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Abstract

The adolescent period in mammals is a critical period of brain maturation and thus represents a 

time of susceptibility to environmental insult, e.g. psychosocial stress and/or drugs of abuse, which 

may cause lasting impairments in brain function and behavior and even precipitate symptoms in at 

risk individuals. One likely effect of these environmental insults is to increase oxidative stress in 

the developing adolescent brain. Indeed, there is increasing evidence that redox dysregulation 

plays an important role in the development of schizophrenia and other neuropsychiatric disorders 

and that GABA interneurons are particularly susceptible to alterations in oxidative stress. The 

current study sought to model this adolescent neurochemical “stress” by exposing mice to the 

dopamine transporter inhibitor GBR12909 (5 mg/kg; IP) during adolescence (postnatal day 35–44) 

and measuring the resultant effect on locomotor behavior and probabilistic reversal learning as 

well as GABAergic interneurons and oxidative stress in adulthood. C57BL6/J mice exposed to 

GBR12909 showed increased activity in a novel environment and increased impulsivity as 

measured by premature responding in the probabilistic reversal learning task. Adolescent 

GBR12909-exposed mice also showed decreased parvalbumin (PV) immunoreactivity in the 

prefrontal cortex, which was accompanied by increased oxidative stress in PV+ neurons. These 

findings indicate that adolescent exposure to a dopamine transporter inhibitor results in loss of PV 

in GABAergic interneurons, elevations in markers of oxidative stress, and alterations in behavior 

in adulthood.
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1. Introduction

Adolescence is a critical window of time during which psychological and 

neuroendocrinological changes take place (Spear 2000; Marco et al. 2011). Emergence of 

psychopathology can result if this transition period is perturbed through genetically 

programmed abnormalities (e.g. problems with synaptic pruning) or environmental 

influences (Andersen & Teicher 2008; Adriani & Laviola 2004). Indeed, several 

neuropsychiatric disorders emerge during adolescence, e.g. psychosis, anxiety and mood 

disorders, substance abuse, eating disorders, and personality disorders, and are all thought to 

involve disturbances in typical adolescent brain maturation (Paus et al. 2008 for review). 

Adolescence is also a time of increased vulnerability to stress and increased risky and thrill-

seeking behavior, as well as a time in which many individuals are exposed for the first time 

to psychostimulants, both recreationally and therapeutically (Laviola et al. 1999). Changes 

in behavior during the adolescent period of development parallel progressive changes in 

cortical areas, particularly in the prefrontal cortex (PFC) (Casey et al 2000).

GABAergic inhibitory neurons, particularly parvalbumin (PV)+ interneurons, are essential 

to maintaining the appropriate excitatory/inhibitory (E/I) balance that is critical to 

experience-dependent refinement of synaptic connections and cognitive function (Huang et 

al. 2009). PV+ interneurons help maintain oscillatory activity of cortical networks in the 

gamma frequency range (30–80 Hz) (Bartos et al. 2007), which help coordinate neuronal 

communication between circuits and brain regions (Uhlhaas et al. 2010). Disruptions in 

gamma oscillations are associated with cognitive impairments in several neuropsychiatric 

disorders (Marin 2012; Uhlhaas et al. 2010). Frontal cortical-inhibitory circuits, including 

PV+ interneurons are relatively immature at birth and undergo a prolonged maturation, 

reaching maturity at the end of the adolescence period (Chattopadhyaya et al. 2004; Micheva 

and Beaulieu 1996; Reynolds and Beasley 2001). In rodents, PV+ neurons start to express 

PV after the first postnatal week and acquire their mature fast spiking properties after 2–3 

weeks of postnatal life (de Lecea et al. 1995; del Rio et al. 1994; Gonchar et al. 2008; 

Pangratz-Fuehrer & Hestrin 2011).

PV fast-spiking interneurons utilize high levels of energy to maintain their fast-spiking 

properties and generate gamma oscillations (Kann et al. 2014). Thus, PV interneurons are 

particularly susceptible to oxidative stress effects (Behrens et al. 2007; Behrens & Sejnowski 

2009; Powell et al. 2012). Several neurodevelopmental disorders such as schizophrenia (Do 

et al. 2012; Akyol et al 2002; Dadheech et al 2006; Dadheech et al. 2008), autism (Chauhan 

et al. 2012; Frustaci et al. 2012; Rossignol & Frye 2011; Villagonzalo et al. 2010), and 

ADHD (Bulut et al. 2013; Bulut et al. 2007; Ceylan et al. 2012; Guney et al. 2015; but see 

also Oztop et al. 2012) have been associated with redox dysregulation. Our work and that of 

others have shown that early postnatal redox imbalance alters the maturation of PV-

interneurons. For example, decreased antioxidant capacity during early postnatal periods in 

rodents produces a loss in PV-interneurons and induces cognitive deficits relevant to 

schizophrenia (Cabungcal et al. 2007). Mice with a genetic deficiency in GSH synthesis 

have a reduced number of PV-interneurons, decreased kainate-induced gamma oscillations, 

and display schizophrenia-like behaviors in adulthood (Do et al., 2009). Additionally, early 

postnatal exposure to the NMDA antagonist ketamine produces loss of PV immunoreactivity 
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in the absence of PV cell death (Powell et al. 2012), an effect shown to be mediated by an 

IL-6-Nox2-dependent pathway (Behrens et al. 2007, 2008; Dugan et al. 2009).

Psychological stress and drugs of abuse during adolescence are risk factors for psychiatric 

illness, including schizophrenia. Several groups have hypothesized that dopamine 

hyperstimulation during adolescence may represent a common biological consequence of 

psychological adversity and vulnerability for later development of neuropsychiatric 

disorders (Selten et al. 2013; Selemon & Zecevic 2015; Lieberman et al. 1997). 

Dopaminergic innervation, predominantly of forebrain areas, continues to mature during 

adolescence (Kalsbeek et al. 1988; Wahlstrom et al. 2010). Modulation of PFC circuits by 

dopamine (DA) peaks during adolescence in non-human primates and rodents (Tarazi & 

Baldessarini 2000; Brenhouse & Andersen 2011), and the rewarding effects of 

psychostimulants change during transitions between adolescence and adulthood (Andersen 

et al 2001; Adriani & Laviola 2003). Adolescent rats are more sensitive to the hyperactivity 

and DA release induced by DA uptake inhibitors (e.g. GBR12909) compared to adult rats 

(Walker et al. 2010). Adolescent exposure to methylphendidate results in long-lasting 

upregulation of Grik2 (kainite 2 subunit of ionotropic glutamate receptor) and Htr7 (5-HT7 

receptor) in striatum (Adriani et al 2006). GABAergic neurons, specifically fast-spiking PV+ 

inhibitory neurons, show changes in DA-induced excitation patterns and in expression of N-

methyl-D-aspartate (NMDA) receptors during the transition from adolescence to adulthood 

(Tseng & O'Donnell 2005). Activation of D1 DA receptors enhances excitability while 

activation of D2 DA receptors exerts mild inhibitory effects on PV+ inhibitory neurons in 

preadolescent PFC (Gorelova et al 2002). However, this pattern of DA modulation of PV+ 

interneurons changes from adolescence to adulthood (Tseng & O'Donnell 2007a; Tseng & 

O'Donnell 2007b), and only PV+ interneurons show sensitivity to D1 agonists during 

adolescence (Tseng and O’Donnell 2007a,b).

Because adolescence is a developmental period of increased maturation of both the DA 

system and GABAergic inhibitory circuits and a period of vulnerability to neuropsychiatric 

disorders that may involve increased mesolimbic dopamine signalling, we investigated 

whether hyperdopaminergia during early adolescence can lead to long-term alterations in PV

+ neurons and oxidative stress markers and produce behavioral alterations in mice in 

adulthood. GBR12909 is a high affinity, long-acting DA transporter (DAT) inhibitor 

(Heikkila et al. 1984), which induces a hyperdopaminergic state when administered 

systemically and is known to produce oxidative stress by producing reactive oxygen species 

(ROS) via the catabolism of DA (Meiser et al 2013; Grima et al. 2003). Acute administration 

of GBR12909 decreased levels of GSH and increased lipid peroxidation in the hippocampus 

and PFC of mice up to 24h after injection (Queiroz et al 2015). Hence, we exposed 

adolescent mice to GBR12909. Mice were tested in the behavioral pattern monitor (BPM) to 

measure locomotor activity and investigatory behavior and in a probabilistic reversal 

learning task to measure learning and cognitive flexibility in adulthood. Oxidative stress and 

levels of PV immunohistochemistry were also evaluated in the PFC.
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2. Experimental Procedures

2.1 Animals and drug administration

C57BL/6 male and female mice (The Jackson Laboratory; Bar Harbor, ME) were bred in 

our animal facility. Mice were housed in a temperature-controlled (21 + 1 C) vivarium on a 

12-h reversed light/dark cycle (1900–0700h light). Food and water were provided ad libitum 
except during behavioral testing. During probabilistic learning training and testing, mice 

were food restricted to maintain weight at 85% of their free-feeding weight. All mice were 

tested during the dark phase of the cycle, i.e. their active, awake phase. Mice were 

maintained in Association for Assessment and Accreditation of Laboratory Animal Care 

(AAALAC)-approved facilities and all procedures were approved by the UCSD Institutional 

Animal Care and Use Committee. Pups were weaned on postnatal day (PND) 24, housed in 

groups of three to four per cage, and assigned to either the saline exposed group (n=20 male; 

n=14 female) or the GBR12909-exposed group (n=20 male; n=14 female). Starting on PND 

35 mice received either GBR12909 (Sigma-Aldrich, St Louis, MO, USA, 5 mg/kg s.c.) or 

saline (5 ml/kg) for 10 days until PND 44, encompassing the period of middle adolescence 

(Laviola et al. 2003; Spear 2000). GBR12909 dose and treatment schedule were based on 

previous studies showing that adolescent exposure to this dose increased oxidative stress 

(Cabungcal et al. 2013). Behavioral testing began at 12 weeks of age (~PND 84), which is 

considered adulthood in mice. Laboratory rodents are regarded as adults from PND 60 

onwards (Spear 2000).

2.2. Behavioral Testing

2.2.1. Mouse Behavioral Pattern Monitor—In order to assess locomotor activity and 

investigatory behavior (rearing, holepokes), 12 week old male (n=20 Saline-exposed; n=20 

GBR-exposed) and female (n=14 Saline-exposed; n=14 GBR-exposed) mice were tested in 

10 Plexiglas mouse behavior pattern monitor (mBPM) chambers (San Diego Instruments, 

San Diego, CA) as described previously (Halberstadt et al 2011). The chambers were 

located within frames containing 12 x 24 infrared beams 1cm above the floor (2.5 cm apart 

along the length and width of the chamber) to detect the location of the mouse. Infrared 

photo beams located 2.5 cm above the floors were used to detect rearing behavior. Eleven 

holes (three in each long wall, two holes in the front and back walls, and three along the 

center of the floor) containing photo beams detected holepoking as a measure of 

investigatory behavior. After mice were acclimated to the testing room for 60 minutes, mice 

were then gently placed into the BPM chambers and tested for 60 minutes. Distance 

travelled (horizontal locomotor activity), rearings (vertical activity), and hole pokes were 

measured.

2.2.2. Probabilistic reversal learning task—Training and testing was conducted in 15, 

five-hole operant chambers enclosed in ventilated sound-attenuating boxes (Med Associates 

Inc., St. Albans, VT). Each chamber consisted of an array of 5 square apertures arranged 

horizontally on a curved wall 2.5 cm above the floor. A food-delivery magazine was located 

on the opposite wall at floor level and a house light mounted at the ceiling. Infrared beams 

located 3 mm from the aperture’s opening detected the nose poke response. The food 

delivery magazine delivered reward in the form of strawberry milkshake (Nestle®) by a 
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peristaltic pump (Lafayette Instruments, Lafayette, IN, USA). An infrared beam, 5 mm 

above the floor, detected head entries into the magazine. The control of the stimuli and 

recording responses were managed by a SmartCtrl Package 8-In/16-Out with additional 

interfacing by MED-PC for Windows (Med Associates Inc., St. Albans, VT, USA) using 

custom programming.

A subset of the male mice (n=15 Saline-exposed; n=15 GBR-exposed) were tested for 

probabilistic reversal learning starting at 6 months of age. Mice were trained to retrieve the 

strawberry milkshake from the magazine for 3 consecutive days in a 10-min session, during 

which reward was delivered every 15s into the lighted magazine well. Head entries into the 

magazine extinguished the magazine light until delivery of the next reward. On day 4 mice 

were trained in a 30-min session to nose poke in one of the four holes opposite to the reward 

magazine. All trials were initiated by head entries into the reward magazine. This session 

was repeated Monday thru Friday until >70 responses were recorded within the session for 2 

consecutive days. Once mice reached stable levels of responding, they were trained daily in 

30-minute sessions on the probabilistic learning task. All trials were initiated by the head 

entry into the food magazine. Upon removal of the head from the magazine a 2s intertrial 

interval began, after which two of the apertures were illuminated. A nose poke into the target 

aperture resulted in delivery of “reward” (in food magazine) 80% of the time and in 

punishment (extinction of aperture light and no reward delivery with an illumination of 

house light for 4s timeout) 20% of the time. Nosepoke into the nontarget aperture resulted in 

reward 20% of the time and punishment 80% of the time. Target and nontarget apertures 

were counterbalanced as target aperture was located on the right for half of the mice and on 

the left for the other half. If a response was made at any aperture before illumination of 

target or nontarget aperture, a premature response was recorded. A premature response led to 

a time-out period in which all holes were unresponsive and no reward was earned. The next 

trial began when the house light was extinguished and the mouse initiated the trial by nose-

poking into the food magazine. Daily sessions continued until mice reached criterion 

performance (>90% of the responses into the target location, >50 trials per session), which 

was considered indicative of successful learning of target location. Once animals reached 

criterion, the contingencies were reversed the next day such that the target location became 

the nontarget and the previously nontarget aperture became the target aperture. Once mice 

reached criterion performance in the reversal learning phase, its reward contingencies were 

reversed again on the next day. When animals reached the criterion in re-reversed phase, 

reward contingencies were switched again the next day and so on. The probabilistic reversal 

learning task was conducted for 39 experimental days. During this period, reward 

contingencies were changed back and forth for each mouse as long as it managed to reach 

performance criteria. The following measures were analyzed:

Days to criterion: Number of days required to reach criterion performance in initial 

learning phase

Days to first reversal: Number of days required to reach criterion performance after 

reversed task contingencies for the first time

Total reversals: Total number of reversals completed during the 39 days of the 

experiment.
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Percentage premature responses: Number of premature responses per session divided 

by the number of total trials per session.

Percentage Perseverative responses: Number of additional responses in the same 

aperture after the initial nose-poke divided by the number of trails per session.

Reward latency: Time taken to retrieve reward after correct response.

Target response latency: Time taken to nosepoke in the target aperture

Non-target response latency: Time taken to nosepoke in the non-target aperture

2.3 Immunohistochemistry

To examine the effects of adolescent GBR12909–induced changes in PV+ interneurons, PV 

immunoreactivity was quantified in PFC and hippocampus in mice at approximately 9 

months of age. Mice that had been behaviorally tested (n=4/group) were perfused with 4% 

paraformaldehyde and brains were sliced for immunohistochemistry as described (Behrens 

et al. 2007, 2008). Coronal brain slices (50 μm) obtained between Bregma 2.8 to 1.8 mm for 

the prelimbic region, and Bregma −1.3 to −2.3 mm for dorsal hippocampus, were 

immunostained with Vectastain for detection of parvalbumin using a polyclonal antibody 

(Swant, Switzerland). For total counts in the prelimbic region, all PV+ cells within a viewing 

grid (0.5 x 0.75 mm) placed over the prelimbic region were counted across 6 slices (Figure 

3B). For the PV+ cells in the different regions of the dorsal hippocampus, the images for 5 

slices were analyzed as described (Dugan et al 2009). The sum of cells across all slices in 

each region was calculated using the Abercrombie correction as described (Abercrombie 

1946). In this correction, the possibility of double counting of cells is avoided according to 

the following equation P = A (M/(L + M)), where P is the average number of cells per 

section, A is the crude count of number of cells observed in the section, M is the thickness 

(in μ) of the section, and L the average length (in μ) of the cell.

Oxidative stress was visualized in adjacent slices to those used for Vactaistain above with an 

antibody against 8-oxo-7,8-dihydro-20-deoxyguanine (8-oxo-dG, 1:350; AMS 

Biotechnology, Bioggio- Lugano, Switzerland; as described in Cabungcal et al. 2013) and 

co-immunostained with the antibody against parvalbumin (Swant, Switzerland) followed by 

AlexaFluor conjugated secondary antibodies (as described Behrens et al., 2008) in the 

prelimbic region as well as the dorsal putamen (Bregma 1.4–0.5) and nucleus accumbens 

(Bregma −1.3 to −2.3). 8-oxo-dG was quantified in PV+ and non-PV+ cells in the images 

and values were expressed as mean fluorescence per cell as described (Kinney et al., 2006; 

Behrens et al., 2007; Lodge et al., 2009).

2.4 Statistical analyses

Locomotor activity and investigatory behavior data were initially analyzed by three-way 

analysis of variance (ANOVA), with GBR12909 and sex as the between-subjects factors and 

time as within subjects factors using BMDP (Statistical Solutions Inc., Saugus MA). Follow-

up two-way ANOVAs were conducted on the data collapsed across sex since there were no 

interactions with sex. Probabilistic reversal learning data, PV cell count and 8-oxo-dG levels 

were analyzed by two-tailed t-test using SPSS Version 19 (IBM Corporation, Armonk, NY, 
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USA). Posthoc comparisons among means were conducted by Tukey’s tests. The level of 

significance was set at 0.05.

3. Results

3.1. Adolescent GBR12909 increased locomotor activity in adulthood

Male and female mice were allowed to explore the behavior pattern monitor (BPM) for 60 

minutes. Distance travelled, pokes and rearing behavior were recorded and analyzed in 20–

min intervals. Two male Saline-exposed mice were identified as outliers (distance traveled 

>3SD from mean) and removed from analyses. There was a main effect of sex on distance (F 

(1,62)=4.75, p<0.05) but there was no interaction between sex and GBR12909, so data were 

collapsed across sex. Adolescent GBR12909 exposure increased distance travelled across 

the test session (F (1,64)=4.76 p<0.05; Figure 1a). There was also a significant interaction 

between time and GBR12909 (F (2,128)=3.56, p<0.05). Posthoc comparisons showed that 

GBR12909-exposed mice were more active than saline mice during the last 20 min of the 

session (p<0.05), indicating less habituation to the chambers during testing. While there 

were no main effects of GBR12909 on hole pokes, there was a significant time x GBR12909 

interaction for pokes (F (2,128)=4.97, p<0.01). As shown in Figure 1b, GBR12909-exposed 

mice showed higher number of hole pokes than saline-treated mice during the last 20 

minutes of the session. Rearing behavior did not differ between the groups, nor were there 

interactions between drug exposure and time for rearing.

3.2. Adolescent GBR12909 increased premature responses in the probabilistic reversal 
learning task in adult mice

Male mice (6 months old) were tested in the probabilistic reversal learning task for 39 days 

(Figure 2). One Saline-exposed mouse never learned the task, thus the final number of mice 

were, n=14 Saline-exposed, n=15 GBR-exposed. GBR12909-exposed mice did not differ in 

initial learning of the task, although there was a trend for increased days to criterion in 

GBR12909-exposed mice but this was not statistically significantly (t (27) =1.482; p=0.149). 

GBR12909-exposed mice did show higher premature responses than saline-treated mice 

throughout the testing duration (t (27) = 2.572 p<0.05). GBR-exposed mice also showed 

faster responding (decreased latencies) to non-target stimuli (t(27)=2.20, p<0.05) and a trend 

toward faster responses to target stimuli (t (27)= 1.99, p=0.057) compared to saline-exposed 

mice (Table 1). Days to the first reversal, number of reversals, perseverative responses, and 

reward latency were not significantly different between the two adolescent exposure groups 

(Table 1).

3.3. Adolescent GBR12909 administration reduced PV+ cells and increased 8-oxo-dG in 
PFC of adult male mice

In the current set of experiments we performed immunohistochemistry in the PFC and 

hippocampus of male adult mice in order to quantify the loss of PV cells following exposure 

to GBR12909 during adolescence. The number of PV cells was decreased in GBR12909-

exposed mice (t (3)=8.978, p<0.001) in PFC but not in any of the three regions of 

hippocampus (CA1, CA3, or dentate gyrus). We also labeled with 8-oxo-dG to determine 

whether administration of GBR12909 during adolescence produced increased oxidative 
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stress in PFC. Adolescent GBR12909 exposure significantly increased 8-oxo-dG labeling in 

PV-positive cells in the PFC (t (3)=2.823 p<0.05), but not in non-PV cells. No differences in 

8-oxo-dG were observed in the nucleus accumbens or dorsal putamen (not shown).

4. Discussion

In the present study adolescent exposure to GBR12909 resulted in increased oxidative stress, 

as measured by 8-oxo-dG, and decreased PV immunoreactivity in PFC in adulthood. 

Exposure to GBR12909 during adolescence also produced locomotor hyperactivity and 

impulsivity in a probabilistic reversal learning task. These findings indicate that the DAT 

inhibitor GBR12909, when administered during adolescence, has enduring and detrimental 

effects on brain and behavioral development. The behavioral and neurochemical effects of 

increased oxidative stress and loss of PV function in PFC are similar to those observed in 

some neurodevelopmental disorders, e.g. schizophrenia, ADHD.

Activity in a novel arena was monitored in mouse BPMs, enabling the quantification of 

locomotor activity and investigatory behavior. Adolescent GBR12909-exposed mice were 

hyperactive and showed slower habituation to the novel environment (Fig 1a) as well as 

increased investigatory behavior (Fig 1b). Studies using a human version of the BPM 

showed that bipolar disorder mania patients exhibited hyperactivity and higher object 

interaction (i.e. investigatory behavior) than normal controls; whereas, schizophrenia 

patients exhibited impaired locomotor habituation (Perry et al 2009). Previous studies have 

shown that pre-adolescent (PND 24–27) administration of GBR12909 leads to locomotor 

hyperactivity and increased rearing behavior in rats when tested in adolescence (PND 47) 

but not early adulthood (PND 57) (Hewitt et al 2009). In the present study, mice exhibited 

locomotor hyperactivity in adulthood (PND 84) when exposed to GBR12909 during 

adolescence (PND 35–44). GBR12909 exerts its effect by inhibiting the DAT and increased 

synaptic levels of DA (Heikkila et al. 1984), resulting in enhanced oxidative stress (Grima et 

al. 2003). The longer exposure to GBR12909 in our study (10 days), as compared to the 4-

day exposure in the Hewitt et al. (2009) study, may have produced more robust effects on 

oxidative stress leading to sustained hyperactivity. Although there is a low density of DAT in 

the PFC of rodents (Sesack et al. 1998; Ciliax et al. 1995), DAT inhibition with GBR12909 

does result in functional consequences. When applied locally in PFC slices, GBR12909 

blocks long term depression (LTD), which can be blocked by DA D1 receptor antagonist 

(Bai et al. 2014). When administered systemically, GBR12909 also increases Homer 1 
expression (Tomasetti et al. 2007) and induces oxidative stress (e.g. reduced GSH and 

increased lipid peroxidation) in frontal cortex (Queiroz et al. 2015). Additionally, cocaine 

produces greater c-fos activation in cortical regions compared to subcortical regions in 

adolescent rats (Cao et al. 2007).

In humans and experimental animals, cognitive flexibility can be assessed by reversal 

learning tasks (Boulougouris et al 2007; Fellows & Farah 2003). In this study we chose an 

operant probabilistic reversal learning task that requires animals to learn the relationship 

between choices and rewards, when the rewards are provided probabilistically (Zaratto et al. 

2012). If the probabilities of getting a reward are relatively similar between two choices, 

learning is more difficult; however, if one choice is rarely rewarded and the alternate choice 
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frequently rewarded, the response selection is easy. In a probabilistic reversal learning task, 

animals are required to learn the choice that has highest probability of getting reward, which 

results in a challenging task, more reflective of reversal learning tasks used in humans. In 

similar probabilistic reversal learning tasks, schizophrenia patients show deficits in reversal 

learning (Waltz & Gold 2007) while ADHD patients show a less flexible strategy when 

performing the task (Hauser et al. 2014). In the present study, we tested mice in a 

probabilistic reversal learning task similar to that previously used in rats (Amitai et al 2014; 

Bari et al 2010). Overall, GBR12909-exposed mice did not differ in their initial learning or 

in the reversal stage of the task (Fig 2a). Increased premature responses were observed in 

mice exposed to adolescent GBR12909, possibly indicating disinhibited responding in the 

task (Fig 2b). In addition however, GBR-exposed mice responded faster as indicated by 

decreased response latencies, hence their disinhibited responding could be driven by a faster 

temporal perception (Cope et al, 2016). GBR-exposed mice did not exhibit elevated 

perseverative responses nor faster latencies to choose or collect rewards, however. Hence, 

the elevated premature responses and increased activity of mice exposed to GBR during 

adolescence likely reflect motoric impulsivity and/or altered temporal perception. These 

findings are consistent with prior studies showing disruptions in premature responding with 

acute and preadolescent exposure to GBR12909. For example, previous studies have shown 

that acute GBR12909 increased premature responses in the five choice serial reaction task 

(5-CSRTT) (van Gaalen et al 2006a), and impulsive decision making in a delayed reward 

task (van Gaalen et al 2006b), but failed to affect reversal performance. Our data extend 

these findings and show that adolescent inhibition of DAT results in impulsivity in a 

probabilistic learning task, without affecting reversal learning.

Oxidative stress has a documented role in several neurodevelopmental disorders including 

schizophrenia and ADHD (Ng et al 2008). Altered oxidative status has also been shown in 

several other neurodevelopmental models of neuropsychiatric disease. For example, chronic 

perinatal administration of an NMDA receptor antagonist phencyclidine decreased GSH 

levels in cortical areas of rat brain (Radonjić et al 2010). Subchronic administration of 

ketamine leads to oxidative stress by activation of Nox2, a major source of reactive oxygen 

species (Behrens & Sejnowski 2009; Powell et al 2012). Maternal immune activation in 

mice exposed prenatally to PolyI:C also results in increased oxidative stress levels (e.g. 

increased protein carbonyl groups; Deslauriers et al 2014). In the current study, mice 

exposed to adolescent GBR12909 showed increase oxidative stress in PV+ neurons in 

prelimbic cortex, as measured by 8-oxo-dG levels, a marker of oxidized DNA (Fig 3a). 

Thus, the effect of GBR12909 on 8-oxo-dG levels appears to be specific to PV+ 

interneurons in the present study, although future studies should assess other subtypes of 

GABA interneurons more specifically. Previous studies have shown that GBR12909 

decreased GSH levels and lipid peroxidation in PFC, striatum, and hippocampus acutely and 

up to 24h in PFC and hippocampus (Querioz et al. 2015), indicating that GBR12909 is 

capable of creating redox imbalance in brain. The current study also showed that PV 

immunoreactivity in PFC decreased in adult mice exposed to GBR12909 during adolescence 

(Fig 3b). PV interneurons may be more vulnerable to oxidative stress than other interneurons 

because of their fast spiking properties (Hasenstaub et al 2010). PV interneurons also 

continue to mature during adolescence, particularly their sensitivity to DA (Sullivan & 
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O’Donnell 2012). Additionally, developmental period also plays an important role in the 

vulnerability of PV interneurons to oxidative stress. For example, in the neonatal ventral 

hippocampal lesion model, juvenile and adolescent treatment with the antioxidant N-acetyl 

cysteine prevented decreased PFC PV immunoreactivity typically seen in the model 

(Cabungcal et al 2014). Adolescence is a critical period of brain development since the brain 

continues to mature and synaptic pruning of PFC takes place (McCutcheon & Marinelli 

2009; Laviola & Marco 2011). This late development of cortex has been suggested to be 

linked to certain behaviors such as impulsivity that can enhance the chances of risk taking 

and drug abuse in adolescence (Adriani & Laviola 2004; Benes et al 2000). Hence, oxidative 

stress generated by GBR12909, due to elevated extracellular DA, may interfere with cortical 

maturation during adolescence and produced long-lasting impairments in PV interneurons. 

These findings are the first to demonstrate that adolescent GBR12909 increases oxidative 

stress and decreases PV+ cell numbers in PFC in adulthood. Previous studies have shown 

that GBR12909 during adolescence increased oxidative stress and decreased PV 

interneurons in the anterior cingulate cortex of glutamate cysteine ligase regulatory subunit 

GCLM KO but not WT mice (Cabungcal et al. 2013), suggesting that lack of GCLM is 

required to observe the oxidative stress effects in ACC. In the present study, however, 

adolescent GBR12909 increased markers of oxidative stress in PV+ neurons in the prelimbic 

cortex in WT C57Bl/6J mice. In the present experiment, exposure to GBR12909 during 

adolescence led to long lasting effects on PV and 8-oxo-dG levels, however, whether these 

changes result immediately after the GBR12909 treatment is presently unknown. These 

studies are suggestive of a role of oxidative stress at the time of GBR12909 administration, 

but we cannot answer the question with the current design. Future studies could assess 

whether GBR produces the observed increase in 8-oxo-DG at the time of GBR 

administration and whether blocking the effect of GBR on oxidative stress prevents the 

alterations in behavior and PV interneurons in adulthood. There is also the possibility that 

behavioral testing somehow interacted with the effects of adolescent GBR12909 on PV+ 

interneurons. Although an interaction is unlikely, future studies could assess the effects of 

adolescent GBR12909 administration in mice naïve to behavioral testing.

The PFC is a forebrain region that modulates executive function, attention, working memory, 

behavioral inhibition, and impulsivity (Robbins 2000). PV interneurons modulate the 

activity of pyramidal neurons and help maintain the excitatory-inhibitory balance in PFC 

(Goldman-Rakic 1995). Thus deficits in PV interneurons, due to altered redox regulation 

during adolescence, may lead to decreased inhibitory drive in the PFC. Previously it was 

shown that reduced GABAergic inhibition of PFC by systemic or local administration of 

GABA antagonists increased locomotor activity (Matsumoto et al 2003; Pezze et al 2014) by 

enhancing dopamine release in striatum (Enomoto et al 2011). The reduced GABAergic 

inhibition in PFC may contribute to the locomotor hyperactivity in GBR12909-exposed 

mice. Excitotoxic lesions encompassing both dorsal and ventral sub regions of PFC lead to 

increased premature responses and impaired attention in the 5-choice serial reaction task 

(Paine et al 2011). Lesions of anterior cingulate cortex and/or prelimbic cortex impaired 

attention while lesions restricted to orbitofrontal cortex and/or infralimbic cortex induce 

impulsivity and increased premature responding (Chudasama et al 2003; Muir et al 1996; 

Passetti et al 2002; Pezze et al 2009). In the present study increased oxidative stress and 
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altered PV function observed in the prelimbic area of PFC may mediate the impulsivity 

observed in adolescent GBR12909-exposed mice. The PFC controls the firing pattern of 

other subcortical structures known to be involved in attention and impulsivity such as 

nucleus accumbens and hippocampus (Paine et al 2011). The decrease in PV observed in 

prelimbic cortex with adolescent GBR12909 exposure could lead to disinhibition of its 

target areas. Dopamine is one of the key modulators of both excitatory and inhibitory 

neurotransmission in the PFC (Seemans and Yang, 2004). Dopaminergic neurons from 

ventral tegmental area innervates PFC during adolescence and modulation of PFC neuronal 

circuits by D1 and D2 receptors, responsible for excitation-inhibition balance, also changes 

during the course of development (Tseng and O’Donnell, 2007). In the present study, 

whether adolescent exposure to GBR12909 also produced alterations in DA function 

resulting in impulsivity remains to be tested.

Many neuropsychiatric disorders have a neurodevelopmental origin and environmental 

insults can lead to oxidative imbalances in susceptible individuals. The aim of this study was 

to provide insight into how hyperdopaminergia during adolescence can lead to 

dysfunctioning of fast spiking GABAergic PV interneurons via oxidative stress. Here, we 

show that GBR12909 administration during adolescence in mice results in hyperactivity and 

increased impulsivity in adulthood, although cognitive flexibility was unaffected. Adolescent 

GBR12909 exposure also selectively reduced PV expression in the PFC. Impairments in 

PFC function are known to be involved in impulsivity, which may arise from the loss of PV 

interneurons in frontal cortex. Our results thus add to the growing body of evidence that 

early developmental insults inducing oxidative stress can have long lasting effects on PV 

interneurons that can lead to behavioral deficits in mice. However, whether PV interneurons 

can be protected from oxidative stress by an antioxidant treatment remains to be established.
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Highlights

• Adolescent GBR12909 results in locomotor hyperactivity and impulsivity in a 

probabilistic learning task in adult mice.

• Adolescent GBR12909 decreased parvalbumin (PV) and increased oxidative 

stress in PV+ neurons in the prelimbic cortex.

• Adolescent exposure to increased dopamine produces enduring changes in 

adult mice.

Khan et al. Page 18

Neuroscience. Author manuscript; available in PMC 2018 March 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Effects of adolescent GBR12909 exposure on locomotor activity and investigatory behavior 

in the behavioral pattern monitor in adult mice. Adolescent GBR exposure increased 

locomotor activity (A) and hole pokes (B) in the last 20 minutes of the 1 hour testing period, 

suggesting slower habituation than saline-exposed mice, n=18 Saline-exposed; n=20 GBR-

exposed,. * p<0.05 vs saline-exposed mice. Data are presented as means ± SEM.
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Figure 2. 
Effects of adolescence GBR12909 exposure on performance in probabilistic reversal 

learning task in adulthood. GBR-exposed mice (n=15) showed a trend toward increased 

trials to criterion compared to saline-exposed mice (n=14) (A). GBR-exposed mice showed 

increased premature responses throughout the task compared to their saline counterparts (B). 

* p<0.05 vs saline-exposed mice. Data are presented as means ± SEM.
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Figure 3. 
Effects of adolescence GBR12909 exposure on PV cell count and oxidative stress in 

prelimbic region of prefrontal cortex of adult mice. PV cell count was significantly lower in 

GBR-exposed mice (A). (B) Schematic defining prelimbic region of frontal cortex for cell 

counting taken from (Paxinos & Franklin 2001) at Bregma 1.78. The levels of 8-oxo-dG 

were higher in PV+ cells in prefrontal cortex of GBR-exposed mice (C). (D) Representative 

image of PV (green) and 8-oxo-dG (red) labeling in prelimbic cortex from Saline-exposed 

(left) and GBR-exposed (right) mice. There was not a statistically significant difference in 8-

oxo-dG in non-PV cells. *p<0.05, **p<0.01 vs saline-exposed mice. Data are presented as 

means ± SEM.
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Figure 4. 
Effects of adolescent GBR12909 exposure on PV cell count in hippocampus of adult mice. 

PV cell count was not significantly different between treatment groups. Data are presented 

as means ± SEM.
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Table 1

Effects of adolescent GBR12909 exposure on additional measures in the probabilistic reversal learning task in 

mice tested in adulthood.

Saline GBR

Mean Reward latency (s) 4.71 ± 1.39 2.51 ± 0.22

Perseverative responses 10.95 ± 3.06 9.75 ± 3.12

Total reversals 3.75 ± 0.44 3.86 ± 0.36

Days to first reversal 11.37 ± 1.65 8.64 ± 0.78

Mean Target Response Latency (s) 5.27 ± 0.90 3.50 ± 0.31

Mean Non-target Response Latency (s) 5.37 ± 0.75 3.71 ± 0.29*

Reward latencies, perseverative responses, days to first reversal and total number of reversals were not significantly different in adult mice exposed 
to GBR12909 in adolescence compared to saline-treated mice. GBR-exposed mice responded faster to non-target stimuli. Values are expressed as 
means ± SEMs.

*
p<0.05 vs. saline-exposed mice
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