was to perform the EPM test in such a way as to prevent a “floor 

effect” and thereby allow for the potential observation of a reduction in open-arm activity 

induced by AMPH exposure, rats were first tested in the open-field prior to the EPM.

2.6 D1R expression

Two days after the last sucrose preference test, rats were deeply anesthetized with Fatal-Plus 

(Vortech Pharmaceuticals; Dearborn, MI USA) and transcardially perfused with ice-cold 

saline. Their brains were removed rapidly and placed in a chilled metal matrix that was used 

to cut 1-mm coronal sections containing the mPFC and NAc. A 2-mm diameter punch was 

used to extract samples containing both shell and core of the NAc and both infralimbic and 

prelimbic regions of the mPFC. The subregions within each brain region were combined as 

our previous study (Kang et al., 2016) showed no differential effect of AMPH exposure on 

D1 function in the infralimbic compared to prelimbic regions. After storage at −80 °C for up 

to 8 weeks, brain tissue from individual rats was homogenized in lysis buffer containing (in 

mM) 50 Tris-HCl (pH 7.4), 150 NaCl, 30 EDTA, 1.5% Triton-X, and 0.1% sodium dodecyl 

sulfate. The homogenate was centrifuged at 10,000 RPM for 10 min at 4 °C. The 

supernatant was assessed for protein concentration using Precision Red Advanced Protein 

Assay (Cytoskeleton, CA) and then combined with 2X laemmli loading buffer (Bio-Rad 

Laboratories; Hercules, CA USA) and 2-mercaptoethanol (0.25%, Sigma-Aldrich), followed 
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by heat-shock at 98 °C for 10 min. Samples were then stored at −80 °C until processing for 

gel electrophoresis and Western blotting.

Samples (20 μg protein/well) were then fractionated in pre-cast gels (4–15%, Biorad) using 

a dual miniature vertical polyacrylamide gel electrophoresis system (Biorad). Gels were run 

first at 100 V and 40 mA for 15 min, followed by 200 V and 40 mA for 35–45 min. 

Separated proteins were wet-transferred onto polyvinyl difluoride membranes using a Trans-

Blot electrophoresis transfer cell (Biorad) run at 100 V for 1 h. Non-specific binding sites 

were blocked for 20 min at room temperature on an orbital shaker with a solution of 5% 

non-fat milk in Tris-buffered saline and 0.1% Tween 20 (TBST). Membranes were then 

incubated overnight at 4°C on an orbital shaker with 1:1000 primary D1R antibody 

(ab20066, Abcam; Cambridge, MA USA) in 5% non-fat milk/TBST.

On the second day of processing, membranes were washed three times for 10 min using 

TBST. Subsequently, membranes were incubated for 2 h at room temperature on an orbital 

shaker in 1:1000 anti-rabbit secondary antibody (7074A, Cell Signaling) in 5% non-fat milk/

TBST, followed by three more TBST washes. Lastly, membranes were incubated with 

horseradish substrate (SuperSignal™ West Dura Extended Duration Substrate, 

ThermoFisher; Waltham, MA USA) and imaged using the ChemiDoc Touch imaging system 

(Biorad). Following the first imaging, membranes were washed in TBST for 20–30 min and 

then 45 min at 50°C in stripping buffer containing 20% SDS, 0.5 M Tris-HCl (pH 6.8), 0.8% 

2-mercaptoethanol. Subsequently, the membrane was washed with nanopure H2O four times 

for 15 min each, followed by three 10-min washes using TBST. Non-fat milk (5%) with 

TBST was again added for 20 min to block non-specific binding sites, followed by 

incubation in 1:1000 anti-GAPDH antibody in 5% non-fat milk overnight at 4°C on an 

orbital shaker. On the subsequent day, membranes were again subjected to the TBST 

washes, secondary antibody and horseradish substrate incubation, and imaging processes as 

described above.

2.7 Data analysis

Puberty onset data were analyzed using two-way ANOVA with group (pre-P, peri-P) and 

treatment (control, AMPH) as between-subjects factors. Fluid consumption during sucrose 

preference tests was measured every 24 h by weighing sipper tubes and estimating 

consumption by subtracting remaining fluid weight from the starting weight. A preference 

ratio (%) was then calculated as follows: sucrose intake/(sucrose intake + water intake) X 

100. Data from the one- and seven-day tests were analyzed using a four-way, mixed factor 

ANOVA with sex (male, female), group (pre-P, peri-P) and treatment (control, AMPH) as 

the between-subjects factors and withdrawal day (1 and 7) as the repeated factor. Data from 

the final preference test (20–21 day withdrawal) was analyzed using a three-way, between-

subjects ANOVA (sex × group × treatment). In all cases, significant main effects and 

interactions (p values ≤ 0.05) were followed up with Tukey post-hoc analyses.

Measures of locomotor activity in the open-field arena were obtained from analysis software 

(TruScan; Coulbourn Instruments) and included ambulation, rearing, and time spent in the 

center of the open-field arena. Ambulation was calculated by tabulating consecutive 

photobeam breaks in the lower photobeam plane and converting this to distance (m). 
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Rearing, which was calculated as photobeam breaks in the upper photobeam frame, occurred 

when rats raised their forelimbs off the floor and stood on their hindlimbs. For analysis of 

time spent in the center, the arena was evenly divided into 16 grids (10.25 X 10.25 cm/each) 

and the center was designated as the centermost 4 grids. Cumulative measures during the 10-

min test session were analyzed with three-way ANOVAs (sex × group × treatment). Tukey 

post-hoc analyses were used to investigate significant main effects and interactions.

Anxiety-related behavior in the EPM was assessed by quantifying the number of open and 

closed arm entries as well as the time spent in open arms. These measures were recorded 

during each test session by an experimenter who was blind to the group status of the rat 

being tested. Rats were considered to have entered an arm when all four of its paws crossed 

the borderline of the center area. These data were analyzed using three-way ANOVAs (sex × 

group × treatment) followed by Tukey post-hoc tests. Data from 3 males (2 from the pre-P 

and 1 from the peri-P control groups) and 2 females from the pre-P AMPH group were 

excluded from the analysis because they fell off the maze onto the protective cushion before 

they completed the 5-min test.

D1R expression was determined by first measuring the optical density of each band using the 

ChemiDoc™ Touch Imaging System (Biorad) and Image Lab software (Biorad). The 

density of the putative D1R band (~50 KD) was subsequently divided by the density of the 

corresponding loading control GAPDH (39 KD) to obtain an adjusted density that corrects 

for differences in loading. To pool the adjusted density for each group across different gels, 

same-sex samples from the same gel were normalized to the average of the same-sex 

controls across all gels. These normalized densities were analyzed using two-way, between 

subjects ANOVA (group × treatment) followed by Tukey post-hoc tests. Data from the 

mPFC of one female in the pre-P saline group was lost due to problems with sample 

preparation.

3. Results

3.1 Effects of injections on puberty onset

In the subset of rats (n=3–6/group) that underwent daily checks for pubertal status (Table 1), 

we noticed that onset in males occurred within a range between P42 and P48. Furthermore, 

mean puberty onset was similar in the different treatment groups and there was no 

dependency on age at the start of treatment. Females, in contrast, exhibited a wider range 

(P32 to P44) and the mean age of puberty onset was earlier in rats who began treatment at 

P27 compared to P37. Three-way ANOVA revealed a significant main effect of sex 

(F1,31=144, p<0.001), group (F1,31=16.6, p<0.001) and sex by group interaction (F1,31=10.4, 

p<0.01). Post hoc analysis suggested a significant difference between female pre-P and peri-

P groups. We further investigated this effect in a separate cohort of female rats (n=5–7/

group) that also included an experimentally naïve group (n = 8). As shown in Fig. 2, we 

found that females who received injections beginning on P27 had earlier puberty onset than 

those who had their first injection on P37. Two-way ANOVA of these data revealed a 

significant main effect of group (F1,21 = 4.54, p < 0.05). In the experimentally naïve females, 

puberty onset ranged between P31 and P40 and the mean onset (~P 36) was similar to that 

observed in the peri-P groups, but later than in the pre-P groups.

Kang et al. Page 7

Neuroscience. Author manuscript; available in PMC 2017 December 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.2 Effects of AMPH on hedonic and anxiety-related behavior

As shown in Fig. 3, repeated exposure to 3 mg/kg AMPH was associated with a decrease in 

sucrose preference following withdrawal. Four-way ANOVA revealed significant main 

effects of treatment (F1, 166 = 36.0, p <0.001), withdrawal day (F1,166 = 13.2, p<0.001) and a 

treatment by withdrawal day interaction (F1,166 = 10.5, p<0.01). It appeared that males had a 

greater decrease but the main effect of sex (F1,166 = 0.48, p > 0.05) and interactions with sex 

were not statistically significant. Post-hoc analysis of the treatment by withdrawal day 

interaction suggested that the difference between AMPH treated rats and control was 

significant on withdrawal day 1 and nearly significant on day 7 (p = 0.052). Within AMPH 

groups, sucrose preference on day 1 was significantly different from day 7. We also found a 

near-significant interaction of group by treatment (F1,166=3.31, p = 0.071) and post-hoc tests 

suggested a significant difference between pre-P AMPH and peri-P AMPH groups.

Following a 20–21 day withdrawal from AMPH, spontaneous locomotor activity and 

anxiety-related behavior in the EPM were assessed. Three-way ANOVA of ambulation (Fig. 

4A) revealed a significant main effect of sex (F1,83 = 22.2, p<0.001), group (F1,83 = 15.2, 

p<0.001) and a near-significant interaction of group by treatment (F1,83=5.33, p = 0.056). 

Post-hoc test suggested that peri-P AMPH group traveled more distance than pre-P AMPH 

group. We also found significant main effects of sex for time spent in the arena center (F1,83 

= 26.4, p < 0.001) and rearing (F1,83 = 5.38, p < 0.05). As shown in Fig 4 panels B and C, 

females spent less time in the center of the arena but had more rearing behavior than males. 

We did not find any other group differences in these measures of open-field activity.

In the EPM test, we found increased open-arm activity in rats exposed to AMPH beginning 

on P27. Three-way ANOVA of time spent in open arms (Fig. 5A) revealed a significant main 

effect of sex (F1, 78 = 6.90, p < 0.05), treatment (F1, 78 = 13.6, p < 0.01) and treatment by 

group interaction (F1, 78 = 7.96, p < 0.01). Post hoc analysis suggested a significant group 

difference within the pre-P group such that the AMPH treated rats spent more time in open 

arms than their control. There was also a significant difference between pre-P and peri-P 

controls, with the latter spending more time in open arms. Three-way ANOVA of open arm 

entry (Fig. 5B) revealed a significant main effect of sex (F1, 78 = 4.42, p <0.05), group (F1, 78 

= 5.67, p < 0.05) and a treatment by group interaction that was near-significant (F1,78 = 3.89, 

p = 0.052). Post hoc analysis suggested a significant difference within the pre-P group such 

that AMPH-treated rats had more entries. Post hoc tests also indicated that peri-P controls 

had significantly more open arm entries than pre-P controls. Three-way ANOVA of close 

arm entry (Fig. 5C) revealed a significant treatment by group interaction (F1,78=3.95, p = 

0.050), with post-hoc analysis suggesting that AMPH-treated rats had significantly fewer 

closed arm entries than their controls within the pre-P group (Fig. 5C). There were no 

statistically significant group differences in total arm entries (data not shown).

Following the EPM test, all rats were given a third sucrose preference test (Fig. 6). Three-

way ANOVA revealed a significant main effect of group (F1,83 = 10.8, p < 0.01) and a 

treatment by group interaction (F1,83 = 4.27, p < 0.05). Post hoc tests suggested a significant 

difference between AMPH-treated and control within the peri-P group, as well as between 

the pre-P and peri-P groups injected with AMPH. In other words, sucrose preference was 
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significantly decreased, and to an approximately equal extent both male and females, in rats 

exposed to AMPH during the peri-pubertal period.

3.3 Effects of AMPH on D1R expression

D1R expression levels in the mPFC and NAc were assessed using Western blot analysis of 

brain tissue taken two days after the last behavioral test. In the mPFC, two-way ANOVA of 

D1R levels (Fig 7B) revealed a significant main effect of treatment (F1, 87 = 10.9, p < 0.01), 

group (F1, 87 = 9.58, p < 0.01), and a group by treatment interaction (F1,87 = 7.89, p < 0.01). 

Post hoc tests confirmed that AMPH exposure beginning at P27 led to a significant 

reduction in D1 expression in the mPFC compared to pre-P controls and the per-P group 

exposed to AMPH. We did not find any significant group differences in D1 expression in the 

NAc (Fig. 7D).

4. Discussion

We recently found that repeated AMPH exposure during adolescence induced a long lasting 

reduction in D1R function in the mPFC (Kang et al., 2016). A primary aim of the current 

study was to determine if this functional change was associated with a reduction in D1R 

expression in the mPFC and one of its major targets, the NAc. A secondary goal was to 

investigate if abnormalities in affective behavior were associated with potential 

dopaminergic changes and the extent to which AMPH’s effects depended on exposure 

beginning well before, or right near, the onset of puberty.

Our results suggest that repeated exposure to AMPH starting before puberty (pre-P group) 

led to a significant reduction in mPFC D1R level and increased exploratory behavior in the 

EPM when measured in young adulthood. These effects of AMPH were not observed in rats 

who began exposure at or near puberty onset (peri-P group). In the peri-P group, however, 

we found evidence for a lasting (21 days) impact of withdrawal-induced anhedonia, as 

measured by a decreases in sucrose preference that was not apparent in the pre-P rats 

exposed to AMPH. Together, these results demonstrate persistent alterations in D1R 

expression and in anxiety- and depression-related behaviors following chronic AMPH 

exposure during adolescence. Moreover, the treatment by group interaction we observed 

reinforces a key role for the timing of exposure onset in directing drug-induced 

neurobiological plasticity and its behavioral manifestations.

4.1 Injections hastened puberty onset in females

In two different assessments from separate cohorts of female rats, we found that repeated 

injection experience before puberty accelerated puberty onset. This effect occurred 

regardless of injection type (saline or AMPH) and may be due to stress associated with the 

injection procedure. Previous studies of pre-pubertal exposure to stressors (Mendle et al., 

2011) or pre-pubertal activation of stress-signaling pathways (Li et al., 2014) have also 

shown that female puberty can be induced to occur earlier than normal. We did not observe 

an effect of injection experience in males, but this should be interpreted cautiously given the 

relatively low sample size in this group. An earlier study showed that repeated exposure to 

cocaine during adolescence led to lasting decrease in plasma testosterone level (Alves et al., 
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2014) that may potentially affect male puberty. In light of recent reports suggesting that 

specific neuroanatomical refinements occurring in the mPFC may be caused by the 

hormonal changes associated with puberty onset (Juraska and Willing, 2016; Drzewiecki et 

al., 2016), our findings in females suggest that a shift in puberty timing may alter the 

ontogeny of the mPFC and other brain regions to which it is connected and in turn alter 

behavior. This is further supported by the group differences we observed between the pre-P 

and peri-P controls in the EPM test. Specifically, the peri-P control group had significantly 

more open arm activity than pre-P controls. Importantly, these apparent stress-related 

changes may interact with the effects of AMPH exposure during different stages of 

adolescence.

4.2 Withdrawal-induced anhedonic state

Human studies suggest one of the most common symptoms associated with repeated AMPH 

use is an increase in depression-related behaviors, including anhedonia (Thompson et al. 

2004; Zorick et al., 2010; Leventhal et al., 2010) that usually becomes undetectable after 4 

to7 days in adult human (London, 2004) and animals (Barr and Phillips, 1999; Jang et al, 

2013). Anhedonic individuals are suggested to be more prone to relapse and dependence 

than those who experience less anhedonia during drug withdrawal (Leventhal et al. 2008; 

Leventhal et al., 2010). In human adolescents, depression-related symptoms are also 

observed following AMPH use (Degenhardt et al., 2007; Brière et al., 2012) and evidence 

suggests that the rate of depression comorbid with illicit drug use is higher in adolescents 

than adults (Rao, 2006). However, there is a large gap in understanding the characteristics 

and neurobiology of depression-related behaviors following exposure to stimulants in 

adolescents. A few earlier studies found that repeated exposure to methylphenidate (Bolaños 

et al., 2003; Carlezon et al., 2003) or nicotine (Iñiguez et al., 2008) during pre- or peri-

adolescence led to detectable depression-related behaviors in adulthood. However, the effect 

of AMPH exposure during adolescence on depression-related behaviors had not previously 

been reported.

Using sucrose preference test, we found decreased hedonic response in AMPH-exposed rats 

during the first 48 hours of withdrawal, regardless of sex and age at treatment onset. This 

anhedonic state became less evident after 7 days of abstinence, showing a transient nature 

similar to that found in adult animals following chronic AMPH (Barr and Phillips, 1999; 

Jang et al., 2013; Pathak et al., 2015). Although this anhedonic response appeared similar 

between pre-P and peri-P group, our statistical analysis indicated that peri-P AMPH 

exposure was associated with a relatively greater decrease in sucrose preference (Fig. 3). In 

the third test following the EPM (~3 weeks after the last AMPH injection), a significant 

reduction in sucrose preference reemerged in the peri-P AMPH group (Fig. 6). This result 

may correspond to the earlier finding of the long-lasting depressive symptoms associated 

with stimulants exposure during adolescence (Bolaños et al., 2003; Iñiguez et al., 2008). An 

alternative explanation is that rats in the peri-P AMPH group were more prone to an 

influence of the two behavioral tests that preceded the final sucrose preference test. A 

previous study showed that an EPM testing led to significant increases in plasma 

corticosterone levels in rats (Alves et al., 2014), which is an effect of stress that may interact 

with the effect of AMPH. It is unclear if the peri-P AMPH group would have still shown an 

Kang et al. Page 10

Neuroscience. Author manuscript; available in PMC 2017 December 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



anhedonia if they had been tested before the open-field and EPM assessments. In addition, 

the near maximal sucrose preference we observed for most groups during the second and 

third test (≥ 95% preference) may have made it difficult to reveal subtle groups differences. 

Recently, preference for 0.25–1% sucrose has been shown to be sensitive to changes in D1 

receptor levels in the mPFC (Freund et al., 2016). It is thus possible that our use of repeated 

testing of a 1% sucrose solution made it difficult to detect an altered hedonic response in the 

pre-P group that had a decreased mPFC D1 level. Although this possibility would need to be 

assessed in a future study, the current results nonetheless indicate that repeated AMPH 

exposure during adolescence induced abnormalities in hedonic homeostasis that can persist 

into adulthood.

The detailed neuronal mechanisms underlying reduced sucrose preference are not clear. 

Notably, reduced dopamine activity in the mesocortical circuit, especially in the NAc, is 

suggested to play a critical role in expressing anhedonia (Salamone et al., 1997; Orsini et al., 

2001; Wise, 2008). In adult animals, there is a marked decrease of extracellular dopamine 

level 1 to 7 days after repeated AMPH or methamphetamine exposure that is likely related to 

a homeostatic response to drug-induced increases in dopamine (Kitanaka et al., 2008). We 

speculate that the decrease in sucrose preference at the beginning of AMPH withdrawal in 

the current study may be a reflection of this mechanism. At this time, the neuronal 

adaptation underlying the reoccurrence of anhedonia in peri-P AMPH group remains 

unknown. Notably, we did not find any changes in D1R level in either mPFC or NAC 

following peri-P AMPH exposure, suggesting there are other mechanisms contributing to 

this enduring effect of AMPH. For example, the reduction in sucrose intake may be due to 

attenuated “hedonic liking” that is mediated by opioid signaling in the NAc (Smith et al., 

2011). It has been shown that repeated AMPH exposure decreases mu-opioid receptor 

mRNA in the NAc shell in young adult rats (Vecchiola et al., 1999). Thus, the repeated 

AMPH injection in the current study may potentially alter mu receptor function and result in 

related changes in hedonic information processing. It is also important to recognize that the 

sucrose preference test may not fully capture the characteristics of anhedonia, as the 

psychopathological expression of anhedonia may include not only changes in the motivation 

to obtain reward but also in reward anticipation, prediction, evaluation and reward-associated 

decision-making (Der-Avakian and Markou, 2012). Future work is necessary to more clearly 

identify the mechanisms of adolescent AMPH exposure-induced changes in anhedonia.

4.3 Increased approach behavior is associated with decreased D1R expression in the 
mPFC

We found modest effects of AMPH on spontaneous locomotor activity, with peri-P AMPH 

group ambulating more than pre-P AMPH group but neither group behaving significantly 

different from their respective controls. The EPM test, in contrast, revealed that pre-P rats 

exposed to AMPH had a marked increase in open arm behavior. This was evident in terms of 

open arm entries, as well as time spent in the open arms. The peri-P group exposed to 

AMPH was not different from their controls. The results from our pre-P group are consistent 

with an earlier report showing that repeated AMPH exposure starting from P30 led to 

increased open arm activity when measured in adulthood (Labonte et al., 2012). This 

“anxiolytic-like” effect of repeated AMPH exposure is in contrast to the anxiogenic effect 
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that results from repeated AMPH exposure during adulthood (Barr et al., 2010; Reinbold et 

al., 2014) and from the effect of repeated cocaine exposure in adolescent mice (Estelles et 

al., 2007; Santucci and Maderia, 2008; Santucci and Maderia, 2010). This discrepancy may 

indicate that there are unique neuroadaptations associated with AMPH exposure during early 

adolescence, but it also may be the result of differences in experimental conditions used 

across studies. For example, our rats were put in the EPM approximately 5 min after the 

open-field test, while other studies had no pre-exposure to an open-field arena or used a 

longer delay (e.g., 1 h) before the EPM test. The methodology we used for the open-field 

test may also explain the lack of any group differences in time spent in the center of the 

arena. When that measure has been used as an index of anxiety-like behavior (Prut and 

Belzung, 2003), the test is usually done in a brightly illuminated environment so as to 

promote an anxiogenic state. Here, we assessed open-field activity in low light conditions to 

increase the probability that rats would engage in spontaneous locomotion.

The EPM has been widely used for assessing anxiety-related behaviors in rodents, as it 

utilizes the inherent conflict between the rodent’s exploratory nature and their avoidance of 

potential harm (e.g., elevation and open space; Pawlak et al., 2012). Under this conflict 

between approach and avoidance, it is suggested that behavioral inhibition mechanisms 

become active and generate anxiety in normal animals that in turn leads to their limited 

approach behavior (Gray and McNaughton, 2000; Pawlak et al., 2012). Generally, control 

rats or mice spend less than 30% of their total test duration exploring open arms. Our results 

showed that the time in open arms of rats exposed with the pre-P onset was about twice as 

much as their controls, with pre-exposed females spending over 50% of the total testing 

period to the open arms. This considerable shift in the approach-avoidance balance suggests 

an impaired inhibitory control mechanism (Pawlak et al., 2012). Such a shift in this balance 

has also been interpreted as a result of increased motivation for risk (Labonte et al., 2012; 

Hodgson et al, 2008), which may result from impaired risk-based decision making. Previous 

work has shown that repeated drug exposure in adult rats will also increase risk-taking 

behavior in other tasks (Zhou et al., 2015). Dopamine signaling in the mPFC has previously 

been shown to mediate decision making, including risk-based decisions (St Onge and 

Floresco, 2010; Simon et al., 2011), and it is noteworthy that temporary inactivation of the 

mPFC by local infusion of muscimol increases open arm activity (Shah et al., 2004; Solati et 

al., 2013).

In association with the increased approach behavior we observed, pre-P rats exposed to 

AMPH also had a significant reduction in D1R expression in the mPFC. Labonte et al. 

(2012) showed that the baseline firing rate of dopaminergic neurons in the ventral tegmental 

area, which project to the mPFC and other target regions, was elevated 3 to 4 weeks 

following an AMPH exposure (1.5mg/kg) that was similar to the method used in our pre-P 

group. We speculate that the decrease in D1R expression we observed may be the result of 

an adaptation to the putatively elevated levels of mPFC dopamine that AMPH would have 

induced. While this hypothesis requires a more direct test, our finding is also in keeping with 

the result of an earlier study showing that increased open-arm activity was associated with 

dopamine hypofunction in the mPFC (Watt et al., 2009). The extent to which a decreased 

level of D1Rs in the mPFC is associated with altered risk-based decision-making remains 

unclear. Using an operant behavior task, Simon et al. (2011) demonstrated that D1R mRNA 
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expression in the mPFC was not correlated with choice of a large, risky reward and a D1R 

agonist had no significant effect on risk preference.

The precise mechanism by which changes in mPFC dopamine tone contribute to an altered 

balance of approach-avoidance behavior in the EPM requires further investigation. Recently, 

it was reported that activating a subpopulation of VTA cells that project to the mPFC leads 

to aversion and this effect could be blocked by antagonism of D1Rs in the mPFC (Lammel et 

al., 2012). This finding suggests that mPFC D1R signaling is involved in the perception or 

processing of information associated with aversive stimuli. Hence, the reduced mPFC D1R 

level in the pre-P AMPH group may result in an attenuated sensitivity or response to the 

aversive experience associated with open arms and thereby lead to increased exploration. 

Notably, using the same pre-P AMPH treatment and withdrawal schedule used here, we 

found an impairment in D1R-mediated inhibition in the mPFC (Kang et al., 2016). Our 

current study suggests this functional impairment of D1R could be attributed to a decrease in 

D1R expression level. Such impairment of dopamine-mediated inhibitory function may 

result in aberrant mPFC output that influences down-stream regions and in turn leads to 

abnormal behavior output. One limitation of the current study is that we did not differentiate 

D1R levels in the prelimbic and infralimbic regions of the mPFC, which are known to have 

distinct afferent innervation and projections (Heidbreder and Groenewegen, 2003). Future 

studies will be needed to determine if the effect of AMPH on mPFC D1R level is region-

specific.

4.5 The role of exposure timing in AMPH’s effect

In the current study, we consistently found group by treatment interactions (Fig. 4A, Fig. 

5A,B, Fig. 6 and Fig. 7A), suggesting an important role of age of exposure onset in 

determining drug-induced plasticity. The importance of exposure age has been highlighted in 

multiple studies of alcohol, nicotine and cannabinoids (Spear, 2015). Indeed, the 

developmental trajectory of many neurotransmitter systems usually proceeds in a non-linear 

fashion (Casey et al, 2008) during adolescence. In this regard, it is not surprising that the 

neurobiological or behavioral outcomes resulting from drug exposure depend on when 

during this development that drugs are introduced to the brain. For example, the pre-P onset 

treatment used in the current study overlapped the developmental window when D1Rs are 

over-produced in the mPFC [from early adolescence to about P40 (Andersen et al., 2000) or 

45 (Naneix et al., 2012)], whereas the later occurring peri-P treatment may have more of an 

influence on the subsequent pruning process.

It is notable that only the pre-P treatment induced a long-lasting reduction of D1R level in 

the mPFC. It has been shown that the continuous maturation of dopamine function in the 

mPFC throughout late-adolescence to adulthood coincides with improvement or emergence 

of complex cognitive behavior (Naneix et al., 2012). Thus, disruption of such delayed 

development by drug exposure during adolescence may induce specific neural and 

behavioral adaptations that contribute to a heightened vulnerability to addiction and 

comorbid mental disorders (Gulley and Juraska, 2013; Hammerslag and Gulley, 2016). An 

early study (Brandon et al., 2001) showing that exposure to methylphenidate during 

adolescence led to cross-sensitization to cocaine and increased cocaine self-administration in 
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adulthood is consistent with this hypothesis. The present results also raise potential concerns 

for the timing of therapeutic AMPH use, such as for the treatment of attention deficit 

hyperactivity disorder (ADHD), in pre- and peri-pubertal young people. Whether or not 

those prescribed the drug before puberty onset would be more susceptible to side effects is 

not clear, especially since the exposure dose used here (3 mg/kg/day injected i.p.) is likely to 

be beyond what would be used therapeutically. Other laboratory animal studies that used 

more clinically relevant dosing of AMPH have reported no adverse effects on cognitive 

function (Soto et al., 2012) or responses to other drugs of abuse (Jordan et al., 2016), but 

there has not been a systematic investigation of how sex or pubertal status at the time of 

treatment onset impacts drug effects.

4.6 Conclusion

In the current study, we found long-lasting behavioral and neurobiological changes 

following repeated AMPH exposure during adolescence that depended on the timing of 

exposure relative to puberty onset. Exposure beginning at or near puberty onset was 

associated with a potentially higher propensity of exhibiting anhedonia, whereas drug 

exposure beginning several days or more than two weeks before puberty onset in females 

and males, respectively, was marked by increases in approach or risk taking behavior and 

reductions in D1R expression in the mPFC. Further investigation is needed to understand the 

detailed mechanisms underlying these neurobiological changes and behavioral 

abnormalities, especially since they may confer heightened vulnerability to future drug use 

or abuse its associated consequences.

Highlights

• Anxiety-related behavior was lower in adults first given amphetamine pre-

puberty

• This effect was associated with a decrease in D1 receptor expression in the 

cortex

• Anhedonia after withdrawal was greater when drug exposure onset was 

near puberty
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Figure 1. 
Timeline for adolescent treatments and behavioral assessments. Rats were given injections 

of saline or 3 mg/kg AMPH every other day (10 injections total) starting on either P27 (pre-

P groups) or P37 (peri-P groups). Each sucrose preference test (S) lasted 48 h. Rats were 

sacrificed 48 h after their last S and brain tissue was harvested (H) for subsequent analysis of 

D1R expression.
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Figure 2. 
Puberty onset, as defined by age at vaginal opening, in females (n=5–7/group) given 

injections of saline (Control) or 3 mg/kg AMPH. The horizontal lines in the figure represent 

the mean (solid line) and SEM (dotted lines) postnatal day of puberty onset for a separate 

group of female rats (n = 8) that were otherwise experimentally naïve. *p < 0.05, vs. pre-P 

collapsed across treatment
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Figure 3. 
Preference for a 1% sucrose solution in females (F; n = 9–13/group) and males (M; n = 10–

13/group) following withdrawal from repeated injections with saline or 3 mg/kg AMPH. 

Sucrose preference, which is expressed as a percentage of sucrose solution intake relative to 

total intake of both sucrose and water, was measured for a 48-h period beginning 1 or 7 days 

after the last injection.
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Figure 4. 
Spontaneous locomotor activity in an open-field arena measured 20–21 days after the last 

saline or AMPH injection (n = 10–13 M/group; n = 9–13 F/group). Cumulative measures of 

ambulation (A), time spent in the center quadrant (B) and number of rearing events (C) 

areshown for the 10-min test period. Matching letters indicate a significant group difference 

(p < 0.05) collapsed across sex.
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Figure 5. 
Activity in an elevated plus maze measured 20–21 days after the last saline or AMPH 

injection (n = 8–12 males/group; n = 8–13 females/group). Measures of time spent in the 

open arms (A), number of open arm entries (B) and number of closed arm entries (C) were 

obtained during a 5-min test session. Matching letters indicate a significant group difference 

(p < 0.05) collapsed across sex.
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Figure 6. 
Sucrose preference (n = 9–13 F/group and n = 10–13 M/group) following 20–21 days 

withdrawal from repeated injections with saline or 3 mg/kg AMPH. Matching letters 

indicate a significant group difference (p < 0.05) collapsed across sex.
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Figure 7. 
Analysis of D1R expression in the mPFC (A,B) and NAc (C,D) of rats (n = 10–13 M/group; 

n = 8–13 F/group) exposed to saline or 3 mg/kg AMPH. Representative blot images are 

shown in A and C, with group means for relative expression shown in B and D. Brains were 

analyzed 21–22 days after the last injection during adolescence. Data used for group means 

within sex were normalized to the mean expression level of same-sex controls. Matching 

letters indicate a significant group difference (p < 0.05) collapsed across sex.
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Table 1

Mean postnatal day (± SEM) when markers of pubertal onset were first noted in females and males in the pre-

pubertal onset (pre-P) and peri-pubertal onset (peri-P) treatment groups. Saline or 3 mg/kg AMPH treatment 

began on P27 for rats in the pre-P group and P37 for those in the peri-P group.

pre-P peri-P

saline AMPH saline AMPH

Female 34.8 ± 0.49 (n = 6) 34.3 ± 0.61 (n = 5) 38.7 ± 2.40* (n = 6) 40.0 ± 1.27* (n = 4)

Male 44.7 ± 0.84 (n = 4) 45.0 ± 0.45 (n =6 45.2 ± 0.91 (n = 3) 45.3 ± 0.75 (n = 5)

The number of subject per group is indicated in parentheses.

*
p < 0.05, vs female pre-P groups (collapsed across treatment).
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