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Abstract  

Exposure to delta 9 - tetrahydrocannabinol (THC) – the principle psychoactive constituent of 

cannabis – is steadily increasing among youth. This raises concerns because core 

neurodevelopmental processes are occurring during adolescence, including long-distance 

axonal pathfinding. Specifically, dopamine axons continue to grow from the striatum towards 

the prefrontal cortex across adolescence, promoting the refinement of inhibitory control. This 

growth is controlled by the Netrin-1 guidance receptor, DCC (deleted in colorectal cancer), 

whose expression in dopamine neurons is regulated by the microRNA, miR-218. In addition, 

cortical refinement is highly influenced by microglial action. I treated adolescent male and 

female C57/Bl6 mice or Cx3Cr1GFP/+ (postnatal day 22) with 5 intraperitoneal injections of 

vehicle or THC 5 mg/kg once every other day and brains were processed to quantify the extent 

and organization of dopamine connectivity within frontal cortical regions. Results show that 

repeated exposure to THC in early adolescence leads to sex-specific effects in adult cortical 

dopamine connectivity. Were females show no changes, but males show a robust reduction 

in the extent of the dopamine input to the prefrontal cortex and in the number of dopamine 

axon presynaptic sites in this region. In contrast, within the OFC – a region involved in action 

inhibition – there is an increase in the density of dopamine presynaptic sites. These male-

specific and dichotomous effects raise the intriguing possibility that THC in adolescence 

triggers dopamine axon mistargeting, deviating the growth of prefrontal cortex dopamine 

axons, to orbitofrontal regions. Next, I investigated if these adult dopaminergic changes, or 

lack thereof in females, would lead to changes in adult impulse control. In adulthood separate 

mouse cohorts were treated in adolescence and tested in the Go/No-go task to measure 

impulse control. Compared to their vehicle-treated counterparts, adult males exposed to THC 

in adolescence show (i) increased premature responding in the Go/No-go task, which is 
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reflective of impaired waiting impulsivity, but (ii) reduced number of commission errors, 

indicating improved action inhibition. None of these effects were observed in females. In 

addition, molecular changes associate with differential THC effects on mesocortical dopamine 

and cognitive maturation in male but not female mice. Males show increased Dcc and 

decreased miR-218, suggesting that in males, adolescent THC exposure induces changes via 

DCC/miR-218. Females have decreased Dcc but show no changes in miR-218, however, 

display an altered mPFC microglia profile, possibly buffering against the effects of decreased 

Dcc on dopamine.  

These findings show that THC in early adolescence impacts dopamine and impulse control 

development in males, but not in females, and divergent molecular and epigenetic processes 

are dysregulated. DCC-mediated events may mediate outcomes in males, but in females, 

compensatory mechanisms may be recruited.  
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Résumé  
 

L'exposition au delta 9 – tétrahydrocannabinol (THC) – le principe psychoactif principal du 

cannabis – est en augmentation constante chez les jeunes. Cela soulève des inquiétudes, car 

des processus neurodéveloppementaux fondamentaux se produisent pendant 

l'adolescence, notamment la migration d'axones sur de longues distances. En particulier, les 

axones dopaminergiques continuent de croître du striatum vers le cortex préfrontal durant 

cette période, promouvant le renforcement du contrôle inhibiteur. Cette croissance est 

contrôlée par le récepteur de guidage DCC (supprimé dans le cancer colorectal), dont 

l'expression dans les neurones dopaminergiques est régulée par le microARN miR-218. J'ai 

traité des souris adolescentes mâles et femelles C57/Bl6 (jour postnatal 22) avec 5 injections 

intrapéritonéales de véhicule ou de THC 5 mg/kg une fois tous les deux jours et les cerveaux 

ont été traités pour quantifier l'étendue et l'organisation de la connectivité dopaminergique 

au sein d'une analyse corticale frontale ou moléculaire. Les résultats montrent qu’une 

exposition répétée au THC au début de l’adolescence entraîne des effets spécifiques au sexe 

sur la connectivité dopaminergique corticale de l’adulte. Les femelles ne montrant aucun 

changement, mais les mâles présentent une forte réduction de l’étendue de l’apport de 

dopamine au cortex préfrontal et du nombre de sites présynaptiques des axones 

dopaminergiques dans cette région. En revanche, au sein de l’OFC – une région impliquée 

dans l’inhibition de l’action – on observe une augmentation de la densité des sites 

présynaptiques de la dopamine. Ces effets dichotomiques et spécifiques aux males 

soulèvent la possibilité intrigante que le THC à l’adolescence déclenche un mauvais ciblage 

des axones dopaminergiques, déviant la croissance des axones dopaminergiques du cortex 

préfrontal vers les régions orbitofrontales. Ensuite, j'ai étudié si ces changements 

dopaminergiques chez l'adulte, ou leur absence dans le cas des femelles, entraîneraient des 

changements dans le contrôle des impulsions de l'adulte. À l'âge adulte, des cohortes de 
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souris distinctes ont été traitées à l'adolescence et testées dans le cadre de la tâche Go/No-

go pour mesurer le contrôle des impulsions. Comparés à leurs homologues traités par le 

véhicule, les mâles adultes exposés au THC à l'adolescence présentent (i) une réponse 

prématurée accrue à la tâche Go/No-go, ce qui reflète une impulsivité d'attente altérée, 

mais (ii) un nombre réduit d'erreurs de commission, indiquant amélioration de l'inhibition 

de l'action. Aucun de ces effets n’a été observé chez les femelles. De plus, les changements 

moléculaires sont associés aux effets différentiels du THC sur la dopamine mésocorticale et 

la maturation cognitive chez les souris mâles mais pas chez les souris femelles. Les males 

présentent une augmentation du Dcc et une diminution du miR-218, ce qui suggère que 

chez les mâles, l'exposition au THC chez les adolescents induit des changements via le 

DCC/miR-218. Les femelles ont diminué le Dcc mais ne présentent aucun changement dans 

miR-218. Cependant, elles affichent un profil de microglies mPFC modifié, protégeant peut-

être des effets d'une diminution du Dcc sur la dopamine. 
 
 
 

Ces résultats montrent que le THC au début de l’adolescence a un impact sur le 

développement de la dopamine et du contrôle des impulsions chez les mâles, mais pas chez 

les femelles, et que de différents processus moléculaires et épigénétiques sont dérégulés. Les 

processus médiés par la protéine DCC peuvent induire des conséquences chez les mâles, mais 

des mécanismes compensatoires peuvent être recrutés chez les femelles. 
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Introduc?on and Statement of Problem  
 

Adolescent exposure to high levels of the main psychoaclve consltuent of cannabis, delta-9-

tetrahydrocannabinol (THC), poses a unique risk to develop enduring cognilve dysfunclon 

and psycholc-related disorders (Malone et al., 2010; Rice et al., 2023; Trezza et al., 2008). This 

is concerning considering the surge in cannabis use over recent years within North America 

and the increasing concentralon of THC (Kourgiantakis et al., 2022; Patrick et al., 2022; 

Wellman et al., 2023). Adolescence is a period of substanlal physical, emolonal, and social 

development and of nolceable refinement of neuronal circuits parlcularly those medialng 

execulve funclon and goal-directed behavior (Best & Ban, 2021; Goldstein & Volkow, 2011; 

Naneix et al., 2012; Ordaz et al., 2013; Sturman & Moghaddam, 2011). The prefrontal cortex 

(PFC) which is one of the last brain regions to reach full maturity, undergoes significant 

changes in adolescence across species (Blakemore & Robbins, 2012; Caballero et al., 2016; 

Paquola et al., 2019).  These protracted modificalons occur in parallel to the stabilizalon in 

cognilve control and render PFC and cognilve development quite sensilve to beneficial and 

detrimental influences of environmental factors (Areal & Blakely, 2020; Gulley & Juraska, 

2013; Larsen & Luna, 2018; Ordaz et al., 2013; Paus et al., 2008; Reynolds & Flores, 2021; 

Tovenham & Galván, 2016), including THC exposure during adolescence (Malone et al., 2010; 

Renard et al., 2017, 2018). However, the cellular and molecular mechanisms underlying the 

effects of THC in adolescence on PFC and cognilve maturalon remain to be elucidated.  

Background Informa?on  
 
 
Dopamine axons are slll growing from the nucleus accumbens towards the PFC throughout 

adolescence – a phenomenon occurring in rodents, primates, and likely in humans too 
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(Avramescu & Flores, 2023; Hoops et al., 2018; Padmanabhan & Luna, 2014; Reynolds, 

Pokinko, et al., 2018; Reynolds et al., 2023; Reynolds & Flores, 2021; Rosenberg & Lewis, 

1995). The fate of growing dopamine axons is controlled by the Netrin-1 receptor DCC 

(Deleted in Colorectal Cancer), which segregates mesolimbic and mesocorlcal dopamine 

pathways in adolescence, determining the extent and organizalon of synaplc dopamine 

inputs in the PFC (Reynolds, Pokinko, et al., 2018). In mice, gene edilng- or experience-

induced varialons in DCC expression in dopamine axons in adolescence triggers their 

mistargelng and ectopic growth, inducing enduring alteralons in cognilve funclon, most 

notably impulse control (Maniv et al., 2011, 2013; Reynolds, Pokinko, et al., 2018; Reynolds 

et al., 2023; Vassilev et al., 2021). These effects, which involve epigenelc processes, depend 

on the specific adolescent age of exposure, the type of experience, and differ significantly 

between males and females (Cuesta et al., 2018; Maniv et al., 2013; Pantoja-Urbán et al., 

2023; Reynolds, Yetnikoff, et al., 2018; Reynolds et al., 2023; Vassilev et al., 2021). THC 

exposure during early adolescence has been shown to disrupt PFC dopamine development 

(Renard et al., 2016; Rubino et al., 2015). In addilon, consequences of THC in adolescence on 

cognilon are seemingly sexually dimorphic (Johnson et al., 2015; Rubino et al., 2015; Savulich 

et al., 2021; Stringfield & Torregrossa, 2021). However, the enduring effects of THC exposure 

during adolescence on dopamine development and cognilve control remains unclear.  

Summary 
 
Through a combined approach of molecular, behavioral, and neuroanatomical experiments, 

we sought to inveslgate here if THC exposure in adolescence dysregulates the Netrin-1/DCC 

system, impaclng the development of the PFC dopamine system and impulse control in 

adulthood. We assessed if alteralons in microRNAs known to regulate DCC receptor 

expression could serve as a possible indicator of THC-induced molecular changes. Microglia 
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are integral components of synaplc pruning and refinement processes (Lenz & Nelson, 2018; 

Schalbever et al., 2022), including those occurring in the mesocorlcolimbic dopamine system 

during adolescence (Kopec et al., 2018; Mallya et al., 2018). Therefore, we also inveslgated if 

adolescent THC alters microglia profiles in the developing PFC. We determined across all 

aspects of the study, the short and long-term outcomes of THC exposure in adolescence in 

male and female mice.  
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Aims 

1- Ascertain if THC in early adolescence alters adult frontal cortical dopamine 

connectivity in a sex-specific manner.  

2- If THC in early adolescent males leads to changes in adult performance in the Go/No-

Go task. 

3- Assess if changes in DCC/miR-218 and mPFC microglia are involved in adult dopamine 

connectivity and Go/No-go task performance. 

4- To investigate whether THC exposure in early adolescent female alters adult 

performance in the Go/No-Go task.  

5-  Determine if DCC/miR-218 and mPFC microglia are involved in adult female dopamine 

connectivity and Go/No-go task performance. 
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Methods  
 
Animals  

Experimental procedures were all performed in accordance with the guidelines of the 

Canadian Council of Animal Care and approved by the McGill University and the Douglas 

Hospital Animal Care Commivee. Male and female C57BL/6J and Cx3cr1GFP/+ mice (Charles 

River Laboratories, Saint-Constant, Qc, Canada) were housed in a temperature- and humidity-

controlled (21–22°C; 60%) room in the Neurophenotyping center of the Douglas Mental 

Health University Insltute, on a 12/12 h light/dark cycle (light on at 8 A.M.). The mice were 

given ad libitum access to food and water throughout all experiments, except during 

behavioral teslng in adulthood. Drug administralon and behavioral teslng took place during 

the light part of the cycle. Mice were housed in groups of 3-4 animals per cage throughout 

the study and were assigned randomly to each of the experimental groups. 

Drug 

Delta-9o tetrahydrocannabinol (Cayman Chemical Company, MI, USA) was dissolved in 

cremophor, 0.9% saline, 100% anhydrous ethanol in a 1:18:1 ratio. All THC injections were 

administered interperitoneally at a volume of 0.1 ml/10 g and at a dose of THC 2.5 and 5 

mg/kg.Vehicle (referred to as VEH) consisted of (cremophor, 0.9% saline, 100% anhydrous 

ethanol in a 1:18:1 ratio) and was also administered intraperitoneally at a volume of 0.1 

ml/10g.  

Experimental Design  
 
Early adolescent male and female C57BL/6J and Cx3cr1GFP/+ mice were administered VEH or 

THC injections from postnatal day (PND) 22 ± 1 to PND 31 ± 1. Mice received one injection of 

THC or VEH every other day, for a total of 10 days. This treatment regimen was based on our 
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previous studies showing robust and consistent dysregulation of DCC receptor expression in 

dopamine neurons by exposure to amphetamine in early adolescence (Cuesta et al., 2018; 

Reynolds et al., 2023; Yetnikoff et al., 2011). Separate mouse cohorts were used in the 

neuroanatomical, behavioral, and molecular experiments. Experimental timelines and 

procedures are indicated with diagrams on each figure. We began by assessing via 

stereological quantifications the expanse of TH+ axons occupied within the prelimbic (PrL) 

and infralimbic (IL) subregions of the prefrontal cortex in male and female mice. The doses 

selected for assessment were based on both current and pre-existing research, where 2.5 and 

5 mg/kg THC has been reported to result in cognitive consequences (Cha et al., 2007; Ferland 

et al., 2022; Halbout et al., 2023; Murphy et al., 2017). Although we are aware that our study 

utilizes a non-contingent administration regiment, mouse intraperitoneal injection (I.P.) of 

THC 5 mg/kg has been reported to reach peak plasma drug concentrations that mimic that 

observed in nonmedical human cannabis smokers (Freeman & Lorenzetti, 2020; Guma et al., 

2023; Huestis, 2007; Huestis & Cone, 2004; Lin et al., 2023; Torrens et al., 2020; Zamberletti 

et al., 2014). 

 

Neuroanatomical Analysis 

Tissue preparation. Adult male and female mice were anesthetized with an intraperitoneal 

overdose of a combination of ketamine 50 mg/kg, xylazine 5 mg/kg, acepromazine 1 mg/kg. 

Mice were perfused intracardially with 50mL of 0.9% saline, followed by 75 mL of chilled 4% 

PFA in phosphate-buffered saline (pH 7.4). Brains were collected and placed in 4 % PFA 

overnight at 4oC, they were then transferred to a phosphate-buffered saline and stored for a 

maximum of 2 days. Coronal sections of the prefrontal cortex were obtained at 35-um using 

a vibratome. 
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Immunofluorescence. As previously done, every second coronal brain section was processed 

for immunoflorescent labeling (1:2 series) (Auger et al., 2013; Manitt et al., 2010, 2011; 

Reynolds et al., 2022). Sections of tissue were blocked (2% bovine serum albumin, 0.2% 

Tween-20 in PBS) for 1 hour, incubated for 48 hours in a rabbit polyclonal anti-tyrosine 

hydroxylase (TH) antibody (1:500 dilution, catalog #AB152; Millipore Bioscience Research 

Reagents) followed by an Alexa Fluor 594-conjugated secondary antibody raised in donkey 

(1:500 dilution, 1 hr incubation, Invitrogen). Tissue sections were then mounted onto gelatin-

coated slides and using a SlowFade Gold Antifade mounting medium (Invitrogen) were cover 

slipped. 

Stereology. Tissue was stained with a TH+ anlbody which labels DA axons specificity in the 

prefrontal cortex, with negligible labeling of norepinephrine axons (Maniv et al., 2011, 2013; 

Reynolds et al., 2022). The volume that TH-posilve (TH+) fibers occupy and the total number 

of TH+ axonal varicosiles in the prelimbic, and infralimbic subregions of the pregenual medial 

prefrontal cortex evaluated using a stereological fraclonator sampling design(West et al., 

1991), with the oplcal fraclonator probe of the Stereoinveslgator so�ware 

(MicroBrightField), as previously described (Auger et al., 2013; Reynolds et al., 2022; Reynolds, 

Pokinko, et al., 2018). Regions of interest were delineated according to the mouse brain atlas 

(Stereological Coordinates - Paxinos and Franklin, 2019), and contours of the TH+ projeclon 

within these regions were traced at 5 X magnificalon with a Leica DM4000B microscope. For 

each brain region Stereoinveslgator calculates a volume (in cubic micrometers) measurement 

from the contour area, seclon thickness, and seclon periodicity (MicroBrightField). Seclons 

spanning plates 14– 18 of the mouse brain atlas were studied. Stereoinveslgator calculates 

the total number of TH+ varicosiles based on the experimenter’s random sampling of a 
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known fraclon of the region. Counlng frame and grid size were chosen to consistently sample 

33 sites per region. 

 

In addilon, we measured the density of TH+ varicosiles within seclons of the obirtofrontal 

cortex corresponding to plates 14-20 of the mouse brain atlas (Paxinos and Franklin 2013). We 

delineated the following subregions of the orbitofrontal cortex: the dorsal agranular insular 

orbitoprefrontal cortex (daiPFC), the ventral agranular insular orbitofrontal cortex (vaiPFC), 

and the ventral orbitofrontal cortex (voPFC) using landmarks derived from Paxinos and 

Franklin (2013). We did not examine the volume of the dopamine input to this region, because 

the innervalon is scavered in comparison to the prefrontal cortex, and there is no dislnct, 

well-defined region of dopamine presence (Hoops & Flores, 2017). 

Go/No-go  

To assess impulse control, we used the Go/No-go task we modified and implemented for the 

use of mice (Reynolds, Pokinko, et al., 2018; Reynolds, Yetnikoff, et al., 2018). Mice were food-

restricted to approximately 1.5 g of food per day for the duralon of the task to maintain 85% 

of their inilal free-feeding body weight. Training phases for this behavioral task began at 

PND75 ± 15. Chocolate-flavored dustless precision pellets (BioServ, Inc.) were used as a 

reinforcer, with sessions conducted in operant behavioral boxes equipped with a house light, 

an adjustable tone generator, two nose-poke holes (right and le�) capable of being 

illuminated, and a pellet dispenser. The behavioral paradigm consisted of 3 stages: 

discriminalon training, reaclon lme training, and the Go/No-Go behavioral task.  

Discrimination Training: These sessions were 20 minutes in duration. Mice were trained for 6 

consecutive days, followed by one rest day, until the target performance rate was attained. 
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In the first stage, mice were trained to nose-poke the correct illuminated hole (left or right, 

the conditions balanced across mice), constituting a “rewarded” trial. Mice moved to the next 

phase when the cohort reached approximately a performance rate of 70% rewarded trials. 

ReacLon Lme training: The second training stage was divided into two subseclons, the five 

second reaclon lme and the three second reaclon lme. In the first stage mice were trained 

to nose-poke the correct illuminated hole within five seconds of the cue light turning on. A 

pretrial period, wherein the house light was illuminated for several seconds without the cue 

light, was designed during this stage to train mice to avend exclusively to the cue light. This 

conlnued unll the cohort reached a rate of approximately 50% or fewer premature 

responses. Responding to the house light during this pretrial period consltuted a “Premature 

Response” taken as a measure of wailng impulsivity (Bari & Robbins, 2013; Dalley & Robbins, 

2017; Jentsch et al., 2014). Following the pretrial period, mice who nose-poked within five 

seconds of the cue light being illuminated were rewarded with a reinforcer. In the second 

stage, mice were trained to nose-poke the correct illuminated hole within three seconds of 

the cue light turning on. Responding to the house light during this pretrial period consltuted 

a “Premature Response”. This stage conlnued unll the cohort showed less than 25% of 

premature responses during the pretrial period, whereupon they advanced to the Go/No-go 

task. 

Go/No-Go task: Mice were tested in this task for a total of 14 conseculve days. Mice had to 

nose-poke in response to an illuminated “Go” cue within a limited amount of lme (average of 

3 sec) or inhibit their response to this cue when presented together with an auditory “No-go” 

cue. Nose poke responses to the Go cue were recorded as “Hits” and resulted in the delivery 

of a food pellet, while the same response to the No-go cue was considered a “Commission 
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Error” and was taken as a measure of aclon impulsivity (Dalley & Robbins, 2017; Jentsch et 

al., 2014).  

Progressive RaLo (moLvaLon for food reward) 

Following the Go/No-Go task, mice were trained in the same operant chambers to nose poke 

for a food reward for 2 days. To investigate differences in motivation for food reward, the 

number of nose pokes required to obtain a reward increased exponentially after each trail. 

Following training, mice were to a one-day test where breakpoint performance was recorded, 

which is the maximum number of nose pokes mice are willing to make in exchange for a 

singular reward (Gourley et al., 2016). 

RNA Extraclon and RT-qPCR 

One week following VEH or THC treatment, mice were rapidly decapitated, and their brains 

were collected and flash-frozen in 2-methylbutane (Fisher Scienlfic, Hampton, New 

Hampshire). Bilateral punches of the ventral tegmental area (VTA) were taken from 1-mm 

thick coronal slices starlng from seclons corresponding to plate 55 (−2.92 mm, 

anterior/posterior relalve to Bregma) and 15 (1.94 mm, anterior/posterior relalve to 

Bregma), respeclvely, of Paxinos and Franklin. Total RNA and microRNA fraclons were 

isolated using the miRNeasy Micro Kit protocol (Qiagen, Toronto, ON, Canada) (Cuesta et al., 

2018; Maniv et al., 2013; Torres-Berrío et al., 2017). All RNA samples were determined to 

have 260/280 and 260/230 values ≥ 1.8, using the Nanodrop 1000 system (Thermo Scienlfic, 

Toronto, ON, Canada). Reverse transcriplon for Dcc, and Glyceraldehyde-3-

phosphatedehydrogenase (GAPDH) mRNA was performed using a high-capacity cDNA Reverse 

Transcriplon Kit (Applied Biosystems) according to manufacturer's instruclons. Real-lme 
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polymerase chain reaclon (PCR), using TaqMan assay (Applied Biosystem) was carried out 

with an Applied Biosystems QuantStudio 6 Flex Real-Time PCR system. Data for Dcc mRNA 

expression were analyzed by using the relalve quanlficalon standard curve method and the 

level of these transcript was quanlfied relalve to the expression of the reference gene Gapdh. 

Reverse transcriplon for miR-218 was performed using the TaqMan MicroRNA Reverse 

Transcriplon Kit together with the corresponding miRNA TaqMan probes (Applied 

Biosystems). Expression levels were calculated using the relalve quanlficalon standard curve 

method. The small nucleolar RNA (snoRNA) RNU6B was used as an endogenous control to 

normalize the expression of miR-218. In all cases, the real- lme PCR was run in technical 

triplicates. 

 

Medial Prefrontal Cortex Microglia Morphology Analysis  
 
Tissue preparaLon. Adolescent male and female mice were anesthelzed with an 

intraperitoneal overdose of a combinalon of ketamine 50 mg/kg, xylazine 5 mg/kg, 

acepromazine 1 mg/kg. Mice were perfused intracardially with 30mL 0.1M phosphate-

buffered saline (PBS) solulon containing 1 uL/mL heparin and 2 mM ProHance® was used, 

followed by a 30 mL 4% paraformaldehyde (PFA) solulon with 2 mM ProHance®. Both 

solulons were perfused at a rate of 1.0 mL/min. Following perfusion, the skulls, with the 

brains intact, were removed and stored in a 4% PFA solulon with 2 mM ProHance® at 4°C for 

24 hours. Subsequently, the samples were transferred to a 0.1M PBS solulon containing 2 

mM ProHance® and 0.02% sodium azide, maintained at 4°C for future ex vivo imaging. 

Following ex vivo MRI, brains were extracted from mouse skulls ullizing a standardized 

surgical procedure. The brains were washed in PBS and then embedded in 3% agarose 

prepared with phosphate buffer for stabilizalon required for serial two-photon tomography. 
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Ex vivo T2 Weighted MRI: Ex vivo T2-weighted MRI was done on brains retained in skulls. 

Images were captured using a 7.0 T mull-channel magnet system (Varian Inc. Palo Alto, CA, 

USA), housed at the Mouse Imaging Centre at the Hospital for Sick Children (Toronto, ON, 

Canada). Sixteen samples underwent simultaneous scanning through the ullizalon of a 

specially engineered solenoid array (Dazai et al., 2011). The anatomical scans were conducted 

according to the following specificalons: T2-weighted, three-dimensional imaging employing 

a fast spin-echo sequence in conjunclon with cylindrical k-space acquisilon, set with a TR of 

350 ms, TE of 12 ms, echo train length of six, and four averages (Nieman et al., 2005). The 

scanning parameters included a field-of-view of 20mm × 20mm × 25mm, a matrix 

configuralon of 504 × 504 × 630, and an isotropic image resolulon at 40 μm.  

 

Serial two-photon tomography image acquisiLon: To inveslgate the distribulon of GFP 

expression across the enlre brain, we ullized a serial two-photon tomography system (STPT) 

(Ragan et al., 2012), configuring the imaging parameters based on established research 

(Vousden et al., 2015). The individual brains embedded in 3% agarose were posiloned in an 

orientalon perpendicular to the blade. The cerebellum was secloned and imaged inilally, 

followed by the anterior progression towards the olfactory bulbs, which were the final 

structures to be imaged. The STPT so�ware performed an automated acquisilon to record 

GFP expression in brain samples, taking roughly 8 hours per specimen. Individual image lles, 

or raw two-photon microscope captures, were subsequently merged ullizing custom-

developed Matlab and Python scripts, following the methodology outlined by Vousden et al., 

to create all-encompassing coronal seclons throughout the full mouse brain (Vousden et al., 

2015). Upon complelon of the image assembly, the compiled data consisted of an eslmated 
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170 coronal seclons per mouse brain, exhibilng 1.37-µm in-plane resolulon and 100-µm 

slice spacing, and were retained as 16-bit (.lff) image files. 

 

Serial-two photon tomography image processing: The obtained coronal (.lff) images served 

as input images for microglia localon idenlficalon. To normalize signal intensiles across 

samples, we employed OpenCV tools (version 4.6.0, hvps://docs.opencv.org/4.6.0  (Bradski 

& Kaebler, 2008) in Python (version 3.8.0, hvps://www.python.org/downloads/ 

release/python-380) (Heelnger 2019). Specifically, we used Contrast Limited Adaplve 

Histogram Equalizalon (CLAHE) to enhance local image contrast by distribulng pixel 

intensiles across a wider range of intensity values, thereby improving microglia conspicuity. 

By leveraging the Scipy "Winsorize" tool (version 1.9.0, hvps://docs.scipy.org/doc/scipy) 

(Virtanen et al., 2020) we clipped pixel intensiles within a predetermined range to minimize 

the impact of intensity outliers on microglia label deteclon and segmentalon (lower bound 

threshold = 85%, upper bound threshold = 0.5%). Subsequently, we normalized contrast 

intensiles across samples to ensure they fell within a consistent range (0-255). These 

normalized coronal images were then employed as input images for a cell-segmentalon 

pipeline (fastCell) developed at MICe (Wang & Lerch 2021), which relies on an arlficial neural 

network incorporalng supervised machine learning to detect and segment individual cells 

(hvps://github.com/fastai/fastai). The neural network was trained using a set of manually 

segmented microglia labels (n ~ 8000) with varying size, shape, density, and signal intensity, 

derived from dislnct samples and slices. The refined neural network was subsequently 

applied to segment the normalized coronal seclons, generalng output images that displayed 

segmented GFP-labelled microglia throughout the brain. 
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Serial-two photon tomography image registraLon: The normalized coronal (.lff) seclons were 

assembled to produce 3D files, saved as mnc files. To align the STPT data with MR images, 

these images were smoothed and downsampled to a resolulon of 1.37 µm, yielding images 

more akin to anatomical structures observable in MRI. The downsampled STPT images were 

first registered with one another to form a consensus average image, employing the pydpiper 

toolkit (Friedel et al., 2014) built upon MNI-autore (Collins et al., 1994) and ANTS (Advanced 

NormalizaLon Tools (ANTS), n.d.) registralon tools. In some images, microglia labels were 

presented with faint label due to technical difficulles during image acquisilon process of the 

STPT. As a result, we devised STPT sample-specific atlases that masked out areas with weak 

microglia labels before aligning them with their respeclve MR images. These "masked" 

volume eslmates were subsequently ullized for more accurate cellular density calculalons. 

In order to obtain MRI-derived volume eslmates, the pre-segmented atlas was aligned with 

the MR images, resullng in 182 segmented brain regions (combining le� and right regions as 

required) (Reddick et al., 2003). Addilonally, the STPT sample-specific atlases were matched 

with their associated MR images to generate masked volume eslmates, which were then 

employed in the crealon of density maps for each individual sample. 

Statistical Analysis: 

Statistical analysis was performed using Graphpad Prism 7.0. A significance threshold of 

α<0.05 was used in all the experiments. All values are represented as mean ± S.E.M. Statistical 

differences between two groups were analyzed with Student’s t-tests with two-tailed 

analysis. Otherwise, one- way, or two-way ANOVAs (with Repeated Measures) were 

performed, followed by Holm-Sidak’s multiple comparison. Outliers were screened using the 



 24 

ROUT’s 1% method. All data were normally distributed, and variance was similar between 

groups, supporting the use of parametric statistics. 
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Results  
 

Aim 1: THC in adolescence alters dopamine connecNvity in the adult prefrontal cortex in a 

sex-specific manner  

Alterations in the volume that prefrontal cortex dopamine axons occupy in adulthood often 

serve as a proxy of changes in mesocortical dopamine axon growth in adolescence (Hoops et 

al., 2023; Reynolds et al., 2023; Reynolds, Pokinko, et al., 2018). We began by assessing in 

males and females if THC exposure in early adolescence impacts ongoing prefrontal cortex 

dopamine development. We quantified the expanse of the dopamine input to prefrontal 

cortex in adulthood using stereology (Fig. 1A). There is a decrease in the span of prefrontal 

cortex dopamine axons in adult males administered THC in early adolescence compared to 

VEH (Fig. 1B). This reduction is observed in the prelimbic and infralimbic subregions. 

Conversely, there is no significant difference in the span of prefrontal cortex dopamine fibers 

in adult females administered THC in early adolescence compared to VEH (Fig. 1B: three-way 

repeated measures ANOVA, subregion x sex x drug F(1, 12) = 4.962, p = 0.045 main effect of 

treatment condition F (1, 12) = 26.27, p = 0.0003; main effect of subregion, F(1,12) = 421, p < 

0.0001; main effect of sex, F(1, 12) = 12.03, p = 0.04).  

The male-specific change in the expanse of the prefrontal cortex dopamine input in 

the THC group is accompanied by a corresponding reduction in the total number of dopamine 

axonal varicosities in both the prelimbic and infralimbic subregions (Fig. 1C: two-way 

repeated measures ANOVA, main effect of treatment condition F (1, 6) = 9.182, p = 0.023; main 

effect of subregion, F (1,6) = 84.80, p < 0.0001).  
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Since dopamine axons also continue to grow towards the orbitofrontal cortex (OFC) 

across adolescence (Hoops & Flores, 2017), we next quantified the density of dopamine axon 

varicosities in the adult orbitofrontal cortex of the same adult males administered THC or 

vehicle in early adolescence (Fig. 1A).  There is an increase in the density of TH+ varicosities 

in THC versus control groups (Fig. 1D, OFC, one- way ANOVA, main effect of treatment F(1, 6) = 

10.22, p = 0.018). This change is opposite to the one observed in the prefrontal cortex and 

raises the intriguing possibility that axons that normally grow to the prefrontal cortex are 

deviated to the orbitofrontal cortex in THC-exposed adolescent mice.  

           

 

FIGURE 1. THC (5 mg/kg) in adolescence disrupts adult PFC dopamine connectivity in males 

but not females. A, Timeline of treatment and experimental procedures. B, Male mice treated 

with THC (5 mg/kg) during adolescence show decreased expanse of the dopamine input to 

the PFC, but these differences are not observed in females. C, Reduced dopamine input to 

the PFC in males administered THC in adolescence is associated with a concomitant decrease 

in total number of TH+ varicosity within the prelimbic (PrL) and infralimbic (IL) subregions of 

the PFC. D, Males treated with THC in adolescence show an increase in the density of TH+ 

varicosities in the orbitofrontal cortex (OFC). ** significantly different, p < 0.01; * significantly 

different, p < 0.05. All data are shown as mean ± SEM (n=4 per group).  
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Aim 2: THC in adolescent males improves acNon impulsivity in adulthood but impairs 

waiNng impulsivity  

To begin examining if changes in dopamine conneclvity in the prefrontal cortex and 

orbitofrontal cortex of males administered THC in adolescence associate with alteralons in 

impulse control in adulthood, we used the Go/No-go task. This task is heavily dependent on 

dopamine signaling within the frontal cortex (Shiner et al., 2015; Yamamuro et al., 1994). This 

experiment was performed in a separate cohort of adult male mice exposed to (5 mg/kg) THC 

(n = 9) or VEH (n = 9) in early adolescence (Fig. 2A, B). Adult males that received THC in early 

adolescence show improved aclon impulsivity as in indicated by an overall lower proporlon 

of commission errors, compared to VEH (Fig. 2C, AUC commission errors, t(17)=2.192; p = 

0.042). The proporlon of hits is similar between VEH and THC male groups indicalng equal 

engagement in the task (Fig. 2D, AUC hits, t(17)=1.180; p = 0.254).  

However, the opposite effect was observed when assessing premature responding, 

wherein males that received THC in early adolescence show deficits in their wailng 

impulsivity, as indicated by an overall increased proporlon of premature responses compared 

to VEH (Fig. 2E, F, AUC premature responses, t(15)=3.287; p = 0.005). These results show that 

the enduring effects of THC in early adolescence on impulse control in males vary according 

to impulsivity dimension outcome. The prefrontal cortex and orbitofrontal cortex are 

preferenlally engaged in wailng and aclon impulsivity (Dalley & Robbins, 2017), respeclvely. 

It is intriguing that THC in adolescence increases dopamine innervalon to the orbitofrontal 

cortex but reduces dopamine input to the prefrontal cortex in adult male mice.  

Twenty-four hours a�er the Go/No-go task, mice underwent a progressive ralo test to 

assess molvalon for food reward. The breakpoints are similar between VEH and THC groups 

indicalng similar sensilvity to food reward (Fig. 2G inset, t(17) = 0.2851, p = 0.779).  
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Males that received THC during early adolescence show altered weight gain compared 

to mice that received VEH (Fig. 2H le� panel inset, t(20) = 4.814, p = 0.0001). Intereslngly, the 

difference in body weight gain does not persist unll adulthood (i.e. their weight on the last 

day of injeclon and their weight in adulthood; Fig. 3H right panel inset, t(20) = 0.7817, p = 

0.443), consistent with previous reports in male mice (Lin et al., 2023; Rubino et al., 2008; 

Silva et al., 2016).  
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FIGURE 2. THC in early adolescent male mice improves action impulsivity in adulthood but 

impairs waiting impulsivity. A, Go/No-go experimental design. B, Experimental timeline, and 

procedures. C, Adult males that received THC in early adolescence have a lower proportion of 

commission errors compared to VEH. Area under the curve (AUC, inset) illustrates a lower 

proportion of commission errors overall in the THC compared to the VEH group. D, THC (5 

mg/kg) does not affect the proportion of hits in Go trials. Area under the curve (AUC, inset) 

illustrates similar proportion of hits between treatment groups. E, Experimental design to 

capture premature responses. F, THC in early adolescence leads to increased proportion of 

premature responses in adulthood compared to VEH. Area under the curve (AUC, inset) 

illustrates a larger proportion of premature responses overall for the THC compared to VEH 

group. G, THC and VEH male groups show similar progressive ratio breakpoints in adulthood. 

H, Males that received THC in early adolescence show reduced body weight gain compared 

to VEH treated males across treatment days. Data are presented as the increment (Δ) in body 

weight (grams) per animal at each time point with their Day 1 body weight as the reference 

point. Area under the curve (AUC, left panel inset) illustrates lower Δ body weight (g)/animal 

gain in the THC group compared to VEH during treatment. The difference in body weight 

between treatment conditions does not persist into adulthood. Right panel inset: difference 

in weight between postnatal day (PND) 75 and PND 30. ** significantly different, p < 0.01; * 

significantly different, p < 0.05. All data are shown as mean ± SEM (n= 9-11 per group).  

Aim 3: THC in adolescence upregulates Dcc, but downregulates miR-218 in the VTA of male 

mice without altering mPFC microglia 

 
In the VTA, 99% of dopamine neurons express the guidance cue gene DCC, with similar results 

in male and female rodents (Phillips et al., 2022). We next assessed if THC in early adolescence 
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would alter Dcc mRNA expression in the VTA of male mice one week later (Fig. 3A,B), when 

dopamine axons are undergoing targelng events (Hoops et al., 2018; Reynolds et al., 2023; 

Reynolds, Pokinko, et al., 2018).  In this experiment we tested 2 doses (either 2.5 or 5 mg/kg) 

to determine the sensilvity of this guidance cue system to different THC concentralons. THC 

increases Dcc mRNA levels compared to VEH, regardless of dose (Fig. 3C, VTA Dcc, one- way 

ANOVA F(2, 33) = 4.832, p = 0.032, Holm–Sidak post hoc tests: VEH vs THC 2.5, p = 0.027, VEH vs 

THC 5, p = 0.044).   

In contrast, exposure to either dose of THC decreases miR-218 expression, compared 

to VEH, suggeslng the involvement of microRNAs processes in the regulalon of Dcc by THC 

(Fig. 3D, miR-218, one- way ANOVA F(2, 17) = 8.286, p = 0.003, Holm–Sidak post hoc tests: VEH 

vs THC 2.5, p = 0.038, VEH vs THC 5, p = 0.01). This finding is consistent with previous findings 

from studies in male mice administered amphetamine in adolescence (Cuesta et al., 2018; 

Reynolds et al., 2023).  

Treatment with THC (5 mg/kg) during early adolescence in males reduces body weight 

gain across treatment days compared to VEH (Fig. 3E, AUC (right), one-way ANOVA, F(2, 21) = 

4.935, p = 0.017, Holm–Sidak post hoc tests: VEH vs THC 2.5, p = 0.064, VEH vs THC 5, p = 

0.019).  

Across adolescent development microglia serve a pivotal role in synaplc refinement, 

specifically within the PFC (Mallya et al., 2018; Schalbever et al., 2022). To address potenlal 

THC-induced changes in microglia profiles in the developing PFC of males, we assessed the 

density and soma size of microglia, one week following THC or VEH exposure (Fig. 3F). We 

chose this lme because it coincides with the period when dopamine axons are slll undergoing 

pathfinding decisions (Cuesta et al., 2020; Reynolds et al., 2023). We found no differences in 
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PFC microglia density between THC and VEH groups (Fig. 3G t(6)=0.739; p = 0.478) and no 

changes in microglia soma size (Fig. 3H t(6)=0.865; p = 0.409). 

 

 
 

FIGURE 3. THC in early adolescence upregulates Dcc and downregulates miR-218 in VTA 

dopamine neurons of male mice. A, Experimental lmeline, and procedures. B, Majority of 

dopamine neurons within the VTA express Dcc mRNA, which is repressed by the microRNA 

miR-218. C, THC upregulates Dcc mRNA expression in the VTA of males one week a�er last 

drug exposure in early adolescence. D, Male mice treated with THC (2.5 and 5 mg/kg) show a 

significant decrease in miR-218. E, Across treatment days, body weight gain is only altered 

between THC (5 mg/kg) and VEH groups. Data are presented as the increment (Δ) in body 

weight (grams) per animal at each lme point with their Day 1 body weight as the reference 

point. Area under the curve (AUC) illustrates altered Δ body weight (g)/animal gain only 
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between THC (5 mg/kg) and VEH groups. F, Experimental lmeline and procedures G, 

Representalve images of PFC microglia density in males (le�). THC does not alter microglia 

density in the PFC of males one week a�er last drug exposure (right). H, Representalve images 

of microglia soma size in the male PFC (le�). Male mice treated with THC (5 mg/kg) show no 

significant change in microglia density or average soma size (right). ** significantly different, 

p < 0.01; * significantly different, p < 0.05. All data are shown as mean ± SEM (n= 6-8 per 

group).  

Aim 4: THC during adolescence does not impact impulse control in adulthood in female mice 

Despite the lack of changes in PFC dopamine conneclvity we slll wanted to assess whether 

THC altered impulse control in adult females. We examined Go/No-go performance in adult 

female mice exposed to (5 mg/kg) THC (n = 10) or VEH (n = 11) in early adolescence (Fig. 4A,B). 

There are no differences in the numbers of commission errors or hits between THC and VEH 

groups (Fig. 4C AUC commission errors, t(19)=0.7377; p = 0.469, Fig. 4D AUC hits, t(19)=1.022; p 

= 0.319). Furthermore, during the training phase, both groups show comparable number of 

premature responses (Fig. 4E,F AUC premature responses, t(19)=0.4614; p = 0.649). One day 

a�er the Go/No-go task, females underwent a progressive ralo test to assess their molvalon 

to work for a food reward. Both groups show similar breakpoints, indicalng no differences in 

sensilvity to food reward (Fig. 4G, break point, t(19)=0.2997; p = 0.767). These results are in 

line with the lack of changes in females in the extent of the dopamine input to the prefrontal 

cortex. 

Females administered THC or VEH show similar weight across treatment days during 

early adolescence (Fig. 4H le� panel inset, t(19) = 0.1147, p = 0.909) as well as when they reach 
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adulthood (i.e. when we compare their weight in the last day of injeclon and their adult 

weight; Fig. 4H right panel inset, t(19) = 1.416, p =0.172). 

 

 

FIGURE 4. THC in early adolescence does not alter impulse control in adulthood in female 

mice. A, Experimental lmeline, and procedures. B, Go/No-go experimental design. C, THC and 

VEH female groups show similar proporlon of commission errors in No-Go trials. Area under 
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the curve (AUC, inset) illustrates similar proporlon of commission errors between THC and 

VEH groups. D, Similar proporlon of hits in Go trials between adult female mice administered 

THC (5 mg/kg) or VEH in early adolescence. Area under the curve (AUC, inset) illustrates 

similar proporlon of hits between THC and VEH groups. E, Experimental design to capture 

premature responses. F, THC and VEH female groups show similar proporlon of premature 

responses during the training phase. Area under the curve (AUC, inset) illustrates similar 

proporlon of premature responses between THC and VEH groups. G, THC and VEH female 

groups show similar progressive ralo breakpoints in adulthood. H, Body weight gain is similar 

between THC and VEH treated females across treatment days. Data are presented as the 

increment (Δ) in body weight (grams) per animal at each lme point with their Day 1 body 

weight as the reference point. Area under the curve (AUC, le� panel inset) illustrates similar 

Δ body weight (g)/animal gain between THC and VEH groups during treatment. The lack of 

change in body weight between treatment condilons persists into adulthood. Right panel 

inset: difference in weight between postnatal day (PND) 75 and PND 30. ** significantly 

different, p < 0.01; * significantly different, p < 0.05. All data are shown as mean ± SEM (n= 9-

11 per group).  

Aim 5: THC in adolescent females downregulates Dcc levels in a dose-dependent manner 

but does not alter miR-218 

We quanlfied Dcc mRNA and miR-218 expression in the VTA of female mice one week a�er 

exposure to THC (either 2.5 or 5mg/kg) or VEH (Fig.5A). There is a significant decrease in Dcc 

levels following THC treatment with the 5, but not the 2.5 mg/kg dose (Fig. 5B, VTA Dcc, one- 

way ANOVA F(2, 33) = 4.832, p = 0.014, Holm–Sidak post hoc tests: VEH vs THC 2.5 p = 0.755, 

VEH vs THC 5 p = 0.023). Regardless of treatment condilon, there is no difference in VTA miR-
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218 expression across groups (Fig. 5C, VTA miR-218, one- way ANOVA F(2, 31) = 1.708, p = 0.197). 

These data indicate that despite downregulalng Dcc expression in dopamine neurons in early 

adolescence, exposure to THC (5mg/kg) in females does not alter adult impulse control or 

dopamine conneclvity. 

All female groups show similar weight gain across treatment days (Fig. 5D, AUC (right), 

one-way ANOVA, F(2, 32) = 1.069, p = 0.355).  

Serial two-photon tomography analysis revealed no differences in microglia density in 

the PFC between THC and VEH female groups (Fig. 5F t(6)=1.664; p =0.147). However, THC (vs. 

VEH) leads to a reduclon in soma size one week following early adolescent exposure (Fig. 5G 

t(6)=3.318; p = 0.016). Although direct evidence is needed, this inilal finding raises the 

intriguing possibility that microglia changes in females may play a proteclve role against 

potenlal THC-induced disruplon in dopamine development, for example by affeclng the 

pruning of synaplc dopamine terminals (Kopec et al., 2018; Schalbever et al., 2022). 

 

FIGURE 5.  In females, THC in early adolescence induces dose-dependent Dcc downregulation 

in dopamine neurons, without altering miR-218 levels. A, Experimental timeline and 
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procedure. B, Treatment with 5, but not 2.5 mg/kg THC in early adolescent female mice 

downregulates Dcc mRNA expression in the VTA, one week after the last drug exposure. C, 

THC (either 2.5 or 5 mg/kg) does not alter VTA miR-218 expression in females. D, Body weight 

gain across treatment days is similar between THC and VEH groups – data are presented as 

the increment (Δ) in body weight (grams) per animal at each time point with their Day 1 body 

weight as the reference point. Area under the curve (AUC) illustrates similar Δ body weight 

(g)/animal gain between THC and VEH groups. E, Experimental timeline and procedures. F, 

Representative images of microglia density in the female PFC (left). THC does not alter 

microglia density in the PFC of females one week after last drug exposure in early adolescence 

(right). G, Representative images of microglia soma size in the female PFC (left). Female mice 

treated with THC (5 mg/kg) show a significant decrease in average soma size (right). ** 

significantly different, p < 0.01; * significantly different, p < 0.05. All data are shown as mean 

± SEM (n= 11-12 per group).   

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 37 

 
 

Discussion  
 

The use of THC in young individuals is increasing at a unprecedent rate (Kourgiantakis et al., 

2022; Patrick et al., 2022; Wellman et al., 2023). In this study we examined the short and long-

term effects of non-conlngent THC exposure in early adolescence in male and female mice. 

Our findings indicate that THC in early adolescence reduces dopamine innervalon in the adult 

PFC of males, but not females, and that this change in males is associated with increased 

dopamine conneclvity in the orbitofrontal cortex. This suggests that THC may induce axons 

deslned to innervate the PFC to ectopically grow to the orbitofrontal cortex. Indeed, THC in 

adolescent males alters Dcc expression in the VTA – an event lghtly linked with errors in 

dopamine axon targelng (Reynolds et al., 2023; Reynolds, Pokinko, et al., 2018) – and induces 

dimension-specific changes in impulse control in adulthood. In males, THC in adolescence also 

leads to changes in cognilve control in adulthood, with opposite changes in wailng versus 

aclon impulsivity. In females, THC decreases VTA Dcc expression, but does not alter adult 

cognilve control. Intereslngly, in females only, THC reduces microglial soma size within the 

PFC. Since microglia mediate synaplc pruning and refinement during adolescence, including 

in the developing PFC (Mallya et al., 2018; Schalbever et al., 2022), these findings suggest that 

while in males THC alters adolescent dopamine and impulse control development, in females 

proteclve processes are recruited.  

In males, the decrease in the extent of the dopamine input to the PFC is accompanied 

by reduced number of dopamine presynaplc sites within this region and is likely to result in 

aberrant PFC dopamine neurotransmission (Jentsch et al., 1998; Verrico et al., 2003). In the 

orbitofrontal cortex, however, there is an increase in dopamine conneclvity. This PFC versus 
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orbitofrontal cortex dichotomy may be causally linked to its opposite impact on wailng versus 

aclon impulsivity, since dopamine in these two corlcal regions has been shown to parlcipate 

in different impulsivity dimensions as measured in the Go/No-go task (Dalley et al., 2011; 

Dalley & Robbins, 2017; Donnelly et al., 2015). Wait impulsivity involves, alongside other brain 

regions, the prelimbic and infralimbic subregions of the PFC, while aclon impulsivity seems 

to engage preferenlally the orbitofrontal porlon of the cortex (Dalley et al., 2011; Dalley & 

Robbins, 2017; Donnelly et al., 2015). Our results raise the intriguing possibility that THC in 

adolescence induces ectopic growth of PFC dopamine axons to the orbitofrontal cortex, 

leading to hypo and hyper dopamine neurotransmission in these corlcal regions, respeclvely, 

and impaclng adult impulse control in a dimension-specific manner.  It is intereslng to note 

that in humans chronic, but not acute THC alters presynaplc dopamine funclon and that this 

is amplified by earlier onset of cannabis use (Batalla et al., 2013; Bloomfield et al., 2014; 

Volkow et al., 2014). Our findings are in line with evidence in male mice showing that 

adolescent THC exposure alters different components of adult impulsivity and that changes in 

PFC drd2 expression seem to be involved (Cajiao-Manrique et al., 2023) 

DCC receptors in dopamine axons mediate axon targelng in adolescence, controlling 

the proper segregalon of mesolimbic and mesocorlcal dopamine pathways and development 

of impulse control (Reynolds et al., 2023; Reynolds, Yetnikoff, et al., 2018). The THC-induced 

increase in Dcc expression in dopamine neurons of early adolescent males may mediate the 

disruplon of PFC and orbitofrontal cortex dopamine development, and in turn the alteralons 

in adult impulse control. Indeed, previous work form our group has shown that exposure to a 

therapeulc-like dose of amphetamine in early adolescence increases DCC receptor expression 

in the VTA and induces improved overall cognilve performance in the Go/No-go task in adult 

(Cuesta et al., 2020). In contrast, early adolescent exposure to a recrealonal-like 
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amphetamine dose decreases VTA Dcc expression, causing targelng errors and ectopic 

growth of dopamine axons and impairment in impulse control in adulthood (Reynolds et al., 

2023).  Females are insensilve to these amphetamine effects or engage proteclve processes 

(Reynolds et al., 2023). Different substances of abuse in adolescence may induce mistargelng 

events of dopamine axons, with the ectopic pathfinding trajectory dictated by type of drug 

and buffered by female sex (Avramescu et al., 2023).  

In males, THC-induced dysregulalon of Dcc expression appear to involve miR-218, 

which plays a crilcal role in adolescent brain development (Morgunova & Flores, 2021; Torres-

Berrío et al., 2021). This finding is in line with our studies with amphetamine showing that 

miR-218 mediates drug-induced changes in Dcc levels in dopamine neurons in early 

adolescent male, but not female mice (Cuesta et al., 2020; Reynolds et al., 2023). Epigenelc 

alteralons following adolescent exposure to cannabis have been explored in the context of 

histone modificalon (Szutorisz & Hurd, 2016) and more recently regarding the role of 

microRNAs (Lee et al., 2022; Tomasiewicz et al., 2012). For instance, shi�s in microRNA 

expression profiles in brain and peripheral blood cells have been reported following THC 

exposure in macaques and mice, respeclvely (Chandra et al., 2015; Molina et al., 2011; 

Szutorisz & Hurd, 2016). Furthermore, 7 microRNAs have been shown to be dysregulated in 

the entorhinal cortex following exposure to a cannabinoid agonist in male rats (Hollins & 

Cairns, 2016), and RNA sequencing of whole brain showed miR-155hg as enduringly altered 

a�er adolescent THC exposure in male mice (Lee et al., 2022).  

Females exposed to THC during adolescence show a decrease in Dcc expression, but 

this decrease does not seem to involve miR-218. This raises two intriguing queslons: which 

epigenelc processes may be involved and why are females protected against disruplon in 

dopamine development, despite reduced Dcc expression in the VTA. Perhaps, as seen before 



 40 

in our work with amphetamine (Reynolds et al., 2023), compensatory molecular changes are 

at play, including microglia-mediated alteralons in synaplc pruning (Kopec et al., 2018; 

Mallya et al., 2018; Schalbever et al., 2022). In addilon, adolescent females may be sensilve 

to the impact of THC on dopamine and impulse control development at a later adolescent 

chronological age. For example, a recent report shows that corlcal endocannabinoid-

mediated long-term depression (eCB-LTD) reaches maturity at a much younger age in female 

than male mice (Bernabeu et al., 2023) and that female rats treated with THC later in 

adolescence show in adulthood, disrupted PFC glutamatergic signaling (Rubino et al., 2015). 

The clear changes occurring within components of the eCB system during dislnct windows of 

adolescence strongly suggests that different periods may incur differenlal sensilvity to THC 

exposure (Wiley et al., 2021). 

The lack of effects of THC on the developing prefrontal cortex dopamine system and 

on impulse control in females, does not preclude the possibility of having detrimental 

consequences in other domains. The endocannabinoid system has been suggested as a buffer 

of physiological and behavioral responses to stress, and its dysregulalon can affect behavioral 

outcomes (Rubino et al., 2008; Viveros et al., 2005). Female rats administered escalalng doses 

of THC intraperitoneally in adolescence, show increased immobility in the forced swim test 

and decreased CB1 receptor expression in adulthood in brain regions involved in emolonal 

regulalon (Rubino et al., 2008). Further, female-specific brain region aclvalon and behavioral 

output following THC treatment has been reported by many groups, for example following 

THC 5mg/kg treatment the hippocampus, the nucleus accumbens core and shell of female 

rats is aclvated (Ruiz et al., 2021; Silva et al., 2016; Zuo et al., 2022). It is important to consider 

that at the lme of THC treatment, levels of circulalng gonadal hormones in C57/BL6 female 

mice may be low (Schneider, 2013), and this may confer them with proteclon (Hill et al., 2007; 
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Riebe et al., 2010; Rubino & Parolaro, 2011; Schneider, 2008, 2013). Circulalng female 

gonadal hormones have been shown to have interaclve effects with cannabis exposure and 

with the endocannabinoid system (Fonseca et al., 1993; Mize & Alper, 2000), although the 

mechanislc underpinning of this interplay remains elusive. 

Regarding the reduced microglia some size observed in the PFC of females one week 

a�er THC exposure, it is important to menlon that microglia, alongside the endocannabinoid 

system (eCBs) play a pivotal role in the extensive synaplc remodeling occurring in the PFC 

during this period (Berghuis et al., 2007; Mallya et al., 2018; Schalbever et al., 2022) and that 

reduced soma size may result in reduced synaplc pruning (Mallya et al., 2018; Schalbever et 

al., 2022). Indeed, when microglia are aclvated in response to external perturbalons, their 

morphology shi�s from a rested, surveying state, to a more complex configuralon and 

increased soma size (Cornell et al., 2021). Therefore, reduced synaplc pruning by microglia 

may be proteclve against reduced PFC dopamine axonal growth, parlcularly given their role 

in the eliminalon of dopamine receptors (Kopec et al., 2018). Further inveslgalon is needed 

to dissect the precise role of microglia in THC-induced changes on adolescent 

neurodevelopment. However, this work contributes to the limited understanding of early 

adolescent THC exposure on mPFC microglia profile. However, exposure to THC in adolescent 

female rats has been shown to alter adult PFC microglia morphology (Freels et al., 2023; 

Zamberle� et al., 2015, 2016). Our findings demonstrate male-specific changes in dopamine 

conneclvity, suggest that THC engages divergent processes in males and females, with 

modulalon by THC dose and adolescent chronological age of exposure. These insights provide 

valuable informalon on potenlal mechanisms through which THC use may lead to laslng 

behavioral and cognilve changes. 
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Future Direc?ons  
 

This work adds to the small body of evidence surrounding adolescent THC use and axonal 

guidance cue systems. Specifically, this project addressed many queslons regarding early 

adolescent THC use on dopamine development and adult impulse control. However, this 

project represents only the beginning, with many more important aspects to be addressed. 

Our neuroanatomical data shows that adult males exposed to THC in early adolescence have 

decreased dopamine conneclvity in prelimbic and infralimbic subregions of the mPFC and 

increased dopamine conneclvity in the orbitofrontal cortex, suggeslng perhaps axons are 

being rerouted towards the OFC. Ullizing a dual viral labelling strategy, previously employed 

in our lab we can address this possibility. By labeling dopamine axons originalng from cell 

bodies in the VTA that are growing to the frontal cortex via the striatum, followed by THC 

treatment, and perform adult neuroanatomical experiments (Reynolds, Pokinko, et al., 2018). 

Furthermore, these changes observed in adult male dopamine conneclvity may be mediated 

by changes in Dcc, to address this we can apply gene-edilng methods. Specifically, 

construclng CRISPRa constructs to downregulate DCC expression in dopamine neurons and 

assess whether this buffers against early adolescent-THC induced changes in adult male 

dopamine conneclvity. With regards to adult female dopamine conneclvity, we do not 

observe any changes following early adolescent exposure to THC 5 mg/kg, despite the changes 

in Dcc. We can address the possibility of compensalon via microglia by inhibilng microglia 

aclvalon through a non-seleclve phosphodiesterase enzyme (PDE) inhibitor while trealng 

females with THC in a similar treatment protocol used in this project and assess microglia 

profile one week later, and in a separate cohort assess adult frontal corlcal dopamine 

conneclvity (Gibson et al., 2006; Liu et al., 2019; Zamberle� et al., 2015). Lastly, given the 
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change in Dcc in THC 5 mg/kg but no change in miR-218, we can begin by assessing other 

known targets of Dcc (Torres-Berrío et al., 2017), if unsuccessful then perform whole miRNA 

sequencing on brain lssue, following the same treatment protocol ullized in this project to 

help elucidate the epigenelc mechanism that may be involved in females. 
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Conclusions and Expected Contribu?ons 

This body of work contributes to our knowledge of adolescent THC exposure on frontal 

cortical dopamine development and impulse control once reached adulthood. THC-treated 

males show a robust reduction in both the extent of the dopamine input and in the number 

of dopamine axon presynaptic sites in the PFC in adulthood, however show increased 

dopamine connectivity within the orbitofrontal cortex. These observed changes suggest a 

disruption to adolescent male dopamine axon pathfinding whereas females are seemingly 

protected. THC in early adolescence may impact male and female dopamine and cognitive 

development differently and by recruiting divergent processes. Our findings show that males 

exposed to THC show increased premature responding in the Go/No- Go task, reflective of 

impaired waiting impulsivity, but have fewer commission errors, indicating improved action 

inhibition, compared to vehicle groups. Females, in line with the lack of changes in dopamine 

connectivity, show no difference compared to control in adult impulse control. DCC-mediated 

events may mediate outcomes in males, but in females’ changes in microglia profile are 

observed, perhaps buffering against changes in dopamine connectivity.  

This work sheds light on how sex and experiences intersect to shape the developing 

dopamine system in adolescence. This study aims to further investigate this connection by 

examining the effects of THC exposure on the development of these conditions. Psychiatric 

disorders often arise during adolescence, and sex seems to play a crucial role in influencing 

vulnerability or resilience to their emergence. The research sought to uncover how THC 

exposure affected neuroanatomical, behavioral and molecular outcomes in adulthood, in 

males then in females. Ultimately, I hope our discoveries emphasize the importance of (i) 

continuing research on the developmental consequences following early exposure to THC (ii) 
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considering potential male and female differences when exploring how any external factors 

may influence brain development. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 46 

References 
 
 
Advanced NormalizaLon Tools (ANTS). (n.d.). 

Areal, L. B., & Blakely, R. D. (2020). Neurobehavioral changes arising from early life 
dopamine signaling perturbations. Neurochemistry International, 137, 104747. 
https://doi.org/10.1016/j.neuint.2020.104747 

Auger, M. L., Schmidt, E. R. E., Manitt, C., Dal-Bo, G., Pasterkamp, R. J., & Flores, C. (2013). 
unc5c haploinsufficient phenotype: striking similarities with the dcc haploinsufficiency 
model. European Journal of Neuroscience, 38(6), 2853–2863. 
https://doi.org/10.1111/ejn.12270 

Avramescu, R. G., & Flores, C. (2023). We’re not in Kansas anymore: ectopic dopaminergic 
terminals as an explanation for the positive symptoms in psychiatric pathology. Journal 
of Psychiatry and Neuroscience, 48(1), E74–E77. https://doi.org/10.1503/jpn.230015 

Avramescu, R. G., Hernandez, G., & Flores, C. (2023). Rewiring the future: drugs abused in 
adolescence may predispose to mental illness in adult life by altering dopamine axon 
growth. Journal of Neural Transmission, 1–7. https://doi.org/10.1007/s00702-023-02722-
6 

Bari, A., & Robbins, T. W. (2013). Inhibition and impulsivity: Behavioral and neural basis of 
response control. Progress in Neurobiology, 108, 44–79. 
https://doi.org/10.1016/j.pneurobio.2013.06.005 

Batalla, A., Bhattacharyya, S., Yücel, M., Fusar-Poli, P., Crippa, J. A., Nogué, S., Torrens, M., 
Pujol, J., Farré, M., & Martin-Santos, R. (2013). Structural and Functional Imaging Studies 
in Chronic Cannabis Users: A Systematic Review of Adolescent and Adult Findings. PLoS 
ONE, 8(2), e55821. https://doi.org/10.1371/journal.pone.0055821 

Berghuis, P., Rajnicek, A. M., Morozov, Y. M., Ross, R. A., Mulder, J., Urbán, G. M., Monory, 
K., Marsicano, G., Matteoli, M., Canty, A., Irving, A. J., Katona, I., Yanagawa, Y., Rakic, P., 
Lutz, B., Mackie, K., & Harkany, T. (2007). Hardwiring the Brain: Endocannabinoids Shape 
Neuronal Connectivity. Science, 316(5828), 1212–1216. 
https://doi.org/10.1126/science.1137406 

Bernabeu, A., Bara, A., Green, M. N. M., Manduca, A., Wager-Miller, J., Borsoi, M., Lassalle, 
O., Pelissier-Alicot, A.-L., Chavis, P., Mackie, K., & Manzoni, O. J. J. (2023). Sexually 
Dimorphic Adolescent Trajectories of Prefrontal Endocannabinoid Synaptic Plasticity 
Equalize in Adulthood, Reflected by Endocannabinoid System Gene Expression. Cannabis 
and Cannabinoid Research. https://doi.org/10.1089/can.2022.0308 

Best, O., & Ban, S. (2021). Adolescence: physical changes and neurological development. 
British Journal of Nursing, 30(5), 272–275. https://doi.org/10.12968/bjon.2021.30.5.272 



 47 

Blakemore, S.-J., & Robbins, T. W. (2012). Decision-making in the adolescent brain. Nature 
Neuroscience, 15(9), 1184–1191. https://doi.org/10.1038/nn.3177 

Bloomfield, M. A. P., Morgan, C. J. A., Egerton, A., Kapur, S., Curran, H. V., & Howes, O. D. 
(2014). Dopaminergic Function in Cannabis Users and Its Relationship to Cannabis-
Induced Psychotic Symptoms. Biological Psychiatry, 75(6), 470–478. 
https://doi.org/10.1016/j.biopsych.2013.05.027 

Bradski, G., & Kaebler, A. (2008). Learning OpenCV computer vision with the OpenCV library 
(M. Loukides, Ed.). O’Reilly Media Inc. 

Caballero, A., Granberg, R., & Tseng, K. Y. (2016). Mechanisms contributing to prefrontal 
cortex maturation during adolescence. Neuroscience & Biobehavioral Reviews, 70, 4–12. 
https://doi.org/10.1016/j.neubiorev.2016.05.013 

Cajiao-Manrique, M. del M., Casadó-Anguera, V., García-Blanco, A., Maldonado, R., & 
Martín-García, E. (2023). THC exposure during adolescence increases impulsivity-like 
behavior in adulthood in a WIN 55,212-2 self-administration mouse model. Frontiers in 
Psychiatry, 14, 1148993. https://doi.org/10.3389/fpsyt.2023.1148993 

Cha, Y. M., Jones, K. H., Kuhn, C. M., Wilson, W. A., & Swartzwelder, H. S. (2007). Sex 
differences in the effects of Δ9-tetrahydrocannabinol on spatial learning in adolescent 
and adult rats. Behavioural Pharmacology, 18(5–6), 563–569. 
https://doi.org/10.1097/fbp.0b013e3282ee7b7e 

Chandra, L. C., Kumar, V., Torben, W., Stouwe, C. V., Winsauer, P., Amedee, A., Molina, P. E., 
& Mohan, M. (2015). Chronic Administration of Δ 9 -Tetrahydrocannabinol Induces 
Intestinal Anti-Inflammatory MicroRNA Expression during Acute Simian 
Immunodeficiency Virus Infection of Rhesus Macaques. Journal of Virology, 89(2), 1168–
1181. https://doi.org/10.1128/jvi.01754-14 

Collins, D. L., Neelin, P., Peters, T. M., & Evans, A. C. (1994). Automatic 3D Intersubject 
Registration of MR Volumetric Data in Standardized Talairach Space. Journal of Computer 
Assisted Tomography, 18(2), 192–205. https://doi.org/10.1097/00004728-199403000-
00005 

Cornell, J., Salinas, S., Huang, H.-Y., & Zhou, M. (2021). Microglia regulation of synaptic 
plasticity and learning and memory. Neural Regeneration Research, 17(4), 705–716. 
https://doi.org/10.4103/1673-5374.322423 

Cuesta, S., Restrepo-Lozano, J. M., Popescu, C., He, S., Reynolds, L. M., Israel, S., Hernandez, 
G., Rais, R., Slusher, B. S., & Flores, C. (2020). DCC-related developmental effects of 
abused- versus therapeutic-like amphetamine doses in adolescence. Addiction Biology, 
25(4), e12791. https://doi.org/10.1111/adb.12791 

Cuesta, S., Restrepo-Lozano, J. M., Silvestrin, S., Nouel, D., Torres-Berrío, A., Reynolds, L. M., 
Arvanitogiannis, A., & Flores, C. (2018). Non-Contingent Exposure to Amphetamine in 



 48 

Adolescence Recruits miR-218 to Regulate Dcc Expression in the VTA. 
Neuropsychopharmacology, 43(4), 900–911. https://doi.org/10.1038/npp.2017.284 

Dalley, J. W., Everitt, B. J., & Robbins, T. W. (2011). Impulsivity, Compulsivity, and Top-Down 
Cognitive Control. Neuron, 69(4), 680–694. 
https://doi.org/10.1016/j.neuron.2011.01.020 

Dalley, J. W., & Robbins, T. W. (2017). Fractionating impulsivity: neuropsychiatric 
implications. Nature Reviews Neuroscience, 18(3), 158–171. 
https://doi.org/10.1038/nrn.2017.8 

Dazai, J., Spring, S., Cahill, L. S., & Henkelman, R. M. (2011). Multiple-mouse 
Neuroanatomical Magnetic Resonance Imaging. Journal of Visualized Experiments : JoVE, 
48, 2497. https://doi.org/10.3791/2497 

Donnelly, N. A., Paulsen, O., Robbins, T. W., & Dalley, J. W. (2015). Ramping single unit 
activity in the medial prefrontal cortex and ventral striatum reflects the onset of waiting 
but not imminent impulsive actions. European Journal of Neuroscience, 41(12), 1524–
1537. https://doi.org/10.1111/ejn.12895 

Ferland, J.-M. N., Ellis, R. J., Rompala, G., Landry, J. A., Callens, J. E., Ly, A., Frier, M. D., 
Uzamere, T. O., & Hurd, Y. L. (2022). Dose mediates the protracted effects of adolescent 
THC exposure on reward and stress reactivity in males relevant to perturbation of the 
basolateral amygdala transcriptome. Molecular Psychiatry, 1–11. 
https://doi.org/10.1038/s41380-022-01467-0 

Fonseca, F. R. de, Ramos, J. A., Bonnin, A., & Fernández-Ruiz, J. J. (1993). Presence of 
cannabinoid binding sites in the brain from early postnatal ages. NeuroReport, 4(2), 135–
138. https://doi.org/10.1097/00001756-199302000-00005 

Freels, T. G., Westbrook, S. R., Wright, H. R., Kuyat, J. R., Zamberletti, E., Malena, A. M., 
Melville, M. W., Brown, A. M., Glodosky, N. C., Ginder, D. E., Klappenbach, C. M., 
Delevich, K. M., Rubino, T., & McLaughlin, R. J. (2023). Sex differences in adolescent 
cannabis vapor self-administration mediate enduring effects on behavioral flexibility and 
prefrontal microglia activation in rats. https://doi.org/10.1101/2023.01.21.524468 

Freeman, T. P., & Lorenzetti, V. (2020). ‘Standard THC units’: a proposal to standardize dose 
across all cannabis products and methods of administration. Addiction, 115(7), 1207–
1216. https://doi.org/10.1111/add.14842 

Friedel, M., Eede, M. C. van, Pipitone, J., Chakravarty, M. M., & Lerch, J. P. (2014). Pydpiper: 
a flexible toolkit for constructing novel registration pipelines. Frontiers in 
Neuroinformatics, 8, 67. https://doi.org/10.3389/fninf.2014.00067 

Gibson, L. C. D., Hastings, S. F., McPhee, I., Clayton, R. A., Darroch, C. E., Mackenzie, A., 
MacKenzie, F. L., Nagasawa, M., Stevens, P. A., & MacKenzie, S. J. (2006). The inhibitory 
profile of Ibudilast against the human phosphodiesterase enzyme family. European 
Journal of Pharmacology, 538(1–3), 39–42. https://doi.org/10.1016/j.ejphar.2006.02.053 



 49 

Goldstein, R. Z., & Volkow, N. D. (2011). Dysfunction of the prefrontal cortex in addiction: 
neuroimaging findings and clinical implications. Nature Reviews Neuroscience, 12(11), 
652–669. https://doi.org/10.1038/nrn3119 

Gourley, S. L., Zimmermann, K. S., Allen, A. G., & Taylor, J. R. (2016). The Medial 
Orbitofrontal Cortex Regulates Sensitivity to Outcome Value. The Journal of 
Neuroscience, 36(16), 4600–4613. https://doi.org/10.1523/jneurosci.4253-15.2016 

Gulley, J. M., & Juraska, J. M. (2013). The effects of abused drugs on adolescent 
development of corticolimbic circuitry and behavior. Neuroscience, 249, 3–20. 
https://doi.org/10.1016/j.neuroscience.2013.05.026 

Guma, E., Cupo, L., Ma, W., Gallino, D., Moquin, L., Gratton, A., Devenyi, G. A., & 
Chakravarty, M. M. (2023). Investigating the “two-hit hypothesis”: Effects of prenatal 
maternal immune activation and adolescent cannabis use on neurodevelopment in mice. 
Progress in Neuro-Psychopharmacology and Biological Psychiatry, 120, 110642. 
https://doi.org/10.1016/j.pnpbp.2022.110642 

Halbout, B., Hutson, C., Hua, L., Inshishian, V., Mahler, S. V., & Ostlund, S. B. (2023). Long-
term effects of THC exposure on reward learning and motivated behavior in adolescent 
and adult male rats. Psychopharmacology, 1–17. https://doi.org/10.1007/s00213-023-
06352-4 

Hill, M. N., Karacabeyli, E. S., & Gorzalka, B. B. (2007). Estrogen recruits the 
endocannabinoid system to modulate emotionality. Psychoneuroendocrinology, 32(4), 
350–357. https://doi.org/10.1016/j.psyneuen.2007.02.003 

Hollins, S. L., & Cairns, M. J. (2016). MicroRNA: Small RNA mediators of the brains genomic 
response to environmental stress. Progress in Neurobiology, 143, 61–81. 
https://doi.org/10.1016/j.pneurobio.2016.06.005 

Hoops, D., & Flores, C. (2017). Making Dopamine Connections in Adolescence. Trends in 
Neurosciences, 40(12), 709–719. https://doi.org/10.1016/j.tins.2017.09.004 

Hoops, D., Kyne, R. F., Salameh, S., Ewing, E., He, A. T., Orsini, T., Durand, A., Popescu, C., 
Zhao, J. M., Schatz, K. C., Li, L., Carroll, Q. E., Liu, G., Paul, M. J., & Flores, C. (2023). The 
scheduling of adolescence with Netrin-1 and UNC5C. BioRxiv, 2023.01.19.521267. 
https://doi.org/10.1101/2023.01.19.521267 

Hoops, D., Reynolds, L. M., Restrepo-Lozano, J.-M., & Flores, C. (2018). Dopamine 
Development in the Mouse Orbital Prefrontal Cortex Is Protracted and Sensitive to 
Amphetamine in Adolescence. ENeuro, 5(1), ENEURO.0372-17.2017. 
https://doi.org/10.1523/eneuro.0372-17.2017 

Huestis, M. A. (2007). Human Cannabinoid Pharmacokinetics. Chemistry & Biodiversity, 4(8), 
1770–1804. https://doi.org/10.1002/cbdv.200790152 



 50 

Huestis, M. A., & Cone, E. J. (2004). Relationship of Δ9-Tetrahydrocannabinol Concentrations 
in Oral Fluid and Plasma after Controlled Administration of Smoked Cannabis. Journal of 
Analytical Toxicology, 28(6), 394–399. https://doi.org/10.1093/jat/28.6.394 

Jentsch, J. D., Ashenhurst, J. R., Cervantes, M. C., Groman, S. M., James, A. S., & Pennington, 
Z. T. (2014). Dissecting impulsivity and its relationships to drug addictions. Annals of the 
New York Academy of Sciences, 1327(1), 1–26. https://doi.org/10.1111/nyas.12388 

Jentsch, J. D., Verrico, C. D., Le, D., & Roth, R. H. (1998). Repeated exposure to Δ9-
tetrahydrocannabinol reduces prefrontal cortical dopamine metabolism in the rat. 
Neuroscience Letters, 246(3), 169–172. https://doi.org/10.1016/s0304-3940(98)00254-7 

Johnson, R. M., Fairman, B., Gilreath, T., Xuan, Z., Rothman, E. F., Parnham, T., & Furr-
Holden, C. D. M. (2015). Past 15-year trends in adolescent marijuana use: Differences by 
race/ethnicity and sex. Drug and Alcohol Dependence, 155, 8–15. 
https://doi.org/10.1016/j.drugalcdep.2015.08.025 

Kopec, A. M., Smith, C. J., Ayre, N. R., Sweat, S. C., & Bilbo, S. D. (2018). Microglial dopamine 
receptor elimination defines sex-specific nucleus accumbens development and social 
behavior in adolescent rats. Nature Communications, 9(1), 3769. 
https://doi.org/10.1038/s41467-018-06118-z 

Kourgiantakis, T., Edwards, T., Lee, E., Logan, J., Vicknarajah, R., Craig, S. L., Simon-Tucker, 
M., & Williams, C. C. (2022). Cannabis use among youth in Canada: a scoping review 
protocol. BMJ Open, 12(6), e061997. https://doi.org/10.1136/bmjopen-2022-061997 

Larsen, B., & Luna, B. (2018). Adolescence as a neurobiological critical period for the 
development of higher-order cognition. Neuroscience & Biobehavioral Reviews, 94, 179–
195. https://doi.org/10.1016/j.neubiorev.2018.09.005 

Lee, H.-L., Jung, K.-M., Fotio, Y., Squire, E., Palese, F., Lin, L., Torrens, A., Ahmed, F., Tagne, A. 
M., Ramirez, J., Su, S., Wong, C. R., Jung, D. H., Scarfone, V. M., Nguyen, P. U., Wood, M., 
Green, K., & Piomelli, D. (2022). Frequent Low-Dose Δ9-Tetrahydrocannabinol in 
Adolescence Disrupts Microglia Homeostasis and Disables Responses to Microbial 
Infection and Social Stress in Young Adulthood. Biological Psychiatry, 92(11), 845–860. 
https://doi.org/10.1016/j.biopsych.2022.04.017 

Lenz, K. M., & Nelson, L. H. (2018). Microglia and Beyond: Innate Immune Cells As 
Regulators of Brain Development and Behavioral Function. Frontiers in Immunology, 9, 
698. https://doi.org/10.3389/fimmu.2018.00698 

Lin, L., Jung, K.-M., Lee, H.-L., Le, J., Colleluori, G., Wood, C., Palese, F., Squire, E., Ramirez, J., 
Su, S., Torrens, A., Fotio, Y., Tang, L., Yu, C., Yang, Q., Huang, L., DiPatrizio, N., Jang, C., 
Cinti, S., & Piomelli, D. (2023). Adolescent exposure to low-dose THC disrupts energy 
balance and adipose organ homeostasis in adulthood. Cell Metabolism. 
https://doi.org/10.1016/j.cmet.2023.05.002 



 51 

Liu, C.-Y., Wang, X., Liu, C., & Zhang, H.-L. (2019). Pharmacological Targeting of Microglial 
Activation: New Therapeutic Approach. Frontiers in Cellular Neuroscience, 13, 514. 
https://doi.org/10.3389/fncel.2019.00514 

Mallya, A. P., Wang, H.-D., Lee, H. N. R., & Deutch, A. Y. (2018). Microglial Pruning of 
Synapses in the Prefrontal Cortex During Adolescence. Cerebral Cortex, 29(4), 1634–
1643. https://doi.org/10.1093/cercor/bhy061 

Malone, D. T., Hill, M. N., & Rubino, T. (2010). Adolescent cannabis use and psychosis: 
epidemiology and neurodevelopmental models. British Journal of Pharmacology, 160(3), 
511–522. https://doi.org/10.1111/j.1476-5381.2010.00721.x 

Manitt, C., Eng, C., Pokinko, M., Ryan, R. T., Torres-Berrío, A., Lopez, J. P., Yogendran, S. V., 
Daubaras, M. J. J., Grant, A., Schmidt, E. R. E., Tronche, F., Krimpenfort, P., Cooper, H. M., 
Pasterkamp, R. J., Kolb, B., Turecki, G., Wong, T. P., Nestler, E. J., Giros, B., & Flores, C. 
(2013). dcc orchestrates the development of the prefrontal cortex during adolescence 
and is altered in psychiatric patients. Translational Psychiatry, 3(12), e338–e338. 
https://doi.org/10.1038/tp.2013.105 

Manitt, C., Labelle-Dumais, C., Eng, C., Grant, A., Mimee, A., Stroh, T., & Flores, C. (2010). 
Peri-Pubertal Emergence of UNC-5 Homologue Expression by Dopamine Neurons in 
Rodents. PLoS ONE, 5(7), e11463. https://doi.org/10.1371/journal.pone.0011463 

Manitt, C., Mimee, A., Eng, C., Pokinko, M., Stroh, T., Cooper, H. M., Kolb, B., & Flores, C. 
(2011). The Netrin Receptor DCC Is Required in the Pubertal Organization of Mesocortical 
Dopamine Circuitry. Journal of Neuroscience, 31(23), 8381–8394. 
https://doi.org/10.1523/jneurosci.0606-11.2011 

Mize, A. L., & Alper, R. H. (2000). Acute and long-term effects of 17β-estradiol on Gi/o 
coupled neurotransmitter receptor function in the female rat brain as assessed by 
agonist-stimulated [35S]GTPγS binding. Brain Research, 859(2), 326–333. 
https://doi.org/10.1016/s0006-8993(00)01998-3 

Molina, P. E., Amedee, A., LeCapitaine, N. J., Zabaleta, J., Mohan, M., Winsauer, P., & 
Stouwe, C. V. (2011). Cannabinoid Neuroimmune Modulation of SIV Disease. Journal of 
Neuroimmune Pharmacology, 6(4), 516. https://doi.org/10.1007/s11481-011-9301-8 

Morgunova, A., & Flores, C. (2021). MicroRNA regulation of prefrontal cortex development 
and psychiatric risk in adolescence. Seminars in Cell & Developmental Biology, 118, 83–
91. https://doi.org/10.1016/j.semcdb.2021.04.011 

Murphy, M., Mills, S., Winstone, J., Leishman, E., Wager-Miller, J., Bradshaw, H., & Mackie, 
K. (2017). Chronic Adolescent Δ9-Tetrahydrocannabinol Treatment of Male Mice Leads to 
Long-Term Cognitive and Behavioral Dysfunction, Which Are Prevented by Concurrent 
Cannabidiol Treatment. Cannabis and Cannabinoid Research, 2(1), 235–246. 
https://doi.org/10.1089/can.2017.0034 



 52 

Naneix, F., Marchand, A. R., Scala, G. D., Pape, J.-R., & Coutureau, E. (2012). Parallel 
Maturation of Goal-Directed Behavior and Dopaminergic Systems during Adolescence. 
Journal of Neuroscience, 32(46), 16223–16232. https://doi.org/10.1523/jneurosci.3080-
12.2012 

Nieman, B. J., Bock, N. A., Bishop, J., Chen, X. J., Sled, J. G., Rossant, J., & Henkelman, R. M. 
(2005). Magnetic resonance imaging for detection and analysis of mouse phenotypes. 
NMR in Biomedicine, 18(7), 447–468. https://doi.org/10.1002/nbm.981 

Ordaz, S. J., Foran, W., Velanova, K., & Luna, B. (2013). Longitudinal Growth Curves of Brain 
Function Underlying Inhibitory Control through Adolescence. The Journal of 
Neuroscience, 33(46), 18109–18124. https://doi.org/10.1523/jneurosci.1741-13.2013 

Padmanabhan, A., & Luna, B. (2014). Developmental imaging genetics: Linking dopamine 
function to adolescent behavior. Brain and Cognition, 89, 27–38. 
https://doi.org/10.1016/j.bandc.2013.09.011 

Pantoja-Urbán, A. H., Richer, S., Mittermaier, A., Giroux, M., Nouel, D., Hernandez, G., & 
Flores, C. (2023). Gains and Losses: Resilience to Social Defeat Stress in Adolescent 
Female Mice. Biological Psychiatry. https://doi.org/10.1016/j.biopsych.2023.06.014 

Paquola, C., Bethlehem, R. A., Seidlitz, J., Wagstyl, K., Romero-Garcia, R., Whitaker, K. J., 
Wael, R. V. de, Williams, G. B., Consortium, N., Vértes, P. E., Margulies, D. S., Bernhardt, 
B., & Bullmore, E. T. (2019). Shifts in myeloarchitecture characterise adolescent 
development of cortical gradients. ELife, 8, e50482. https://doi.org/10.7554/elife.50482 

Patrick, Megan E., Schulenberg, John E., Miech, Richard A., Johnston, Lloyd D., O’Malley, 
Patrick M, & Bachman, Jerald G. (2022). MONITORING THE FUTURE PANEL STUDY 
ANNUAL REPORT. 

Paus, T., Keshavan, M., & Giedd, J. N. (2008). Why do many psychiatric disorders emerge 
during adolescence? Nature Reviews Neuroscience, 9(12), 947–957. 
https://doi.org/10.1038/nrn2513 

Phillips, R. A., Tuscher, J. J., Black, S. L., Andraka, E., Fitzgerald, N. D., Ianov, L., & Day, J. J. 
(2022). An atlas of transcriptionally defined cell populations in the rat ventral tegmental 
area. Cell Reports, 39(1), 110616. https://doi.org/10.1016/j.celrep.2022.110616 

Ragan, T., Kadiri, L. R., Venkataraju, K. U., Bahlmann, K., Sutin, J., Taranda, J., Arganda-
Carreras, I., Kim, Y., Seung, H. S., & Osten, P. (2012). Serial two-photon tomography for 
automated ex vivo mouse brain imaging. Nature Methods, 9(3), 255–258. 
https://doi.org/10.1038/nmeth.1854 

Reddick, W. E., White, H. A., Glass, J. O., Wheeler, G. C., Thompson, S. J., Gajjar, A., Leigh, L., 
& Mulhern, R. K. (2003). Developmental model relating white matter volume to 
neurocognitive deficits in pediatric brain tumor survivors. Cancer, 97(10), 2512–2519. 
https://doi.org/10.1002/cncr.11355 



 53 

Renard, J., Rushlow, W. J., & Laviolette, S. R. (2016). What Can Rats Tell Us about Adolescent 
Cannabis Exposure? Insights from Preclinical Research. The Canadian Journal of 
Psychiatry, 61(6), 328–334. https://doi.org/10.1177/0706743716645288 

Renard, J., Rushlow, W. J., & Laviolette, S. R. (2018). Effects of Adolescent THC Exposure on 
the Prefrontal GABAergic System: Implications for Schizophrenia-Related 
Psychopathology. Frontiers in Psychiatry, 9, 281. 
https://doi.org/10.3389/fpsyt.2018.00281 

Renard, J., Szkudlarek, H. J., Kramar, C. P., Jobson, C. E. L., Moura, K., Rushlow, W. J., & 
Laviolette, S. R. (2017). Adolescent THC Exposure Causes Enduring Prefrontal Cortical 
Disruption of GABAergic Inhibition and Dysregulation of Sub-Cortical Dopamine Function. 
Scientific Reports, 7(1), 11420. https://doi.org/10.1038/s41598-017-11645-8 

Reynolds, L. M., & Flores, C. (2021). Mesocorticolimbic Dopamine Pathways Across 
Adolescence: Diversity in Development. Frontiers in Neural Circuits, 15, 735625. 
https://doi.org/10.3389/fncir.2021.735625 

Reynolds, L. M., Hernandez, G., MacGowan, D., Popescu, C., Nouel, D., Cuesta, S., Burke, S., 
Savell, K. E., Zhao, J., Restrepo-Lozano, J. M., Giroux, M., Israel, S., Orsini, T., He, S., 
Wodzinski, M., Avramescu, R. G., Pokinko, M., Epelbaum, J. G., Niu, Z., … Flores, C. 
(2023). Amphetamine disrupts dopamine axon growth in adolescence by a sex-specific 
mechanism in mice. Nature Communications, 14(1), 4035. 
https://doi.org/10.1038/s41467-023-39665-1 

Reynolds, L. M., Pantoja-Urbán, A. H., MacGowan, D., Manitt, C., Nouel, D., & Flores, C. 
(2022). Dopaminergic System Function and Dysfunction: Experimental Approaches. 
Neuromethods, 31–63. https://doi.org/10.1007/978-1-0716-2799-0_2 

Reynolds, L. M., Pokinko, M., Torres-Berrío, A., Cuesta, S., Lambert, L. C., Pellitero, E. D. C., 
Wodzinski, M., Manitt, C., Krimpenfort, P., Kolb, B., & Flores, C. (2018). DCC Receptors 
Drive Prefrontal Cortex Maturation by Determining Dopamine Axon Targeting in 
Adolescence. Biological Psychiatry, 83(2), 181–192. 
https://doi.org/10.1016/j.biopsych.2017.06.009 

Reynolds, L. M., Yetnikoff, L., Pokinko, M., Wodzinski, M., Epelbaum, J. G., Lambert, L. C., 
Cossette, M.-P., Arvanitogiannis, A., & Flores, C. (2018). Early Adolescence is a Critical 
Period for the Maturation of Inhibitory Behavior. Cerebral Cortex, 29(9), 3676–3686. 
https://doi.org/10.1093/cercor/bhy247 

Rice, L. J., Cannon, L., Dadlani, N., Cheung, M. M. Y., Einfeld, S. L., Efron, D., Dossetor, D. R., 
& Elliott, E. J. (2023). Efficacy of cannabinoids in neurodevelopmental and 
neuropsychiatric disorders among children and adolescents: a systematic review. 
European Child & Adolescent Psychiatry, 1–22. https://doi.org/10.1007/s00787-023-
02169-w 



 54 

Riebe, C. J. N., Hill, M. N., Lee, T. T. Y., Hillard, C. J., & Gorzalka, B. B. (2010). Estrogenic 
regulation of limbic cannabinoid receptor binding. Psychoneuroendocrinology, 35(8), 
1265–1269. https://doi.org/10.1016/j.psyneuen.2010.02.008 

Rosenberg, D. R., & Lewis, D. A. (1995). Postnatal maturation of the dopaminergic 
innervation of monkey prefrontal and motor cortices: A tyrosine hydroxylase 
immunohistochemical analysis. Journal of Comparative Neurology, 358(3), 383–400. 
https://doi.org/10.1002/cne.903580306 

Rubino, T., & Parolaro, D. (2011). Sexually Dimorphic Effects of Cannabinoid Compounds on 
Emotion and Cognition. Frontiers in Behavioral Neuroscience, 5, 64. 
https://doi.org/10.3389/fnbeh.2011.00064 

Rubino, T., Prini, P., Piscitelli, F., Zamberletti, E., Trusel, M., Melis, M., Sagheddu, C., Ligresti, 
A., Tonini, R., Marzo, V. D., & Parolaro, D. (2015). Adolescent exposure to THC in female 
rats disrupts developmental changes in the prefrontal cortex. Neurobiology of Disease, 
73, 60–69. https://doi.org/10.1016/j.nbd.2014.09.015 

Rubino, T., Vigano’, D., Realini, N., Guidali, C., Braida, D., Capurro, V., Castiglioni, C., 
Cherubino, F., Romualdi, P., Candeletti, S., Sala, M., & Parolaro, D. (2008). Chronic Δ9-
Tetrahydrocannabinol During Adolescence Provokes Sex-Dependent Changes in the 
Emotional Profile in Adult Rats: Behavioral and Biochemical Correlates. 
Neuropsychopharmacology, 33(11), 2760–2771. https://doi.org/10.1038/sj.npp.1301664 

Ruiz, C. M., Torrens, A., Castillo, E., Perrone, C. R., Cevallos, J., Inshishian, V. C., Harder, E. V., 
Justeson, D. N., Huestis, M. A., Swarup, V., Piomelli, D., & Mahler, S. V. (2021). 
Pharmacokinetic, behavioral, and brain activity effects of Δ9-tetrahydrocannabinol in 
adolescent male and female rats. Neuropsychopharmacology, 46(5), 959–969. 
https://doi.org/10.1038/s41386-020-00839-w 

Savulich, G., Rychik, N., Lamberth, E., Hareli, M., Evins, A. E., Sahakian, B. J., & Schuster, R. 
M. (2021). Sex Differences in Neuropsychological Functioning are Domain-Specific in 
Adolescent and Young Adult Regular Cannabis Users. Journal of the International 
Neuropsychological Society, 27(6), 592–606. 
https://doi.org/10.1017/s1355617720001435 

Schalbetter, S. M., Arx, A. S. von, Cruz-Ochoa, N., Dawson, K., Ivanov, A., Mueller, F. S., Lin, 
H.-Y., Amport, R., Mildenberger, W., Mattei, D., Beule, D., Földy, C., Greter, M., Notter, 
T., & Meyer, U. (2022). Adolescence is a sensitive period for prefrontal microglia to act on 
cognitive development. Science Advances, 8(9), eabi6672. 
https://doi.org/10.1126/sciadv.abi6672 

Schneider, M. (2008). Puberty as a highly vulnerable developmental period for the 
consequences of cannabis exposure. Addiction Biology, 13(2), 253–263. 
https://doi.org/10.1111/j.1369-1600.2008.00110.x 

Schneider, M. (2013). Adolescence as a vulnerable period to alter rodent behavior. Cell and 
Tissue Research, 354(1), 99–106. https://doi.org/10.1007/s00441-013-1581-2 



 55 

Shiner, T., Symmonds, M., Guitart-Masip, M., Fleming, S. M., Friston, K. J., & Dolan, R. J. 
(2015). Dopamine, Salience, and Response Set Shifting in Prefrontal Cortex. Cerebral 
Cortex, 25(10), 3629–3639. https://doi.org/10.1093/cercor/bhu210 

Silva, L., Black, R., Michaelides, M., Hurd, Y. L., & Dow-Edwards, D. (2016). Sex and age 
specific effects of delta-9-tetrahydrocannabinol during the periadolescent period in the 
rat: The unique susceptibility of the prepubescent animal. Neurotoxicology and 
Teratology, 58, 88–100. https://doi.org/10.1016/j.ntt.2016.02.005 

Stringfield, S. J., & Torregrossa, M. M. (2021). Intravenous self-administration of delta-9-THC 
in adolescent rats produces long-lasting alterations in behavior and receptor protein 
expression. Psychopharmacology, 238(1), 305–319. https://doi.org/10.1007/s00213-020-
05684-9 

Sturman, D. A., & Moghaddam, B. (2011). The neurobiology of adolescence: Changes in 
brain architecture, functional dynamics, and behavioral tendencies. Neuroscience & 
Biobehavioral Reviews, 35(8), 1704–1712. 
https://doi.org/10.1016/j.neubiorev.2011.04.003 

Szutorisz, H., & Hurd, Y. L. (2016). Epigenetic Effects of Cannabis Exposure. Biological 
Psychiatry, 79(7), 586–594. https://doi.org/10.1016/j.biopsych.2015.09.014 

Tomasiewicz, H. C., Jacobs, M. M., Wilkinson, M. B., Wilson, S. P., Nestler, E. J., & Hurd, Y. L. 
(2012). Proenkephalin Mediates the Enduring Effects of Adolescent Cannabis Exposure 
Associated with Adult Opiate Vulnerability. Biological Psychiatry, 72(10), 803–810. 
https://doi.org/10.1016/j.biopsych.2012.04.026 

Torrens, A., Vozella, V., Huff, H., McNeil, B., Ahmed, F., Ghidini, A., Mahler, S. V., Huestis, M. 
A., Das, A., & Piomelli, D. (2020). Comparative Pharmacokinetics of Δ9-
Tetrahydrocannabinol in Adolescent and Adult Male Mice. Journal of Pharmacology and 
Experimental Therapeutics, 374(1), jpet.120.265892. 
https://doi.org/10.1124/jpet.120.265892 

Torres-Berrío, A., Lopez, J. P., Bagot, R. C., Nouel, D., Bo, G. D., Cuesta, S., Zhu, L., Manitt, C., 
Eng, C., Cooper, H. M., Storch, K.-F., Turecki, G., Nestler, E. J., & Flores, C. (2017). DCC 
Confers Susceptibility to Depression-like Behaviors in Humans and Mice and Is Regulated 
by miR-218. Biological Psychiatry, 81(4), 306–315. 
https://doi.org/10.1016/j.biopsych.2016.08.017 

Torres-Berrío, A., Morgunova, A., Giroux, M., Cuesta, S., Nestler, E. J., & Flores, C. (2021). 
miR-218 in Adolescence Predicts and Mediates Vulnerability to Stress. Biological 
Psychiatry, 89(9), 911–919. https://doi.org/10.1016/j.biopsych.2020.10.015 

Tottenham, N., & Galván, A. (2016). Stress and the adolescent brain Amygdala-prefrontal 
cortex circuitry and ventral striatum as developmental targets. Neuroscience & 
Biobehavioral Reviews, 70, 217–227. https://doi.org/10.1016/j.neubiorev.2016.07.030 



 56 

Trezza, V., Cuomo, V., & Vanderschuren, L. J. M. J. (2008). Cannabis and the developing 
brain: Insights from behavior. European Journal of Pharmacology, 585(2–3), 441–452. 
https://doi.org/10.1016/j.ejphar.2008.01.058 

Vassilev, P., Pantoja-Urban, A. H., Giroux, M., Nouel, D., Hernandez, G., Orsini, T., & Flores, 
C. (2021). Unique Effects of Social Defeat Stress in Adolescent Male Mice on the Netrin-
1/DCC Pathway, Prefrontal Cortex Dopamine and Cognition. ENeuro, 8(2), ENEURO.0045-
21.2021. https://doi.org/10.1523/eneuro.0045-21.2021 

Verrico, C. D., Jentsch, J. D., & Roth, R. H. (2003). Persistent and anatomically selective 
reduction in prefrontal cortical dopamine metabolism after repeated, intermittent 
cannabinoid administration to rats. Synapse, 49(1), 61–66. 
https://doi.org/10.1002/syn.10215 

Virtanen, P., Gommers, R., Oliphant, T. E., Haberland, M., Reddy, T., Cournapeau, D., 
Burovski, E., Peterson, P., Weckesser, W., Bright, J., Walt, S. J. van der, Brett, M., Wilson, 
J., Millman, K. J., Mayorov, N., Nelson, A. R. J., Jones, E., Kern, R., Larson, E., … Vázquez-
Baeza, Y. (2020). SciPy 1.0: fundamental algorithms for scientific computing in Python. 
Nature Methods, 17(3), 261–272. https://doi.org/10.1038/s41592-019-0686-2 

Viveros, M. P., Marco, E. M., & File, S. E. (2005). Endocannabinoid system and stress and 
anxiety responses. Pharmacology Biochemistry and Behavior, 81(2), 331–342. 
https://doi.org/10.1016/j.pbb.2005.01.029 

Volkow, N. D., Baler, R. D., Compton, W. M., & Weiss, S. R. B. (2014). Adverse Health Effects 
of Marijuana Use. The New England Journal of Medicine, 370(23), 2219–2227. 
https://doi.org/10.1056/nejmra1402309 

Vousden, D. A., Epp, J., Okuno, H., Nieman, B. J., Eede, M. van, Dazai, J., Ragan, T., Bito, H., 
Frankland, P. W., Lerch, J. P., & Henkelman, R. M. (2015). Whole-brain mapping of 
behaviourally induced neural activation in mice. Brain Structure and Function, 220(4), 
2043–2057. https://doi.org/10.1007/s00429-014-0774-0 

Wellman, R. J., O’Loughlin, E. K., Sylvestre, M.-P., Dugas, E. N., & O’Loughlin, J. L. (2023). 
Factors associated with cannabis use in early adolescence. Health Promotion and Chronic 
Disease Prevention in Canada, 43(1), 14–26. https://doi.org/10.24095/hpcdp.43.1.02 

West, M. J., Slomianka, L., & Gundersen, H. J. G. (1991). Unbiased stereological estimation of 
the total number of neurons in the subdivisions of the rat hippocampus using the optical 
fractionator. The Anatomical Record, 231(4), 482–497. 
https://doi.org/10.1002/ar.1092310411 

Wiley, J. L., Barrus, D. G., Farquhar, C. E., Lefever, T. W., & Gamage, T. F. (2021). Sex, species 
and age: Effects of rodent demographics on the pharmacology of ∆9-
tetrahydrocanabinol. Progress in Neuro-Psychopharmacology and Biological Psychiatry, 
106, 110064. https://doi.org/10.1016/j.pnpbp.2020.110064 



 57 

Yamamuro, Y., Hori, K., Iwano, H., & Nomura, M. (1994). The relationship between learning 
performance and dopamine in the prefrontal cortex of the rat. Neuroscience Letters, 
177(1–2), 83–86. https://doi.org/10.1016/0304-3940(94)90050-7 

Yetnikoff, L., Almey, A., Arvanitogiannis, A., & Flores, C. (2011). Abolition of the behavioral 
phenotype of adult netrin-1 receptor deficient mice by exposure to amphetamine during 
the juvenile period. Psychopharmacology, 217(4), 505–514. 
https://doi.org/10.1007/s00213-011-2312-6 

Zamberletti, E., Beggiato, S., Steardo, L., Prini, P., Antonelli, T., Ferraro, L., Rubino, T., & 
Parolaro, D. (2014). Alterations of prefrontal cortex GABAergic transmission in the 
complex psychotic-like phenotype induced by adolescent delta-9-tetrahydrocannabinol 
exposure in rats. Neurobiology of Disease, 63, 35–47. 
https://doi.org/10.1016/j.nbd.2013.10.028 

Zamberletti, E., Gabaglio, M., Grilli, M., Prini, P., Catanese, A., Pittaluga, A., Marchi, M., 
Rubino, T., & Parolaro, D. (2016). Long-term hippocampal glutamate synapse and 
astrocyte dysfunctions underlying the altered phenotype induced by adolescent THC 
treatment in male rats. Pharmacological Research, 111, 459–470. 
https://doi.org/10.1016/j.phrs.2016.07.008 

Zamberletti, E., Gabaglio, M., Prini, P., Rubino, T., & Parolaro, D. (2015). Cortical 
neuroinflammation contributes to long-term cognitive dysfunctions following adolescent 
delta-9-tetrahydrocannabinol treatment in female rats. European 
Neuropsychopharmacology, 25(12), 2404–2415. 
https://doi.org/10.1016/j.euroneuro.2015.09.021 

Zuo, Y., Iemolo, A., Montilla-Perez, P., Li, H.-R., Yang, X., & Telese, F. (2022). Chronic 
adolescent exposure to cannabis in mice leads to sex-biased changes in gene expression 
networks across brain regions. Neuropsychopharmacology, 47(12), 2071–2080. 
https://doi.org/10.1038/s41386-022-01413-2 

  


