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Abstract

Reduced cortical dopamine levels have been observed in individuals with attention deficit 

hyperactivity disorder (ADHD). Global dopamine depletions by 6-hydroxydopamine (6-OHDA; 

with noradrenergic protection) in neonatal rats produces locomotor hyperactivity, with less known 

about how cortical depletion modulates risky behaviors. Here, we determined the effect of a 

medial prefrontal cortex (PFC) 6-OHDA depletions (30–60%) or sham microinjection at postnatal 

day 11 on behavior in male and female juvenile rats. Separate groups were studied for delay 

discounting (impulsive choice), novelty-preference, and preferences for cues and environments 

associated with cocaine (10, 20, and 40 mg/kg), their extinction, and reinstatement with place 

conditioning. Because PFC D1 receptors play a role in these behaviors, confocal microscopy was 

used to measure D1-immunoreactive projections to the nucleus accumbens core. Both 6-OHDA 

males and females increased delay discounting relative to sham controls, although only 6-OHDA 

females increased novelty preferences. Preferences for cocaine-associated environments, their 

extinction, and reinstatement with a priming dose of cocaine were reduced in 6-OHDA subjects 

overall. However, impulsive choice at 5 s positively correlated with preferences for cocaine-

associated environments in 6-OHDA subjects, but not sham controls. As possible compensation 

for low dopamine levels, D1-immunoreactivity on traced neurons increased in 6-OHDA females; 

dopamine levels did not remain low in adolescent 6-OHDA males and D1 did not change. We 

believe that these modest depletions restricted to the PFC demonstrate the role of dopamine, and 

not norepinephrine, in understanding these behaviors in other animal models where cortical 

dopamine is reduced during development.
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1. Introduction

The dual hypothesis of attention deficit hyperactivity disorder (ADHD) posits that 

difficulties in reward processing and its associated circuitry can be differentiated from 

executive difficulties in ADHD children [1]. The reward-related structures include 

orbitofrontal regions that include the ventromedial PFC, the accumbens, amygdala and other 

structures. Reward-related deficits that are found in ADHD are associated with these regions 

and include increased delay discounting [1,2], elevated novelty-seeking [3], and insensitivity 

to changes in reward contingencies [4]. As these children grow older, the risk for substance 

use disorder increases with ADHD females more at-risk than ADHD males [5]. Notably, 

hyperactivity is delegated as an executive function deficit within this framework.

Dysfunctional processing within the dopamine system is present in ADHD (reviewed by 

[60]). Relative to adult control subjects, ADHD adults have reduced [18F]fluorodopa in the 

prefrontal cortex, suggestive of lower dopamine levels [6]. These dopamine deficits are also 

likely in children with ADHD, where reduced cerebral blood flow within the orbitofrontal 

region that includes the prefrontal cortex (PFC) can be normalized with drugs like 

methylphenidate that pharmacologically increases catecholamines [7,8].

Preclinical efforts to understand the role of dopamine in ADHD are based on relatively non-

specific changes within the dopamine system [9]. For example, the dopamine transporter 

knockout is associated with excessive locomotion [10]. The spontaneously hypertensive rat 

(SHR) exhibits hyperactivity, inattention, impulsivity, poor stability of performance, and 

reduced PFC dopamine release and noradrenergic changes relative to Wistar Kyoto rat 

controls [11–13]. Dopamine levels in the PFC and striatum are initially increased in the 

juvenile SHR rat and decrease with age [14]. In the following study, we determined whether 

a more focal dopamine deficit localized to the PFC during the juvenile stage would produce 

reward-related behavioral changes.

Few preclinical studies have examined the effects of specific developmental reductions of 

dopamine on reward-related behavior during the juvenile period. Dopamine deficits 

produced during early development differ from those produced during adulthood [15,16]. 

Adult animals whose dopamine is depleted with 6-hydroxydopamine (6-OHDA) typically 

exhibit adipsia, aphagia, and motor impairment [15]. In contrast, whole brain neonatal 

dopamine depletions with 6-OHDA produce hyperactivity during the juvenile and early 

adolescent period [17–19], with no signs of drinking/eating disturbances [16,20]. These 

early lesions are associated with sex differences. For example, developmental PFC 6-OHDA 

lesions (i.e., 50% reduction at postnatal day [P]12–14) mildly enhance locomotor activity in 

P60 males [21], but not females [22]. 6-OHDA at P12 also reverses sex differences in 

nicotine self-administration [22]. The role of low dopamine in a number of ADHD-like 

behaviors in juveniles – including females – is not known. Therefore, we investigated the 

effects of an early 6-OHDA lesion on delay discounting, novelty preferences, activity, and 

place conditioning to cocaine in male and female juvenile rats.

One explanation for these differences is that the timing of the depletion differentially alters 

the maturation of local circuitry in the brain, especially at the receptor level. Elevated D1 on 
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PFC neurons increases distraction [23,24], impulsive choice [25,26], working memory [27], 

and place preferences for cocaine-associated environments [26]. In addition, normal 

adolescent increases in PFC D1 receptors are related to a peak in cocaine sensitivity [28]. 

Here, we postulated that increases in the D1 dopamine receptor in the PFC may be related to 

the hypothesized changes. Such D1 increases have been reported following developmental 

6-OHDA lesions in some [29], but not all studies [30]. D1 receptors typically increase 

during adolescence on plPFC projections to the nucleus accumbens [28,31], raising the 

possibility that PFC dopamine depletions might facilitate an increase in D1 in compensation.

2. Materials and methods

2.1. Subjects

Sprague-Dawley male and female rats were pretreated with desipramine (20 mg/ml in a 25 

μl injection) to protect noradrenergic terminals. Subjects were bilaterally injected with 0.5 

μg in 0.5 μl of either 6-OHDA or ascorbic acid saline (0.1%) in nitrogen at P11. Briefly, rats 

were anesthetized by hypothermia and a gas-tight Hamilton syringe was lowered into the 

plPFC at age-appropriate, stereotaxic coordinates: P11: AP: +2.8, ML: ±0.5, DV: 2.6 [32]. 

Solutions were slowly infused over the course of 5 min (i.e., 0.1 μl/min) and the needle left 

at the site for an additional 5 min, followed by slow retraction. Subjects were sutured and 

returned to their home cage with the dam upon awakening. The plPFC was targeted for 

depletion because it is associated with expression of learned associations, including drug 

cues (e.g., [33]). Subjects were tested beginning at P21, representing the juvenile stage of 

development [34] when the majority of children are diagnosed with ADHD [35]. Most of the 

female rats do not begin cycling until P35–37 in our lab. The majority of the tests were 

completed prior to this age, although estrogen differences may have increased variability in 

delay discounting.

2.2. Verification of DA depletion

The degree of depletion was verified with HPLC–ED of micropunches (0.98 mm) from the 

plPFC regions for each subject tested behaviorally using standard methods [36]. These data 

were then used as a covariate for the behavioral analyses to account for any differences in 

dopamine levels. Briefly, homogenized samples were injected into HPLC–EC system 

(BAS). Analytes were separated on a reverse-phase 150 mm × 1 mm (i.d.) column (BAS; 

C18, 3 μm particle size), with a mobile phase consisting of 0.1 M monochloroacetic acid 

buffer, 0.5 mM EDTA, 0.08% w/v octyl-sodium sulfate, and 7% v/v methanol, with a pH of 

3, run at a flow rate of 90 μl/min. DA was oxidized with a glassy carbon electrode 

maintained at a potential of +0.7 V vs. an Ag/AgCl reference electrode. Amounts were 

based on a 4-point standard curve performed prior to every HPLC run.

2.3. Specific experimental details

2.3.1. Experiment 1. Delayed discounting—Subjects (n = 5–9/group; males and 

females) began training at P25 for increases in impulsive choice with a delay discounting 

task [37]. Subjects were trained to run down an arm of a T-maze to receive either a small 

reward (i.e., Reese’s pieces) in one arm or a large reward in the other arm. The T-maze was 

selected over an operant paradigm as the T-maze requires fewer training days, which is 
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vitally important for the developmental assessments. The number of days it took to reach 

criterion of choosing the large reward of 10 of 12 trials across two days was recorded (e.g., 0 

delay). Once subjects reached this criterion, one of three delay periods of 5, 10, or 15 s was 

initiated for the large reward while the small reward was available immediately. These 

periods are based on [37] and are sufficient to detect differences between groups [26]. 

Different groups of animals were used for each delay condition as our pilot studies 

demonstrated carry-over effects between delay conditions.

2.3.2. Experiment 2. Novelty-preferences—Subjects (n = 5–7/group) were tested for 

novelty preferences based on previous methods [38]. Briefly, a two chamber apparatus that 

differed by wall patterns was used (7 × 8.5 in. each side; Med Associates, St. Albans, VT). 

Subjects were habituated to the first distinct environment for 20 min on three consecutive 

days. The side of the habituation chamber was counterbalanced across subjects. Subjects 

then remained in the home cage for 24 h. On day five, the door connecting to the second 

chamber was opened and the total time spent on the novel side was used as an index of 

novelty preference. Subjects were tested at P25.

2.3.3. Experiment 3. Place conditioning—Subjects (n = 8–12/dose males and females) 

were initially placed into the conditioning chambers at P25. To investigate shifts in 

sensitivity to drug-associated cues, subjects underwent unbiased place conditioning to 10, 

20, and 40 mg/kg cocaine [28]. The conditioning chamber consisted of two large (24 × 18 × 

33) side compartments separated by a small (12 × 18 × 33 cm) middle compartment. The 

two compartments differed in floor texture, lighting, and wall coloring (black vs. white) and 

these drug-associated environments were counterbalanced within a condition. Through 

Pavlovian conditioning [39], repeated pairing of the environment with a rewarding drug 

allows the environment to develop conditioned incentive properties as a drug-related cue 

[40]. On Day 1, rats freely explored the apparatus to initially screen for baseline preferences 

for either side, which was defined a priori by spending greater than 18 min of the 30 min 

session on one side. If preferences were detected, these subjects were eliminated from 

further testing. Two days of conditioning to saline in the morning in one side and drug-

paired chamber four hours later on the other side for 60 min each, and testing on the fourth 

day in a drug-free state (for 30 min) where the subjects had free access to all three chambers. 

Time spent in each compartment was analyzed to reflect conditioning to the environmental 

cues associated with each compartment. Relative to time spent on the saline-associated side 

of the chamber, time spent in the drug-conditioned side was considered a drug preference, 

whereas time spent on the saline-conditioned side was considered an aversion. A total of n = 

106 subjects were included, in part, to yield a sufficient number of subjects to test extinction 

and reinstatement in Experiment 4.

2.3.4. Experiment 4. Extinction and reinstatement to drug-associated cues—
Subjects demonstrating a significant place preference in Experiment 3 as indicated by a ratio 

(see formula below) greater than 0.54 were then used in extinction and reinstatement 

experiments, following our previous methods [28]:
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Extinction testing started 24 h after testing for place conditioning. Subjects were allowed to 

explore the entire apparatus in a drug-free state for 30 min and time spent in each chamber 

recorded (i.e., an explicitly paired procedure). This test was repeated daily until each animal 

achieved extinction, defined as a preference ratio below 0.54 for two consecutive days, based 

on our methods [31] and those of Sanchez et al. [41]. Once subjects extinguished their 

preference to drug-associated cues, responses were reinstated with a challenge with 5 mg/kg 

cocaine (24 h after last extinction trial). Five mg/kg is a low priming dose commonly used 

for reinstatement studies (e.g., [41]).

2.3.5. Experiment 5. Relationship between delayed discounting and place 
preference for cocaine-associated environment—A subset of the animals from 

Experiment 1 (the latter half of those tested) was tested with place conditioning to a probe 

dose of 10 mg/kg cocaine after they had completed the delay discounting (~P45). 

Correlational analyses were then performed to determine if there is a correlation between 

delay discounting and place preference to an environment associated with cocaine.

2.3.6. Experiment 6. Retrograde tracers and confocal microscopy—Animals at 

P39 (n = 6–7/sex and condition) were given a 1 μl/side stereotaxic injection of a retrograde 

tracer (fluospheres, Molecular Probes) into the NAc (AP: +1.8; ML: 0.7; DV: −6.0, at a 3° 

angle) following ketamine/xylazine anesthesia according to our earlier methods [28]. 

Animals were intracardially perfused with ice-cold PBS followed by 4% paraformaldehyde, 

and brains sliced in 40 μm sections on a freezing microtome. Sections were incubated 

overnight in rat anti-D1 IgG (1:250; Sigma), washed, and incubated for 60 min with anti-rat 

Alexa 563-coupled IgG (1:400; Molecular Probes, Eugene, OR). Sections were then washed 

and mounted on slides using FluoroGel mounting medium (Fisher Scientific, Pittsburgh, 

PA). High-magnification digitized images at 40× oil-immersion were acquired in 2 μm step 

intervals for 20 μm within the plPFC. Within each region of interest, defined in part by a 

preponderance of traced neurons within the target region, a second z-stack was obtained in 

FITC for D1-immunoreactivity (IR). Three ROIs were generated within each subject and the 

number of traced, D1-IR, and co-localized cells counted. In each section, the entire plPFC 

was outlined at 4× magnification and the total number of IR cells was measured at 20× 

exclusively within the outlined area. CamKIIa was visualized using a red filter channel, 

while D1R was visualized using a green filter channel. Double-labeled cells were confirmed 

using an overlay of images from two filters for each field of view. Investigators were strictly 

blinded to the conditions for all analyses. Tracings of the plPFC boundaries were used for 

calculation of the area (a) in each section. The density of IR cells for each cell type 

(cells/mm2) was based on the total number of IR cells divided by Σa for each subject (the 

sum of areas obtained from all outlined regions). Volume of the plPFC was calculated 

according to the Cavalieri principle (50) as v = z × i × Σa, where z is the thickness of the 

section (40 μm) and i is the section interval (24; i.e., number of serial sections between each 

section and the following one within a compartment).
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2.4. Statistical analysis

Place conditioning data was analyzed by a mixed ANCOVA (SPSS v 20) with depletion 

(Sham/6-OHDA), sex (male/female), and cocaine dose (10, 20, 40 mg) as between-subjects 

measures, pre- and post-conditioning as a repeated measures variable, and dopamine levels 

as a covariate to account for degree of depletion. Post-hoc analyses were corrected with 

Bonferroni’s, based on our previous methods [28,42]. Between-subject ANOVAs were used 

for delay discounting and novelty preference. Significance was set at P < 0.05.

3. Results

3.1. DA depletion

During juvenile assessment, the DA depletion was 40.1 ± 8.1% of sham-lesioned controls (P 
< 0.005; 4.67 ± 0.94 [6-OHDA] vs. 11.66 ± 2.2 [sham-lesioned] ng/mg wet tissue). DA and 

norepinephrine levels were also analyzed as the animals completed the studies at different 

ages in the delayed discounting paradigm (average age of sacrifice ~P55); for these analyses, 

age was used as a covariate. Age did influence catecholamine levels independently of 

condition (Age: F1,55 = 9.11 and 5.87, P = 0.004 and 0.019 for DA and norepinephrine). A 

depletion × sex interaction was not significant (F1,55 = 2.72, P = 0.1), although the trend is 

evident. DA content in males reverted to control levels in 6-OHDA males (6-OHDA-

lesioned: 34.2 ± 4.9 vs. sham-lesioned: 31.3 ± 4.4), but remained lower in 6-OHDA females 

(6-OHDA-lesioned: 21.5 ± 5.4 vs. sham-lesioned: 36.4 ± 5.0 ng/mg wet tissue weight). 

Norepinephrine content levels did not significantly differ by depletion or sex (Ps = 0.7 and 

0.9) and were: 6-OHDA-lesioned males: 88.2 ± 12.1 vs. sham-lesioned males: 84.8 ± 10.5; 

6-OHDA-lesioned females: 87.5 ± 12.9 vs. sham-lesioned females: 83.0 ± 12.1 ng/mg wet 

tissue weight).

3.2. Specific experimental results

3.2.1. Experiment 1. Delayed discounting—We observed a significant effect of 

depletion on the number of small reinforcements selected (F1,63 = 6.402, P = 0.01), where 

6-OHDA rats demonstrated more delay discounting relative to the sham-lesioned controls 

(Fig. 1). In addition, a significant effect of delay itself was observed where subjects selected 

the smaller reward more frequently as the delay interval increased (F2, 63 = 8.64, P < 

0.001). These variables did not interact, nor was sex a significant influence. No significant 

differences were found for the number of days required to reach criterion as a result of 

depletion, sex, or delay (P > 0.5). On average, 6-OHDA male rats required 9.6 ± 0.9 days to 

reach criterion, whereas vehicles required 9.4 ± 1.7 days. Female 6-OHDA rats took 9.6 

± 0.9 days and female sham-lesioned rats required 8.6 ± 0.8 days. These data support the 

conclusion that 6-OHDA did not produce learning or motivational deficits.

3.2.2. Experiment 2. Novelty preferences and locomotor activity—Female 6-

OHDA subjects also demonstrated preferences for novel environments and spent 

significantly more time in the novel side of the chamber relative to sham-lesioned controls 

and males in both groups (depletion × sex interaction: F1,19 = 4.26, P = 0.05; Fig. 2). 

Locomotor activity habituated across the 20 min in all groups (F3, 60 = 38.6, P < 0.001), but 

none of the groups differed from each other on Day 1 of habituation (F1,19 = 0.9, P = 1.0).
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3.2.3. Experiment 3. Place conditioning—An ANCOVA was used to analyze the place 

conditioning data, where levels of dopamine and norepinephrine served as covariates, lesion 

(6-OHDA/sham), dose (10, 20, 40 mg/kg cocaine), sex (male/female), and the within-subject 

variables of conditioning (pre-/post-) were assessed. Dopamine had a significant influence 

on behavior (F1,58 = 4.80, P < 0.05). Data in Fig. 3 are corrected for individual dopamine 

values, whereas norepinephrine did not have a significant influence (P = 0.43). Overall, 6-

OHDA reduced cocaine conditioning in both sexes (effect of depletion: F1,58 = 5.32, P < 

0.05), as neither sex nor dose of cocaine had an effect (Ps > 0.4).

3.2.4. Experiment 4. Extinction and reinstatement to drug-associated context
—Extinction was defined as a preference ratio of 0.54 or less for two consecutive days. 

Extinction data were analyzed with a Kaplan–Meier survival analysis to determine how 

many days it took for subjects to extinguish to environments previously associated with 10, 

20, or 40 mg/kg cocaine in males and females [31]. Table 1 shows that 6-OHDA subjects 

extinguished faster than sham-lesioned control subjects, especially at the lower dose of 

cocaine in males.

Reinstatement to the priming dose of 5 mg/kg cocaine was less robust in 6-OHDA subjects 

(F1,49 = 4.22, P = 0.04; Fig. 4), with a trend for an interaction by sex (P = 0.07).

3.2.5. Experiment 5. Relationship between delayed discounting and place 
preference for cocaine-associated environment—To determine whether such a 

relationship existed in 6-OHDA or sham-lesioned controls, correlational analyses were 

preformed on a subset of subjects that were initially assessed for delayed discounting or 

novelty preferences prior to place conditioning to a probe dose of 10 mg/kg cocaine. 

Impulsive choice at the 5 s delay is highly predictive of place preferences for cocaine-

associated environments in 6-OHDA subjects (Pearson’s r = 0.77; P = 0.002) but not in 

sham-lesioned controls (r = −0.38; P > 0.3). Sex did not influence this relationship and no 

correlations exist between place conditioning and impulsivity at the 10 and 15 s delay when 

impulsive choice is elevated for both 6-OHDA and sham-lesioned animals to the same 

degree (r = −0.23–0.37).

3.2.6. Experiment 6. Retrograde tracers and confocal microscopy—A depletion 

× sex interaction was observed for D1-immunopositive traced neurons (F1,17 = 6.76, P < 

0.05; Fig. 5), such that 6-OHDA males had fewer D1-immunopositive traced cells in the 

plPFC than controls, while the reverse was true for the females. No other significant changes 

were observed for the number of D1-immunopositive cells or the number of traced neurons 

as a function of depletion.

4. Discussion

In the current study we demonstrated that attenuated PFC dopamine, induced by 6-OHDA 

lesions at P11, increased some, but not all, ADHD-like behaviors in juvenile rats. This 

moderate PFC dopamine depletion (~60% of sham controls) impaired delay discounting in 

both male and female rats. Delay discounting was more robust in 6-OHDA males than 

females, although this apparent sex difference was not significant. 6-OHDA females 
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demonstrated greater preferences for novelty than 6-OHDA males. Locomotion in our 

juveniles was not significantly affected, similar to another developmental PFC 6-OHDA 

lesion study where 50% reduction in dopamine at postnatal day [P](12–14) mildly enhanced 

locomotor activity in P60 male [21] but not females [22]. Consistent with the dual-pathway 

framework, locomotor activity was not elevated in 6-OHDA animals relative to sham 

controls. Together, these observations are consistent with a motivational dysfunction model 

of ADHD for behavioral symptoms, which includes impaired discounting and a diminished 

sensitivity to reward that are related to hypofunction in PFC regions (as determined by blood 

flow changes) [1,43–45].

The observations in 6-OHDA females are also similar to dopamine changes in PFC activity 

in the SHR rat. Relative to Wistar controls, electrically-stimulated levels of dopamine are 

reduced [46] and both D1 mRNA [14,47] and the D1-associated protein calcyon are 

increased in the SHR PFC [48]. However, changes in PFC dopamine levels in the SHR 

transition from elevated dopamine during the juvenile period before declining with 

maturation when the rats are typically tested [14]. Our findings in 6-OHDA juvenile females 

can possibly inform mechanism development in the PFC of the SHR rat. Specifically, low 

levels of dopamine lead to an up-regulation of D1 receptors on plPFC output into the 

accumbens. This early change in D1 (measured here in adolescence) is associated with 

increased discounting and novelty preferences in 6-OHDA females and following viral-

mediated transfer of the D1 into glutamatergic neurons into the plPFC [26]. In adult rats, we 

have shown that D1 increases the amount of cocaine self-administered and its breakpoint, 

suggesting greater motivation to seek cocaine [26]. However, others have found that 6-

OHDA at P12 reduces nicotine self-administration in adult females [22]. These authors 

suggest that females are more protected from 6-OHDA due to the presence of estrogen 

(evident in adulthood), which itself increases nicotine self-administration [49]. We would 

predict that 6-OHDA females would increase intake of other drugs of abuse, especially 

cocaine, given the greater change in risky behaviors observed in 6-OHDA female, but not 

male, rats. This hypothesis is consistent with the greater risk for substance use disorders in 

females with ADHD [5], but requires additional investigation in older animals.

While the observations in 6-OHDA in the females are consistent with some behaviors found 

in ADHD, the results from male 6-OHDA rats are not. Male 6-OHDA rats demonstrated 

delay discounting as found in ADHD [50], but failed to show novelty preferences or 

differences in place conditioning. Mechanistically, male 6-OHDA rats did not show the 

hypothesized increase in plPFC D1 receptors. Delay discounting in adult rats have been 

associated with increased dopamine (extracellular levels of DOPAC were measured) and 

decreased serotonin in the orbital frontal cortex, but increased serotonin extracellular levels 

and reduced dopamine in the plPFC [51]. The orbital frontal cortex is not involved in non-

cued tasks of delay discounting [52], such as the T-maze task used here. Moreover, 6-OHDA 

depletions in the current study were specific to the medial PFC (unpublished observations 

based on tyrosine hydroxylase staining). While both sexes had reduced dopamine levels 

following 6-OHDA initially, it is possible that secondary changes in serotonin may further 

mediate impulsivity change in 6-OHDA males (although not determined). Developmental 6-

OHDA depletions decreased serotonergic innervation of the plPFC [53], although increased 

serotonin innervation in the striatum has been reported [20]. Systemic increases in serotonin 
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levels decrease delay discounting in a T-maze task [54], with similar findings following 

more localized injections of a serotonin 5-HT2a agonist in the 5-choice serial reaction time 

task [55]. We do not have serotonin levels from these animals, leaving this question 

unanswered. If serotonin levels are increased following 6-OHDA in males, as found in the 

striatum [20], this may explain increased discounting. In contrast, novelty preferences found 

in the rat-bred line of high-novelty seeking rats show that c-fos responses are diminished 

within certain serotoninergic cell body regions [56]. These data imply that increased 

serotonin could reduce novelty preferences, or at a minimum, modify any changes that may 

be caused by 6-OHDA dopamine depletions.

Reduced sensitivity to cocaine-associated cues and contexts in juvenile 6-OHDA females 

and males relative to sham-lesioned subjects undermines the hypothesis that this model may 

increase risk for substance abuse. Clinical observations show that generally impulsive 

disorders emerge early in life (~5 years of age), while substance use has an adolescent onset 

[57]. Our animal model shows a significant relationship between delay discounting scores 

and preferences for cocaine-associated environments when assessed at ~P40 in 6-OHDA, 

but not sham-lesioned, animals. Delay discounting at 5 s, sensitivity to doses of cocaine 

during self-administration, and motivation to take cocaine are partially mediated by 

increased D1 receptors in the adult plPFC [26]. Since early PFC 6-OHDA lesions increase 

D1 receptors in the female plPFC, these studies raise the possibility that delay discounting 

may predict children at-risk for substance use.

While the correlation between impulsive choice and preferences for cocaine-associated cues 

and contexts is promising on an individual level, we did not observe an increase in 

preferences for cocaine-associated environments on a group level. One possibility is that 

sensitivity to the rewarding effects of cocaine and its ability to form preferences for cues and 

contexts may not manifest until subjects approach adolescence [57] when the risk is the 

highest in rats [28]. We tested this possibility by examining place conditioned responses to 

10 mg/kg cocaine in adolescent 6-OHDA females. These 6-OHDA females failed to show 

preferences for cocaine-associated contexts (data not shown). Second, reduced preferences 

for cocaine-associated cues and contexts may also be the indirect result of subjects spending 

more time searching both compartments more due to lower dopamine levels that prevents the 

recollection of a reward-association [58]. Third, learning deficits could impair initial 

conditioning processes, but no evidence of such a learning deficit was observed in the T-

maze task of delay discounting as subjects required the same number of days to reach 

criterion. Fourth, low dopamine impairs working memory in adult rats [22,59], but what 

happens during juvenility following early life 6-OHDA is not known. Working memory 

impairment prevents the recollection of a reward-association [58]. Extinction was rapid in 

both 6-OHDA groups. However, reinstatement of the previously conditioned preference for a 

cocaine-associated environment (a prerequisite for inclusion in this part of the study) was 

lower in 6-OHDA males relative to male controls, with a trend supporting the opposite effect 

in females (P = 0.07). Together, the most likely conclusion is that working memory may be 

impaired in 6-OHDA males, but not females. Future studies can test for this specific deficit.
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5. Conclusions

The data presented show that reduced levels of dopamine in the plPFC during early 

development influences specific behaviors (delayed discounting, novelty preferences) that 

are relevant to ADHD. Sex differences were also observed in depleted subjects, where 

novelty-preferences were elevated in females, but not males. Together, early postnatal 6-

OHDA lesions selectively into the plPFC may provide a novel model of examining 

dopamine-related dysfunction as it is relevant to ADHD.
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HIGHLIGHTS

• Moderate depletion of dopamine in development 

increases delay discounting.

• 6-Hydroxydopamine increases cortical D1 receptors in 

females, but not males.

• 6-OHDA increases novelty preference in females, not 

males.
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Fig. 1. 
6-OHDA treatment increased delayed discounting in male and female juvenile rats relative 

to sham-lesioned controls. Each subject met criterion of two or less small reinforcements 

(e.g., 0 delay) before exposure to the delay condition of 5, 10, or 15 s. Means ± SE are 

presented. * P < 0.05.

Freund et al. Page 15

Behav Brain Res. Author manuscript; available in PMC 2017 January 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Females that received 6-OHDA showed increased novelty preference relative to sham-

lesioned controls, while there were no differences in males (top). Data are expressed as a 

percentage of time spent in the novel side for the 20 min session. General activity was not 

influenced by 6-OHDA treatment for either sex (bottom). Means ± SE are presented. * P < 

0.05.
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Fig. 3. 
6-OHDA treatment reduced cocaine place conditioning relative to sham-lesioned controls. 

As no sex differences were observed, data are collapsed across males and females. Means ± 

SE are presented. An overall main effect of depletion on behavior was observed, with post-

hoc tests revealing differences in the post-conditioning effects only. * P < 0.05.

Freund et al. Page 17

Behav Brain Res. Author manuscript; available in PMC 2017 January 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Subjects that had a significant place preference in Fig. 3 were extinguished and then the 

response probed with a priming dose of 5 mg/kg cocaine to determine the level of 

reinstatement. A preference score (calculated as the time on [drug side − time on saline 

side])/[drug + saline)]) of less than 0.54 was used as the criterion for extinction; anything 

above a score of 0.54 is considered a preference.
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Fig. 5. 
Fewer D1-immunopositive cells that project from the plPFC to the nucleus accumbens core 

were found in 6-OHDA males compared to sham-lesioned controls. The reverse was true for 

the females with more D1-immunopositive projection cells than controls. Means ± SE are 

presented. * P < 0.05.
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Table 1

Kaplan–Meier survival analysis for days to extinguish preferences for cocaine environments.

Cocaine dose (mg/kg) Condition 10 20 40

Males Sham control (n) 9.0 ± 1.0 (5) 5.3 ± 0.7 (7) 4.0 ± 0.9 (5)

6-OHDA (n) 3.7 ± 0.6 (6) 3.5 ± 0.7 (6) 5.2 ± 1.0 (6)

Females Sham control (n) 3.2 ± 0.5 (5) 6.5 ± 1.0 (6) 6.2 ± 1.7 (6)

6-OHDA (n) 4.9 ± 0.6 (8) 7.0 ± 1.8 (5) 4.3 ± 0.4 (6)

Behav Brain Res. Author manuscript; available in PMC 2017 January 16.


	Abstract
	1. Introduction
	2. Materials and methods
	2.1. Subjects
	2.2. Verification of DA depletion
	2.3. Specific experimental details
	2.3.1. Experiment 1. Delayed discounting
	2.3.2. Experiment 2. Novelty-preferences
	2.3.3. Experiment 3. Place conditioning
	2.3.4. Experiment 4. Extinction and reinstatement to drug-associated cues
	2.3.5. Experiment 5. Relationship between delayed discounting and place preference for cocaine-associated environment
	2.3.6. Experiment 6. Retrograde tracers and confocal microscopy

	2.4. Statistical analysis

	3. Results
	3.1. DA depletion
	3.2. Specific experimental results
	3.2.1. Experiment 1. Delayed discounting
	3.2.2. Experiment 2. Novelty preferences and locomotor activity
	3.2.3. Experiment 3. Place conditioning
	3.2.4. Experiment 4. Extinction and reinstatement to drug-associated context
	3.2.5. Experiment 5. Relationship between delayed discounting and place preference for cocaine-associated environment
	3.2.6. Experiment 6. Retrograde tracers and confocal microscopy


	4. Discussion
	5. Conclusions
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Table 1

