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ABSTRACT 
 
Cannabis is widely consumed by adolescents, and is also a potential prior step leading 

to the use of other drugs later in life (Gateway Hypothesis); however, the evidence for 

this hypothesis is controversial. This work aimed to increase our understanding of the 

long-term consequences of adolescent exposure to Δ9-tetrahydrocannabinol (THC) and 

to test the Gateway Hypothesis, experimentally. We exposed rats of both sexes to THC 

and studied its effects on reward-related processes, brain morphology (MRI), 

metabolism (1H-MRS), function (PET) and the transcriptomic profiles of the nucleus 

accumbens (RNASeq). Lastly, we studied cocaine-induced cellular activation (c-Fos) 

and cocaine addiction-like behaviours. THC exposure increased Pavlovian to 

instrumental transfer in males, goal-tracking (regardless of the sex) and impulsivity, but 

did not affect habit formation. Adolescent THC reduced striatal volume (in females), 

commissural integrity and ventricular volume. Also, there were lower levels of choline 

compounds in the cortex of THC-exposed rats and cerebellar hypoactivation in THC-

females. THC also modified some of the gene expression programs of the nucleus 

accumbens, which could contribute to the behavioural features observed. Lastly, THC 

exposure increased cocaine-induced c-Fos levels in cortical and hypothalamic areas and 

increased the motivation for cocaine, followed by a higher rebound of use in THC-

females after reestablishing low-effort conditions. Critically, acquisition of cocaine self-

administration, compulsive seeking, intake under extended access or the incubation of 

seeking were unaltered. These results suggest that adolescent THC exposure alters 

psychological and brain development and that the Gateway Hypothesis does not entirely 

pass the test of preclinical enquiry. 

 

Keywords: adolescence, cannabis, reward, gateway hypothesis, brain imaging, 

RNASeq.
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INTRODUCTION 
 

Adolescence is a crucial period of development, characterised by profound 

changes in psychological and neural processes (1–3). Consequently, the use and abuse 

of cannabinoids (the drugs -other than alcohol and tobacco- most widely consumed by 

adolescents(4)) during this period may have long-lasting consequences at the 

psychological and neurobiological level (5–8). Given the actual tendency of several 

administrations to move towards the legalisation of cannabis, it is of the utmost 

importance to increase our scientific understanding of the effects of this drug in the 

developing adolescent individual (5). A particularly concerning consequence of 

adolescent cannabis consumption is the potential of the drug to act as a gateway 

substance, facilitating the use of or addiction to other drugs later in life (termed Gateway 

Hypothesis, which is under intense debate (9–17)). Previous experiments by our group 

and others have suggested that animals with adolescent cannabinoid exposure show 

increased morphine (18), heroin (19, 20), fentanyl (but not oxycodone) (21) and cocaine 

self-administration [19, 20 but see 21], with an interesting sex-dependence of some 

these results. In spite of these exciting initial findings, these aforementioned studies have 

not always examined the complex full array of behaviours that are indicative of addiction, 

especially compulsive seeking or taking (25, 26). This is, arguably, a critical prerequisite 

to provide an appropriate answer to the debate about early cannabis use and, 

subsequently, drug addiction (not just drug use). In addition, the development of 

addiction is conditioned by several psychological processes that could also be affected 

by cannabis use during adolescence. These processes include (but are not limited to) 

pavlovian to instrumental transfer (i.e. the ability of classically conditioned cues to affect 

instrumental responses; PIT) (27), pavlovian conditioned approach (a measure of 

incentive salience; PCA) (28) and habit formation (29, 30). Also, impulsivity is a core 

endophenotype that predicts the development of (cocaine) addiction (31, 32).  

The neural basis of this increased susceptibility to drug reward after adolescent 

cannabinoid exposure is poorly understood. Some previous reports, including our own, 

have adopted a targeted approach, focusing on the opioid (19, 33–35), endocannabinoid 

(35–37), glutamatergic and GABAergic (36) and dopaminergic (38) systems, but a more 

comprehensive study of gene networks altered by adolescent cannabinoid exposure is 

only recently being investigated. However, of the two studies that have adopted a 

transcriptome-wide sequencing approach, one did not study the nucleus accumbens 

(39), an essential locus of cocaine-induced rewards, and the other used a synthetic 

cannabinoid (WIN 55,512-2) and not the actual psychoactive component of cannabis 

(40).  
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Moreover, in addition to gaining a fuller understanding of the neurochemical 

alterations that may follow the adolescent consumption of cannabis, it is essential to 

determine if there are structural or functional alterations in the brain as a whole, in the in 

vivo situation. The use of neuroimaging techniques is especially useful for this purpose. 

While several reports in the human literature have documented long-lasting effects of 

cannabis consumption on brain structure and function during adolescence (41, 42), there 

is a paucity of this type of research using animal models. In two previous reports by our 

group, we used positron emission tomography -PET- imaging to study the long-term 

functional consequences of adolescent cannabinoid exposure on adult brain function 

finding alterations in the frontal and amygdalo-entorhinal cortices, the septal nuclei and 

the striatum (23, 43). However, no structural imaging or metabolic studies have been 

performed up to this date. 

Considering all this, in this work, we have adopted a multidisciplinary perspective 

combining different neuroimaging techniques (magnetic resonance imaging -MRI-, 

diffusion tensor imaging -DTI, proton magnetic resonance spectroscopy -1H-MRS- and  

PET) along with a comprehensive behavioural characterisation (a study of PIT, PCA, 

habit formation and impulsivity) and a transcriptomic analysis (RNASeq) of the nucleus 

accumbens, together with studies of cocaine-induced cell activation (c-Fos) and a 

multiparametric cocaine self-administration protocol designed to measure several core 

features of addiction, to subject the Gateway Hypothesis to an extensive experimental 

examination.  

 
MATERIALS AND METHODS 
 
 

A fully detailed account of the materials and methods used are provided in the 

Supplementary Online Material -SOM-.  

 

1. Animals and THC treatment 

 

Wistar albino rats from Charles-River S.A. (Saint-Germain-sur-l’Arbresle, France) 

were mated and their male and female offspring were used. All animals were maintained 

at a constant temperature (20±2ºC) under a reverse 12-h/12-h dark/light cycle (lights on 

at 20:00 h), with free access to water and food (commercial diet for rodents SAFE, Augy, 

France), unless otherwise specified. Animals from 35 litters were assigned to different 

experiments, thus minimising litter effects. 

Rats received nine intraperitoneal injections (2 mL/kg) of Δ9-THC at a dose of 3 

mg/kg or vehicle (2 mL/kg) beginning in early adolescence every other day from PND 28 
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to PND 44 (or from PND 38 to PND 54 in the PET experiment). We used separate 

batches of animals for each of the experiments described below. 

 

2. Pavlovian conditioned approach and habit formation 

 

At approximately PND 90, rats were food-restricted and their weight kept between 

90-95% of the original in the free-feeding state and then, the PCA protocol began. Each 

session consisted of 25 trials in which the feeder dispensed pellets into the magazine 

under a variable interval 60 s schedule of reinforcement. A lever on one of the sides of 

the magazine was extended 8 s before the reward. This lever was retracted in the 

moment of reward presentation and acted as the conditioned stimulus. The other lever 

was present during the whole session and served as a measure of general locomotor 

activity. None of the levers had programmed contingencies. We used a PCA index 

where an animal with a value higher than 0.5 was classified as goal-tracker, whereas 

animals with a PCA lower than -0.5 were categorised as sign-trackers (see SOM for 

further details). 

 Ten days after final PCA session animals, we began the sensory-specific 

devaluation protocol to study habit formation. The rats performed a brief and extended 

training scheme (see SOM for further details). Every session was implemented with a 

single lever protracted inside the operant box. The brief training consisted of 5 

consecutive daily sessions: one FR1 session, two variable-interval (VI) 30 s sessions 

and two VI 60 s sessions. After the training sessions, we subjected the animals to two 

counterbalanced, sensory-specific satiety-based, devaluation tests. In these tests, the 

rats were allowed to eat pellets (devalued condition) or chow food (non-devalued 

condition) freely for one hour before undergoing an extinction test (5 minutes). On the 

day after the first test, the animals were retrained under a regular VI60 session and, on 

the next day, another devaluation session was carried out with the other type of food 

(pellets or regular chow). We also performed an omission test and an extended training 

protocol (see SOM for further details). The devaluation index was the percentage of 

lever presses in the devalued condition over the lever presses in the devalued and non-

devalued conditions. 

 

3. Pavlovian to Instrumental Transfer and 2-Choice Serial Reaction Time Task 

 

At around PND90, animals were food-restricted, and their weight kept between 90-

95% of the original in the free-feeding state.  

The PIT protocol started two days later consisting in four consecutive phases:  
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(1) Pavlovian training: 10 sessions of 4 cycles composed of a) 2-minute trials under 

a variable interval of 30 seconds (VI30) where they were exposed to a reward-

associated conditioned stimulus or CS+ (clicker or tone, counterbalance); b) 1-minute 

trials without conditioned stimulus (Inter Stimulus Interval or ISI) and c) a 2-minute trial 

where the animals were exposed to a non-rewarded stimulus or CS- (clicker or tone, 

counterbalanced) (2) Instrumental training:  1 session under fixed ratio (FR) 1, three 

sessions under variable-ratio VR5 and three sessions under variable-ratio VR10. (3) 

Extinction: Two daily sessions of 20 minutes with levers protracted but no programmed 

consequences. (4) PIT test: One single session that began with a third extinction period 

of 20 minutes then 4 cycles composed CS or ISI presentations (counterbalanced) lasting 

two minutes. PIT was calculated as the percentage of active lever presses during the 

CS+ over the number of active lever presses during CS+ and CS-.  

Ten days after the end of the PIT animals were again food-restricted and the two-

choice serial reaction time task (2-CSRTT) began (following an adaptation of protocol 

published by Bari and Robins(44)). The primary variable measure here was the increase 

in premature responding in the test sessions (long inter-trial interval sessions -see SOM) 

over the premature responding percentage of the previous day.  

 

4. Magnetic Resonance. 

 

At approximately PND 90, T2-weighted (T2-W) spin-echo anatomical images 

were acquired in a Bruker Pharmascan system (Bruker Medical Gmbh, Ettlingen, 

Germany). Volumetric analyses were made by manually segmenting the different 

regions of interest (ROIs) in each image by a blind experimenter and then calculating the 

area with ImageJ. The total brain volume and relative volume of specific areas and 

ventricles were extracted. Diffusion-weighted images (DTI) were acquired in the same 

imaging session with a spin-echo single-shot echo-planar imaging (EPI) pulse sequence. 

Fractional anisotropy (FA), mean diffusivity (MD), trace, the eigenvalues and eigenvector 

maps were calculated with a native software application written in Matlab (R2007a). The 

values of these indices were extracted from maps in selected Regions of interest (ROIs) 

with the ImageJ software. In addition, an in vivo 1H magnetic resonance spectroscopy 

study was performed in two brain regions: cortex and striatum (see SOM).  

 

5. Positron Emission Tomography 

 

PET-CT studies were performed at PND32-33 and PND60, using an Argus PET/CT 

scanner (SEDECAL, Madrid, Spain). We performed these two PET scans to study if the 
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normal developmental patterns observed in control animals would be altered by THC 

exposure during adolescence. Static PET imaging was obtained for 45 min at 30 min 

post intravenous administration with 176 ± 37 MBq/kg body weight of 2-deoxy-2-

[18F]fluoro-D-glucose ([18F]FDG). PET data were reconstructed using a 2D-OSEM 

algorithm (16 subsets and 3 iterations) with random and scatter corrections. 

 Four brain ROIs (hippocampus, prefrontal cortex, caudate nucleus and cortex) 

were segmented. Also, voxel-based 2-sample t-tests (p<0.05 uncorrected) were 

performed with Statistical Parametric Mapping (SPM) software 

(http://www.fil.ion.ucl.ac.uk/spm/software/spm12/) for each sex. 

 

6. Transcriptomic analysis of the nucleus accumbens (shell) 

After adolescent THC/ VEH treatment, rats were sacrificed at PND 90, the NAcc 

shell dissected out on ice and subjected to Illumina RNA sequencing. We used the 

Chipster analysis suite (45) to perform data processing and analysis. 

Gene ontologies and pathways enrichment and overrepresentation were 

calculated with Metascape (46) (http://metascape.org) for every comparison and gene 

subset obtained (see SOM for further details). 

 

7. c-Fos immunohistochemistry 

 

At PND 90, rats were injected i.p. either with cocaine (20 mg/kg) or saline (0.9% NaCl 

sterile solution; Vitulia Spain). Ninety minutes later, they were transcardially perfused, 

their brains extracted and cut in a cryostat, and we performed c-Fos 

immunohistochemistry according to standard protocols (47), with minor modifications. 

We used ImageJ to analyse c-Fos+ cells in a selected set of ROIs (see Table S6) (see 

SOM for further details). 

 

8. Cocaine-addiction like behaviour 

 

On PND 90, rats underwent a single food-reinforced FR1 instrumental training 

session limited to 10 reinforcers in Med-Associates operant boxes. After this, an 

intravenous catheter was implanted into the right jugular vein, and after recovery, the 

study of cocaine addiction-like behaviour began. Cocaine (0.5 mg/kg) self-administration 

took place in Coulburn operant boxes. The protocol consisted of 6 consecutive phases: 

(1) acquisition: 12 daily sessions lasting 2 hours each under an FR1 schedule; (2) 

motivation for consumption: 6 sessions of 2 hours under a progressive ratio (PR) 
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schedule; (3) rebaseline: 3 sessions of 2 hours under FR1; (4) compulsive (punished) 

seeking: a single 1-hour session under an FR3 schedule in which the animal randomly 

received an infusion of cocaine or a 0.5 mA plantar shock for 0.5 s (5) extended access: 

ten 6-hours sessions under FR1; (6) cue-induced relapse: four 1-hour sessions with cues 

as in the acquisition sessions but without drug delivery, occurring after 1, 30, 60 and 100 

days of forced abstinence (see SOM for further details).  

 

9. Statistical Analysis 

 

In general, for the experiments involving repeated measures, we used a mixed 

ANOVA with two between-subject factors (Sex and Adolescent Treatment) and one 

within-subject factor (Sessions or Developmental Stage). Significant interactions were 

followed using simple effects analysis. Mann-Witney and Kruskal-Wallis tests were 

used when the normality and homoscedasticity criteria for the ANOVA were not met. 

For the experiments without repeated measures, we used standard two-way ANOVAs 

(see SOM for further details). 

In the PET study, we also used voxel-based 2-sample t-tests (p<0.05 

uncorrected) with Statistical Parametric Mapping (SPM) software 

(http://www.fil.ion.ucl.ac.uk/spm/software/spm12/) for each sex. Only clusters larger 

than 50 adjacent voxels were considered in order to minimise the effect of type I errors. 

 
RESULTS 
 

1. Reward-related psychological alterations induced by THC exposure during 

adolescence 

 

THC-exposed rats (irrespective of the sex) were more biased to display goal-

tracking behaviour than their VEH-treated controls (Figures 1A, S2 and Table S2). This 

notwithstanding, conditioned cues were more effective in potentiating reward seeking by 

instrumental responses (pavlovian-to-instrumental transfer) in THC-animals, although 

this effect only happened in the males (Figure 1B, S3 and Table S3). Given its role in the 

development of addiction, we also decided to explore if habit formation could be affected 

by adolescent exposure to THC. We used sensory-specific devaluation to test this 

hypothesis and found no differences in habit formation between VEH and THC-treated 

rats or between males and females (see Figures 1C, S4 and Table S5). Because of its 

importance as a predisposing factor to several psychopathologies, we also studied 

motor-waiting impulsivity in the 2-CSRTT. We found that female rats exposed to THC 

increased their premature responding (reflecting higher impulsive behaviour) in the first 
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long-ITI session than the VEH-controls. Also, THC-exposed rats (regardless of the sex) 

were more impulsive in the second long-ITI sessions (however, this effect disappeared 

once the rats were already accustomed to the ITI challenge, in the third long-ITI session, 

suggesting that these effects also interact with the novelty of the task and reflect state-

like impulsivity more than a stable trait) (Figure 1D). In addition, during the baseline 

training sessions (phase 12 of training), THC-exposed rats performed worse (i.e. they 

made less correct responses) (see Table S4), although the size of this effect was small. 

Moreover, this lower performance was transient, and no longer evident in the last day of 

training and was absent during the tests. See Figure S5 for further details. 
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Figure 1: Study of the effects of adolescent THC exposure on reward-related 
processes and impulsivity.  

Graphs represent individual values (dots) and mean±SEM (lines). A) Study of incentive salience 
attribution using the Pavlovian Conditioned Approach (PCA) index obtained in the 8th 
autoshapping session. Male VEH n=10; Male THC n=10; Female VEH n=10; and Female THC 
n=10. Positive values indicate a bias to attribute incentive salience to outcome predictive signals, 
namely sign-tracking, while negative values indicate goal-tracking or the tendency to attribute 
salience to the goal (reward). The adolescent THC treatment biased the index towards negative 
values, indicating increased goal-tracking (F1,36=4.539; p=0.040; ηp2=0.11). See Supplementary 
Figure 2 and Supplementary Table 2 for a more detailed account of the training procedures and 
the results obtained. B) CS+ LP ratio on Pavlovian to Instrumental Transfer (PIT). Male VEH n=12; 
Male THC n=12; Female VEH n=11; Female THC n=11. Higher percentages are obtained if 
instrumental responding is high during CS+ presentation and/or low in CS- (indicating increased 
PIT). The Adolescent Treatment had a powerful influence of pavlovian CS control over 
instrumental behaviour. A general Adolescent Treatment effect was found (F1,25=4.685; p=0.040; 
ηp2=0.15) suggestive of increased PIT in THC animals however, the significant Sex x Adolescent 
Treatment interaction (F1,25=4.996; p=0.035; ηp2=0.16) revealed that the increase on ALPs CS+ 
ratio was only significant in THC males compared to VEH males (F1,25=10.108; p=0.004; 
ηp2=0.28). Animals who did not express PIT (an index over 0.5) were excluded from this analysis. 
There were no differences in the acquisition of pavlovian associations or instrumental responses 
in the rats showing that the results obtained were specific to pavlovian motivation  (see Figure S3 
and Table S3 for further details concerning pavlovian and instrumental training, the PIT testing 
procedures and additional results). C) Devaluation index obtained in the outcome devaluation test 
after five sessions of instrumental training. Male VEH n=10; Male THC n=10; Female VEH n=10; 
Female THC n=10. The adolescent THC treatment had no long-term effects on this measure 
(F3,36= 0.420; p=0.740; ηp2=0.03). See Figure S4 and Table S5 for a for additional results. D) 
Percentage of premature responses increase in the 2-Choice Serial Reaction Time Task (2-
CSRTT) test compared to previous baseline sessions. Male VEH n=12; Male THC n=12; Female 
VEH n=12; Female THC n=12. The percentage of increase showed a Sex x Adolescent Treatment 
interaction in the first long ITI session (F1,44= 4.034; p= 0.051; ηp2= 0.08), the simple effects 
analysis showed a greater increase in THC females compared to their VEH counterparts (F1,44= 
7.892; p= 0.007; ηp2= 0.15); in the second long ITI session a general Adolescent Treatment effect 
also obtained, indicating a more robust increase in premature responding in THC animals (F1,44= 
5.240; p= 0.027; ηp2=0.10). No factor effect was detected in the third long ITI test (F3,44=0.057; 
p=0.988; ηp2=0.13). See Figure S4 and Table S4 for further details about the training procedures 
and results.  

 

 
2. Structural and functional alterations induced by THC exposure during 

adolescence revealed by neuroimaging techniques 

 

The MRI data showed that exposure to THC during adolescence leads to 

structural alterations evident at adulthood. More specifically, there was a reduction in 

the volume of the dorsal striatum observed in adult females that had a chronic THC 

treatment during adolescence (Figure 2). The globus pallidus was also smaller in THC-

exposed animals (this effect was only significant in the right hemisphere; the effect was 

a trend when both hemispheres were analysed globally). Furthermore, total ventricular 

volume and the volume of the lateral ventricles were reduced in the THC-exposed rats 
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(see Figure 3). In the cerebral aqueduct of Silvius, this reduced volume was only 

observed in THC-males (see Table S1 in the SOM for further details). 

We also analysed the integrity of defined tracks using DTI. We observed a 

reduced FA in the hippocampal commissure in THC-females as compared to their VEH 

controls. Also, THC animals (irrespective of the sex) showed decreased FA values in the 

rostral anterior commissure and rostral corpus callosum, possibly reflecting alterations 

in the integrity of these tracks (see Figure 4 and Table S1). Of note, these alterations 

were focused in the rostral parts of the tracks and not in the more caudal regions, where 

there were no significant effects.  

From a more functional point of view, the 1H-MRS data showed reduced levels of 

choline compounds in the cortex of  THC- exposed rats (see Figure 5 and Table S1). We 

then turned to [18F]FDG PET imaging to have a more direct measure of brain function in 

young adult animals that were exposed to THC during adolescence. There were no 

statistically significant differences in SUVR values between THC and vehicle treatment 

in any of the regions analysed (see Table S1). We observed a developmental effect in 

the standardised uptake value ratio (SUVR) values that increased in all the ROIs 

analysed that PND 60 as compared to PND 32. We obtained a significant effect of Sex 

in the hippocampus and a significant Sex x Time interaction that suggested that males 

had higher SUVR values than females at both developmental points (see table S1). The 

SPM analysis of adult brain PET scans revealed some additional preliminary effects. 

THC-males had increased metabolism in the somatosensory cortex (S1) and the piriform 

cortex (Pir). In contrast, THC-exposed females showed hypometabolism in a cluster of 

voxels comprising the inferior colliculus and the cerebellum. There was also some 
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marginal evidence for a hypometabolism in a cluster located at the cortex (mostly the 

motor and sensory cortices) (see Figure 6). 

Figure 2: MRI Grey matter analysis. 

Male VEH n=5; Male THC n=9; Female VEH n=7; Female THC n=8. The most representative 
effects are depicted. Graphs represent individual values (dots) and Mean±SEM (bars). Within 
each graph, green coloured lines and “thc” represent a significant effect of the THC treatment 
(Adolescent Treatment). Black lines and “sex” represent statistically significant effects of the Sex 
factor. The columns from left to right represent the volumetric analysis, calculated as the relative 
volume of the structure within the sections containing it, DTI values obtained for mean diffusivity 
(MD) and fractional anisotropy (FA) in each of the four different structures depicted in each row; 
from top to bottom: Striatum (STR), Septal Nuclei (SNu), Globus Pallidus (GP) and Thalamus 
(THA). First row / volumetric analysis across brain areas. In the STR we found a significant 
Sex x Adolescent Treatment interaction (F1,25=8.806; p=0.007; ηp2=0.26), with females VEH 
having an overall larger relative volume over males VEH (F1,25=5.783; p=0.024; ηp2=0.19) but 
females THC having a decreased volume compared to females VEH (F1,25=7.161; p=0.013; 
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ηp2=0.22). In the GP, THC animals showed an upward trend (F1,23=4.022; p=0.057; ηp2=0.15) 
that was significant only in the right GP (F1,22=4.494; p=0.046; ηp2=0.17) (Data shown on Table 
S1). Other significant male>female volumetric alterations were found in left Hippocampus (HIPP), 
Total Cortex (Cx) and Cerebellum (CE) (see Supplementary Table 1). Second row / FA values 
across brain areas. In the anterior section of the STR, there was a Sex x Adolescent Treatment 
interaction (F1,17=6.364; p=0.022; ηp2=0.27); the analysis of the simple effects showed decreased 
FA values in male THC rats compared to male VEH animals. We also detected another Sex x 
Adolescent Treatment interaction (F1,20=7.057; p=0.015; ηp2=0.26) in the THA, this time 
suggesting an increased FA in THC males compared with their VH controls (F1,20=8.144; p=0.001; 
ηp2=0.28) and their female counterparts (F1,20=8.346; p=0.009; ηp2=0.29). In the caudal SNu we 
observed a general Sex effect (F1,21=4.850; p=0.039; ηp2=0.18) and also decreased FA in THC 
rats (F1,21=6.999; p=0.015; ηp2=2.250). Decreased FA in THC animals was also statistically 
significant in the GP (F1,21=4.309; p=0.05; ηp2=0.17). Third row / MD values across brain areas. 
A Sex x Adolescent Treatment interaction was detected in rostral SNu (H=9.284; p=0.026; 
𝐸𝐸𝑅𝑅2=0.33), with decreased MD in THC females compared to VEH females (U=9; p=0.028; η2=0.34) 
and also lower MD in THC females compared to THC males (U=10; p=0.012; η2=0.39). See 
additional data in Table S1.  
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Figure 3: Brain Ventricle Volumetry.  

Graphs represent individual values (dots) and Mean±SEM (bars). A) The whole ventricular 
volume was decreased in THC-treated animals (F1,23=8.961; p=0.006; ηp2=0.28). In order to 
explore where the source of this effect, we analysed the different sections of the brain ventricular 
system. B) In the fourth ventricle we only observed a male>female sexual dimorphism 
(F1,25=9.053; p=0.006; ηp2=0.26). C) A significant Sex x Adolescent Treatment interaction (F1,25= 
5.575; p= 0.026; ηp2=0.18) surfaced in the brain aqueduct. Our follow-up analysis showed a 
male>female sexual dimorphism in VEH animals (F1,25= 9.598; p=.005; ηp2=0.27), and significant 
differences between within the males. More specifically, THC-exposed male rats had a reduced 
volume (F1,25= 24.51; p<0.000; ηp2= 0.49). D) In the third ventricle there was a trend for reduced 
volume in THC animals (F1,25= 3.408; p= 0.077; ηp2= 0,12). E) In the lateral ventricles there was 
a reduced volume in THC animals (F1,25= 6.341; p= 0.019; ηp2= 0.19). F) The different fill colours 
represent the ventricular area used to obtain the values represented in each corresponding graph. 
From caudal (left) to rostral (right): IV ventricle, aqueduct, III ventricle and lateral ventricles. The 
full statistical results can be examined in Supplementary Table 1. 
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Figure 4: White matter Diffusion Tensor Imaging analysis of fractional anisotropy.  

Graphs represent individual values (dots) and Mean±SEM (bars). A) Representation of three 
major white matter tracts and the corresponding DTI FA maps where we detected significative 
changes in the signal. B) Graphs of FA values obtained in the tracts mentioned above. The FA 
signal in the hippocampal commissure showed a Sex x Adolescent Treatment interaction (F1,18= 
5.537; p= 0.030; ηp2= 0.23) which upon further analysis indicated a reduced FA in females treated 
with THC compared to control females (F1,18=5,693; p=0,028; ηp2=0,240) and with their male 
counterparts (F1,18=4.359; p=0.051; ηp2= 0.19). In the more rostral regions, adult animals of both 
sexes subjected to a chronic adolescent THC treatment had reduced FA C) anterior commissure 
(F1,17=5.322; p=0.034; ηp2=0.23) and D) corpus callosum (F1,19= 5.298; p= 0.034; ηp2= 0.23). No 
significant effects of the Adolescent Treatment were observed in the internal capsule (data not 
shown). See Table S1 for more details concerning the results of the statistical tests. 
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Figure 5: 1H NMR Spectroscopy.  

The graphs represent individual values (dots) and Mean±SEM (bars). A) The 3 mm3 voxel located 
in the cortex (colored in blue) or the striatum (colored in grey) used to obtain the spectra. B) The 
cortical GPCP+Ch signal (glycerophosphorylcholine, phosphorylcholine, choline) was reduced in 
THC-treated animals (F1,25=4.629; p=0.041; ηp2=0.15) while NAA (F3,25= 0.941; p= 0.436; ηp2= 
0.10) and NAA+NAAG values (F3,25= 0.298; p= 0.826; ηp2= 0.03; graph not shown) remained 
unchanged. C) In the striatum, neither GPCP+Ch (F3,25=0.493; p=0.690; ηp2=0.056) nor NAA 
(F3,25=0.298; p=0.826; ηp2=0.03) were altered by THC treatment or showed a sex specific 
difference. See Table S1 for further details. 
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Figure 6: Positron emission tomography at PND65.  

Male VEH n=6; Male THC n=6; Female VEH n=6; Female THC n=5.  THC effects on brain glucose 
metabolism in males and females represented as statistical parametric T-maps overlaid on a T2-
image as a template. T-maps were obtained as results from 2-sample t-test analyses, applying a 
cluster size threshold of 50 adjacent voxels and a p-value of 0.05 (uncorrected). The colour bars 
represent the t-values corresponding to reductions (cold colors) or increases (hot colors) in brain 
metabolism. The intensity of the colour negatively correlates with the t-value of the difference in 
the cluster represented. The most sound effects were detected in the females where the THC 
treatment provoked a hypoactivation in the IC-Cb and the somatosensory Cx. ROIs: Cb, 
cerebellum; IC, inferior colliculus; M1, primary motor cortex; Pir, piriform cortex; S1: primary 
somatosensory cortex. Hemispheres: Left (L), Right (R).  

 

3. THC exposure during adolescence modifies the transcriptome profile in the shell 

of the nucleus accumbens in a sex-specific manner 

 

Table S8 shows the corrected p-values and the fold-change for all differentially 

expressed genes (DEGs). There were 96 DEGs in THC-males compared to VEH-males 

and 87 DEGs in the females’ comparison. Only nine of these DEGs were present in both 

the THC vs. VEH comparison in both sexes. Two of these nine genes (Calb1 -Calbindin1-

and Slc17a6- Vesicular Glutamate Transporter 2) showed higher expression in male and 

female rats exposed to THC.  Two of them (Dus2 - Dihydrouridine Synthase 2 -and 

RGD1310819 - similar to putative protein (5S487) showed a lower expression in THC 

animals, and the other five showed an opposite regulation pattern in females and males 

(Ttr - Transthyretin-, Nov -nephroblastoma overexpressed or cellular communication 

network factor 3- and Cck -cholecystokinin- showing higher expression in THC-male rats 

and lower expression in the THC-females, as compared to their VEH-treated 

counterparts; while Zfhx3 - zinc finger homeobox 3- and Tenm4 - teneurin 

transmembrane protein 4- showed the opposite pattern). 

The analysis of the gene ontologies modulated by THC exposure during 

adolescence reveals that, in the males, the ontology that was mainly affected was related 

to behavioural regulation (shown in red in Figure 7 A, B) 

(Alb|Cck|Slc1a2|Scn8a|Kcnj10|Cacna1e|Nr4a2|Apba1|Calb1|Shc3|Slc12a5|Adcy1|Zfhx

3|Ttbk1|Hipk2|Crtc1) with related ontologies such as learning and memory 

(Cck|Cacna1e|Calb1|Shc3|Slc12a5|Adcy1|Ttbk1|Crtc1), or locomotory behaviour 

(Scn8a|Kcnj10|Cacna1e|Nr4a2|Apba1|Calb1|Zfhx3|Hipk2). There is another interesting 

group of clusters related to the development of neuronal projections (shown in grey in 

Figure 7 B), including neuron projection morphogenesis 

(Cck|Nr4a2|Megf8|Syt17|Plppr4|Jade2|Adcy1|Plxnb1|Bhlhe22), and more specifically, 

axon development (Cck|Nr4a2|Megf8|Plppr4|Adcy1|Plxnb1|Bhlhe22). Other DEGs 

clustered around the positive regulation of neurogenesis (shown in turquoise) 
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(Flt1|Megf8|Syt17|Jade2|Tenm4|Plxnb1|Ttbk1|Crtc1) and another centred around the 

transport of amino acids (Cck|Slc1a2|Kcnj10|Apba1|Slc17a6). Figures 7 C and D show 

the top 5 up- and down-regulated DEGs in the males (THC as compared to VEH). 

In the females, there was a cluster of genes related to behavioural regulation 

(Figure 8A, shown in pink in Figure 8B 

(Agt|Grin2d|Cck|Ptgds|Trh|Cartpt|Gal|Adcy8|Calb1|Slc17a7|Zfhx3) that was significantly 

affected by adolescent THC exposure. This cluster was more restricted to the one found 

in males and, except for Cck, Calb1 and Zfhx3, they had different components. Relatedly, 

another gene ontology affected in the females was the regulation of neurotransmitter 

levels (Agt|Gfap|Trh|Nrn1|Slc17a6|Rgs2|Slc17a7|Sv2b|Baiap3) and associated 

processes (shown in blue and purple in Figure  8B). Genes related to hormone transport 

and secretion were also affected (Agt|Ttr|Trh|Cartpt|Gal|Adcy8|Ccn3|Baiap3). 

Remarkably, there was an isolated constellation of gene ontologies related to 

microtubule reorganization (shown in red) including Aurkb, Dnah6, Dnah1, Dnah12, 

Wdr63, Prc1, Ak7, Dynlrb2, Cfap44 and Cfap43 and also with the extracellular matrix 

reorganization (Agt|Gfap|Col2a1|Col5a3|Fmod), especially collagen-related genes 

(Col2a1|Col5a3|Col7a1). Figures 8C and D show the top 5 up- and down-regulated 

DEGs in the females (THC as compared to VEH).
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Figures 7 and 8: RNAseq 

Main results of the NAc Shell RNASeq analysis. Male VEH n=4; Male THC n=4; Female VEH 
n=4; Female THC n=4. A) Main Gene Ontologies (or KEGG categories) affected by adolescent 
exposure to THC in males ranked by probability of representation. B) Network layout of the 
selected representative clusters after hierarchical grouping in the males (Figure 7) and the 
females (Figure 8). Each term is represented by a circle node, where its size is proportional to the 
number of input genes fall into that term, and its colour represents its cluster identity. Terms with 
a similarity score > 0.3 are linked by an edge (the thickness of the edge being proportional to the 
similarity score).  C) Top five up-regulated DEGs in the males THC as compared to VEH (Figure 
7) or Females THC as compared to VEH (Figure 8). Underlined genes belong to the top 5 up- or 
down-regulated DEGs. 

 

4. Potentiated cocaine-induced c-Fos accumulation in THC-exposed rats 

 

After studying the long-term alterations in the normal psychological and brain 

development after adolescent THC exposure, we then proceeded to test the Gateway 

Hypothesis from an experimental perspective. We first examined how the initial actions 

of cocaine were modified by THC exposure during adolescence. The cellular activation 

induced by cocaine was potentiated in the motor cortex by the THC treatment during 

adolescence (see Figure 9 and Table S6). In addition, we found a significant Sex x 

Adolescent Treatment x Adult Treatment triple interaction in the dorsomedial nucleus of 

the hypothalamus. The analysis of this interaction revealed a trend for cocaine to induce 

a significant c-Fos activity as compared to saline-injected animals in the females (but not 

males) exposed to THC during adolescence. There were also differences in cocaine-

injected males between the THC and VEH groups. The adolescent exposure to THC also 

modified the mean c-Fos accumulation (irrespective of cocaine exposure) in the piriform 

(only in the males), retrosplenial and somatosensory cortices (see Table S6 and Figure 

S6). 
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Figure 9: c-Fos immunohistochesmitry.  

c-Fos protein accumulation in response to a single i.p. cocaine (20 mg/kg) or saline injections. 
n=8 in all the groups. Graphs represent individual values (dots) and Mean±SEM (lines). Main 
factor effects are indicated with “ * ” next to the legend boxes on the bottom right; interactions 
between factors are indicated with lines joining the factors and a “ * ”; significant results of the 
analysis of the simple effect of the interactions are indicated with “sex”, “thc” or “coc” over the 
experimental group. sex stands for differences with the corresponding group of the other sex, thc 
stands for differences with the same group in the other adolescent treatment, and coc stands for 
differences with the corresponding saline group. A) Representative pictures of c-Fos 
accumulation in response to acute i.p. cocaine in the dorsomedial hypothalamic nuclei. B) c-Fos 
expression in the dorsomedial hypothalamic nuclei. We observed a significant Sex x Adolescent 
Treatment x Adult Treatment interaction (F1,49=7.148; p=0.010; ηp2=0.01).  Further simple effects 
analyses showed a trend towards significance for the effect of cocaine in THC female rats 
compared to their saline controls F1,49=3.970; p=0.055; ηp2=0.08) that was absent in VEH female 
rats. We also found a decreased expression in cocaine-exposed VEH females compared to 
cocaine-exposed VEH males (F1,49=3.280; p=0.024; ηp2=0.06). The opposite effect emerged in 
cocaine-exposed THC animals, with more c-Fos expression in THC females compared to THC 
Males (F1,49=3.852; p=0.036; ηp2=0.07). Additionally, there was a reduced c-Fos expression in 
cocaine-exposed THC males compared to cocaine-exposed VEH males (F1,49=5.441; p=0.015; 
ηp2=0.10). C) c-Fos expression in the motor cortex. There was an overall effect of Sex 
(F1,53=13.676; p=0.001; ηp2=0.21) and Adult Treatment (F1,53=42.833; p<0.000; ηp2=0.45) which 
indicates a higher accumulation of the c-Fos protein after cocaine. Also, there were two interactive 
effects, Sex x Adult Treatment (F1,53=7.029; p=0.011; ηp2=0.12) and Adolescent Treatment x 
Adult Treatment (F1,53=5.326; p=0.025; ηp2=0.09). The simple effects analysis of the Sex x Adult 
Treatment interaction revealed cocaine-induced c-Fos accumulation in both sexes, but based on 
the effect size, c-Fos induction was more robust in the males (F1,57=43.048; p<0.000; ηp2=0.42) 
as compared to the females (F1,57=7.369; p=0.009; ηp2=0.11).  Confirming the main effect of Sex, 
we also obtained a sex-related effect in saline animals (F1,57=18.211; p<0.000; ηp2=0.24) that was 
absent in cocaine-exposed rats. The simple effects analysis of the Adolescent Treatment x Adult 
Treatment interaction showed that, irrespective of sex, both VEH or THC animals increased c-
Fos expression in response to cocaine. However, based on the effect sizes, response in the motor 
cortex is more robust in THC animals (F1,55=38.931; p<0.000; ηp2=0.35) as compared to VEH rats 
(F1,55=9,204; p=0,004; ηp2=0,12). Moreover, there was a significant difference in cocaine-
exposed THC rats compared to cocaine-exposed VEH animals (F1,57=4.317; p=0.042; ηp2=0.07). 
D) Representative pictures of c-Fos expression in response to acute i.p. cocaine in the motor 
cortex. 

 

5. Cocaine addiction-like behaviour 

 

Our study of cocaine addiction-like behaviours showed that the acquisition of 

cocaine self-administration under continuous access (fixed-ratio 1 -FR1- schedule of 

reinforcement) was not modified by THC exposure during adolescence. However, we 

observed higher cocaine intake under high-effort conditions (progressive ratio) in THC-

exposed male rats (see Figure 9C, Table S7). After the progressive ratio sessions, we 

returned the rats to an FR1 schedule for three days. At this stage, female-THC rats 

showed a higher rebound in their cocaine consumption (as compared to the last 

acquisition sessions) (see Figure 9D, Table S7). After this, we evaluated if there was a 

compulsive component in the cocaine-seeking behaviour of the rats. In the punished-
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seeking test, all rats reduced the number of infusions achieved as compared to the last 

reacquisition session, but there were no effects due to Sex or Treatment (Figure 9E). 

After this single session, we allowed the rats to self-administer cocaine for 6 hours a day 

under an FR1 schedule of reinforcement for ten days. We did not observe any significant 

escalation in our animals (see Table S7). However, as observed in Figure 9F, the 

behaviour of THC-females was somewhat different from THC-males of the VEH controls. 

There was a surge in responding from session 5 that seemed to stabilise from session 6 

to session 10. After this, we withdrew the rats from cocaine and analysed seeking 

responses after 1, 30, 60 and 100 days of forced withdrawal. Rats had no access to the 

drug during these test sessions. There were more seeking responses after 30 days than 

after one day of withdrawal -incubation of seeking phenomenon- as evidenced by the 

significant effect of Session and females showed a more robust seeking behaviour 

(significant effect of Sex).  
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Figure 10: Cocaine self-administration phases.  

Mean values are depicted with circles or squares joined by lines in the repeated measures graphs. 
Circles and squares represent individual values in those graphs showing a single index. Error 
lines express the SEM. Inital sample sizes: male VEH n=15; Male THC n=18; Female VEH n=15; 
Female THC n=15.  

A) Timeline of the experimental phases. B) Active (ALPs) and inactive lever presses (ILPs) across 
the twelve acquisition sessions (2h). All groups acquired a preference for the active lever (Lever: 
F1,43=39.218; p<0.000; ηp2=0.48) and increased their self-administration behaviour (Lever x 
Session: F4,175.3=7.259; p<0.000; ηp2=0.14) with no differences due to Sex or Adolescent 
Treatment. C) Cocaine infusions across the six progressive ratio sessions (2h). There was no 
Session effect in the number cocaine infusions (F5,25=2.021; p=0.080; ηp2=0.07) but did observe 
a significant Sex x Adolescent Treatment interaction (F1,25=5.215; p=0.031; ηp2=0.17). A follow-
up analysis showed an increased number of cocaine infusions in THC males compared to VEH 
males (F1,25=6.197; p=0.032; ηp2=0.38) an effect that was absent in the females. In addition, VEH 
females achieve a higher number of infusions compared to VEH males (F1,25=7.717; p=0.018; 
ηp2=0.41). D) Rebound index in subsequent FR1 sessions (2h). There was a Sex x Adolescent 
Treatment interaction (F1,29=7.507; p=0.010; ηp2=0.20) in the rebound of the self-administration 
behaviour after the high effort conditions imposed by the progressive ratio. The simple effect 
analysis showed that cocaine intake in VEH females remained roughly equal (around 50%) but 
lower compared to VEH males (62±1.8%) (F1,29=5.165; p=0.031; ηp2=0.15), while THC females 
showed a higher increase in FR1 responding (as compared the last acquisition sessions) than 
VEH females  (F1,29=9.497; p=0.004; ηp2=0.24);  however,  this effect was absent in the male 
groups. E) Compulsivity index on the punished seeking phase (1h). Percentage of events 
achieved (shocks or cocaine infusions) normalised with the infusions achieved during the first 
hour of the last reacquisition session. There were no differences due to Sex or Adolescent 
Treatment. F) ALPs on RF1 and ILPs across the ten sessions of extended access (6h). Self-
administration was stable across the sessions (F3.9,82.7=1.395; p=0.243; ηp2=0.06). We observed 
a trend for an effect of Adolescent Treatment in the average cocaine infusions during the second 
half of the phase (sessions 6 to 10) (F1,21=3.977; p=0.059; ηp2=0.16). G) Lever pressing in the 
four extinction sessions as an index of seeking incubation during forced abstinence. Lever 
pressing behavior was found to vary across Sessions (F2.05,43.05=6.618; p=0.003; ηp2=0.24) and, 
probably driven by female VEH higher lever pressing, a Sex effect (male<female) was also 
detected (F1,22=11.607; p=0.003; ηp2=0.36). The visual inspection of the graph shows that after 
30 days of forced abstinence THC females seem to show a lower seeking behaviour than VEH 
females, but the lack of a significant interaction prevents us from doing any further analysis.  
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DISCUSSION 
 

In this work, we show that chronic exposure to THC, equivalent to a mild consumption 

in humans, induces a broad spectrum of alterations in brain structure and function in 

parallel with modifications in several psychological processes related with reward and in 

the behavioural and cellular responses to cocaine that, nevertheless, do not fully support 

the Gateway Hypothesis.  

 

1. Adolescent THC exposure and the psychological processes involved in reward-

related behaviour and impulsivity. 

 

 The first process that we examined was pavlovian conditioned approach or sign-

tracking (i.e. the tendency to approach reward-cues)/goal-tracking (i.e. the tendency to 

approach reward) behaviours. We observed that THC-treated rats displayed more goal-

tracking behaviours than their control-littermates, irrespective of their sex. This increased 

goal-tracking in cannabinoid-exposed animals is consistent with data that indicate that 

adult exposure to the cannabinoid agonist CP 55,940 increases goal-tracking behaviour 

(48). It is also coherent with a prior report that showed that adolescent exposure to the 

CB1/CB2 receptor agonist WIN 55,512-2 altered the usual proportion of sign-

tracking/goal-tracking in rats, creating an intermediate phenotype in cannabinoid-

exposed animals (in which rats approached both the food-cup and the CS+), that was not 

evident in vehicle-treated rats (37). However, our data are the first to suggest that 

adolescent exposure to the main psychoactive cannabinoid of the cannabis plant affects 

pavlovian conditioned approach. The bias towards goal-tracking or sign-tracking is 

indicative of incentive-salience attribution and depends on CB1 receptor activity (48, 49). 

Given that adolescent cannabinoid exposure reduces the number of cannabinoid 

receptors in several areas of the brain, including the nucleus accumbens (50–53), this 

decrease in sign-tracking behaviour and the subsequent increase of goal-tracking 

behaviour that we have observed is not at odds with the proposed neurochemical 

changes reported in the literature.  

Pavlovian-to-instrumental transfer (PIT, also known as pavlovian motivation) was 

potentiated in THC-males. This process is related to the potentiation of an instrumental 

response upon presentation of a conditioned stimulus previously associated with the 

reward that is contingent with the instrumental response (27, 54). To our knowledge, 

there are no previous studies specifically ascertaining the effects of cannabinoids on PIT. 

The enhanced PIT of THC-males could contribute to the increase in cocaine infusions 
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received by the THC-males under PR. Indeed, PIT is a predictor of cocaine self-

administration in rats such that stronger PIT predicts a more substantial motivational 

influence of conditioned stimuli on self-administration and potentiates the learning of 

drug-cue associations (55). The precise mechanisms of potentiated PIT in THC-males 

are not clear. We have not detected abnormalities (either structural –MRI- or functional 

–PET-, or after cocaine-exposure, see c-Fos data later on) in the NAcc (a crucial region 

modulating PIT (56)) of these rats, suggesting that it could be the central amygdala (57) 

the brain region responsible for these PIT alterations. This possibility should be tested in 

further studies.  

We also examined habit formation tendency by using a sensory-specific satiation 

paradigm (58). The transition from goal-directed behaviour to a habit system has been 

proposed to play a critical role in the development of addiction (59). We found no 

differences in the tendency to form habit-like responses in our adult rats exposed to THC 

during adolescence. This is interesting in the general context of the involvement of the 

endocannabinoid systems in habit formation (60–62). We and others have shown that a 

regime of THC exposure in adult animals accelerated habit formation (62, 63) and, we 

also found that the THC treatment increased dendritic spine density in the distal part of 

the dendrites of medium spiny neurons in the posterior dorsomedial striatum (64) 

suggesting a potential mechanism of these alterations in the balance between goal-

directed behaviour and habits. However, when the treatment occurred during 

adolescence, we observed no such behavioural effects. This is in accordance with the 

differential effects that cannabinoids exert in the adolescent brain as compared to the 

adult brain in terms of the desensitisation of cannabinoid receptors. Indeed adolescent 

male (but not female) rats showed decreased desensitisation of the CB1 receptors in the 

striatum after a chronic THC treatment as compared to adult rats (65).  

 Lastly, we have analysed motor impulsivity using an adaptation of the widely used 

5-choice serial reaction time task for boxes with two levers instead of nose-pokes. By 

using this 2-CSRTT, we have observed that adult rats exposed to THC during 

adolescence were more impulsive than their vehicle-exposed littermate controls. This 

effect seemed to be stronger in the females while in the males it was only evident in the 

second of the three tests performed. Impulsivity is a complex construct. Different 

varieties of impulsivity exist such as waiting impulsivity (captured by delay discounting 

procedures and the 2-CSRTT for example) and stopping impulsivity (the inability to stop 

an action that has already been initiated) (66). Within waiting impulsivity, impulsive 

choice (as measured in delay discounting tasks) is potentiated in adult rats that have 

been exposed to cannabinoids during adolescence (67). However, there is no 
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information on the effect of adolescent cannabinoid exposure in impulsive action, another 

form of waiting impulsivity that has been suggested to be a predisposing endophenotype 

for the development of addiction (31). The fact that this form of impulsivity is potentiated 

in THC-exposed rats suggested that they could be more susceptible to the development 

of addiction-like behaviour which was another important goal of the present experiments.  

2. Grey and white matter volumetric and microstructure alterations 

 

Our combined volumetric and DTI analysis showed that adolescent THC induced 

profound structural alterations in several brain nuclei. For example, in the dorsal striatum, 

female rats exposed to THC showed a reduction in the volume of this structure. This 

result is novel since human evidence to date has not reported dorsal striatal volumetric 

alterations in adults with adolescent cannabis consumption. Only two studies have 

examined these volumetric alterations in striatal nuclei after cannabis exposure in 

adolescents or young people. One study examined the long-term effects of cannabis use 

by young people (average age of participants: 21.3 years) on the structure of the striatum 

(including the NAcc, the caudate and putamen) and found no significant differences 

between heavy cannabis users and controls or predictive effects of the age of onset of 

cannabis use (average age of onset: 18.8 years) (68). Using a more subtle analysis, 

another study found evidence for an outward deflection in the shape of the right NAcc 

that was predicted by the age of onset (69), but no effects were reported for the dorsal 

striatum. No prior data are available regarding DTI measurements in the dorsal striatum 

after adolescent cannabinoid exposure. The globus pallidus was also smaller in THC-

treated animals (especially in the right hemisphere). This structure is an output region of 

the dorsal striatum and no prior studies have documented volumetric alterations after 

cannabis exposure. Only one study showed that in young people with cannabis use 

disorder (with an age of onset of 16.7 years) as compared to controls, there were 

alterations in shape in the globus pallidus, but with no volumetric alterations (70). A 

decreased FA value was also observed in this nucleus.  

In the septal nuclei, we detected DTI alterations in the FA (decreased in THC 

animals) and MD (decreased in THC-males) pointing to fibre integrity alterations while in 

the thalamus we observed increased FA values in THC-males. We would like to highlight 

that the interpretation of DTI measurements is complex, as these values relate to water 

diffusion at the microscopic level. This is affected by several tissue parameters, such as 

the coherence, orientation and integrity of the fibers, as well as myelination or cell 

densities (71). Consequently, processes such as neuronal or axonal loss, inflammation 

or gliosis may have concurrently affect DTI measurements. A crucial limitation of the DTI 
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technique is its assumption of Gaussian distribution of water diffusion. As regards this, 

DTI measurements work adequately in regions that contain tissue architectures that are 

oriented homogeneously (such as white matter), but not in regions with crossing fibre 

orientations (72). Thus, the pattern of DTI results reported here for the grey matter should 

be interpreted as a marker of THC exposure, rather than indicative of a particular 

histopathological phenomenon. 

We have also found evidence for decreased ventricular volume (most likely due 

to a decrease in the volume of the lateral ventricles, specifically) in THC-exposed 

animals. Moreover, there was a lower aqueduct volume in male (but not female) rats 

exposed to THC. The mechanisms involved in this ventricular volume reductions are not 

clear, but acute THC injections have been shown to reduce the production of 

cerebrospinal fluid (CSF) (73), and THC is actively accumulated by the choroid plexus 

epitelium (74); perhaps the chronic THC treatment administered might have affected the 

basic mechanisms of CSF production and circulation thus reducing the ventricular 

volume. 

Concerning the white matter analyses, we have found decreased FA values in 

the rostral anterior commissure and the rostral corpus callosum in THC-exposed rats 

and the hippocampal commissure in THC-exposed female rats. Decreased FA values in 

tracts are more straightforward to interpret than in grey matter (see above) and have 

traditionally been regarded as to reflect a loss of white matter integrity (75). Converging 

data in humans show that adolescent cannabis consumption is also linked to decreased 

FA in the corpus callosum (76, 77). The hippocampal commissure, an integral part of the 

fornix, is also compromised in cannabis users. (78). However, this is the first time that 

microstructural alterations in the anterior commissure are reported. In general, the 

alterations in the microstructure of these fibres could point to impairments in 

interhemispheric information processing and, especially in the case of the anterior 

commissure, in recognition memory (75), which is affected after adolescent cannabinoid 

exposure (7, 8). 

3.- Metabolic and functional alterations (1H-MRS and PET studies). 

We detected a reduction in the levels of choline compounds in the cortex of THC-

exposed rats. To the best of our knowledge, there are no previous data on GPCh+PCh 

alterations in the cortex after cannabis consumption or cannabinoid exposure. However, 

there is one report that observed decreased choline levels in cannabis users in the basal 

ganglia (79). Choline-containing compounds play an essential role in the synthesis and 

degradation of cellular membranes and are considered sensitive to changes in 

membrane turnover (80). The functional implications of the decrease in choline 
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compounds are not entirely clear, but they may be indicative of an abnormal lengthening 

of the normal myelination dynamics that occur through postnatal and adolescent 

development or a neurodevelopmental delay as a result of reduced glial cell density (81).  

Our preliminary developmental PET study showed maturational effects in all the 

ROIs analysed, and interesting sex differences in the hippocampus and the caudate 

nucleus.Also, our SPM analysis of the adult brain suggested a hypometabolism in a 

cluster of voxels comprising the inferior colliculus and the cerebellum, as well as the 

motor and sensory cortices of THC-exposed females. To the best of our knowledge, 

there are no long-term PET studies with [18F]-FDG in humans that have ascertained the 

functional effects of adolescent cannabis use. However, two previous reports by our 

group suggested that adolescent exposure to the synthetic cannabinoid CP 55,940 

modifies brain metabolism in the frontal and amygdalo-entorhinal cortices in females 

(82). Moreover, the brain responses to a cocaine injection were also different in animals 

exposed to CP 55,940 during adolescence (83). Although these results should be 

replicated, they represent the first PET evidence indicative of a long-lasting alteration in 

the cerebellum. However, prior studies had already documented substantial cellular 

alterations in the cerebellum after exposure to THC. The mechanisms of these 

alterations are beginning to be unveiled and likely involve microglial activation. In mice, 

for example, subchronic administration of THC activated cerebellar microglia and 

increased the expression of neuroinflammatory markers, including IL-1β. Moreover, this 

neuroinflammatory phenotype correlated with deficits in cerebellar conditioned learning 

and fine motor coordination (84). The sensorimotor cortex was also affected, specifically 

in the females as well as the hippocampus and, to a lesser extent, the inferior colliculus. 

These functional alterations could also be involved in the long-term cognitive effects of 

adolescent cannabis use (7, 85) either alone, as separate structures, or in combination, 

as networks. Indeed, the cerebellum receives indirect connections from the sensory 

cortices to sensory information used for spatial representation (86), and there is a 

hippocampo-cerebellar centred network for the learning and execution of sequence-

based navigation (87). There are multiple reports of altered spatial learning and memory 

deficits in rodents after adolescent exposure to cannabinoids (7), and the metabolic 

alterations preliminarily reported here could provide a mechanistic explanation. 

 

4.- A transcriptomic analysis of gene expression patterns in the nucleus accumbens  

 

Following our extensive behavioural and neural characterisation of the long-

term consequences of adolescent THC exposure, we focused on the nucleus 
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accumbens, a critical region mediating the acute reinforcing effects of drugs of abuse. 

We performed a transcriptomic characterisation of the gene expression networks altered 

by the cannabinoid treatment. There were approximately the same number of DEGs for 

male and females but with minimal overlap (96 DEGs in the males and 87 in the males, 

with only 9 genes being shared between both sexes). 

In the males, the gene ontology with a higher degree of representation was 

‘behaviour’ with sub-categories like ‘adult locomotor behaviour’ or ‘adult walking 

behaviour’. In addition to their relation with behavioural processes, this ontology 

comprised genes related to neurotransmission and the electrophysiology of the cell, and 

performed important functions such as glutamate transport (Slc1a2) and potassium-

chloride cotransport (Slc12a5). There were also genes coding for subunits of potassium 

inwardly rectifying channels (Kcnj10), calcium voltage-gated channels (Cacna1e) and 

the calcium-binding protein calbindin (Calb1), to mention some of the most 

representative examples. These alterations are coherent with another ontology that was 

modulated, ‘acidic aminoacid transport’ and also ‘neurotransmitter transport’. The 

alteration in the expression of these genes could alter the general physiology of nucleus 

accumbens cells with important consequences for drug-induced reward and motivation 

and also learning and memory processes, as suggested by the ‘learning and memory’ 

ontology that was also affected by the adolescent THC treatment.  

There were also two genes belonging the top 5 DEGs with higher fold change 

(either up-regulated or down-regulated) that were present in the ontologies modified in 

the males. These two genes were Satb2 (SATB homeobox 2, up-regulated) and Notch3 

(notch receptor 3, down-regulated). An elegant prior study has suggested that CB1 

receptors are coupled to the regulation of the Ctip2–Satb2 transcriptional regulatory code 

(88), and in so doing, they regulate corticospinal motor neuron differentiation. The 

alteration of the Satb2 gene in the nucleus accumbens of our animals could also have 

developmental consequences in the morphology or function of accumbal neurons as 

suggested by the ontologies affected by THC treatment. Satb2 in the paraventricular 

thalamus is also sensitive to cocaine rewarding actions (89), so it could be speculated 

that this up-regulated gene in accumbal cells could increase the rewarding actions of 

cocaine, as observed in the males after adolescent THC exposure (see below). The 

notch signalling pathway is also involved in brain development (90). More specifically, 

the notch 3 receptor (down-regulated in THC-males in these experiments) promotes 

neuronal differentiation, having a role opposite to Notch1/2 (91). Interestingly, the Notch3 

has also been shown to be down-regulated in striatal territories in spontaneously 

hypertensive rats treatred with methylphenidate during adolescence (and that further 
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self-administered methylphenidate as adults) (92), suggesting that this gene is 

responsive to several pharmacological challenges during adolescence (not just 

cannabinoids) and also that its down-regulation may predispose to psychostimulant 

consumption.  

In the females, the main ontology affected by THC exposure during 

adolescence was ‘cilium or flagellum dependent cell motility’ with three of the top- five 

down-regulated genes (Aurkb, Ak7 and Cfap44) present in it. Cilia are essential 

structures for cell motility and migration and are also involved in several 

(neuro)developmental diseases (93). In addition, they are also involved in hippocampal 

function and cortical development (93). A significant modification of the genes belonging 

to this ontology by adolescent THC may point to an altered maturation of the nucleus 

accumbens. However, the cilliar involvement in adolescent brain development is 

currently unknown and clearly deserves further research. In addition to this ontology, we 

also obtained a hit for the ‘dicarboxylic acid transport’ category, with the Gal and Folr1 

genes (one of the top 5 up-regulated and down-regulated genes, respectively) involved. 

In addition to those two genes, other genes in the ontology were related to glutamate, 

GABA and hormonal signalling. The last category that we would like to highlight is 

‘nicotine addiction’, again with alterations in glutamate and GABA-related genes and also 

adenylate cyclase 8 and nerve growth factor receptor. The fact that adolescent THC 

affects this category in the females is consistent with the report that adolescent 

cannabinoid exposure alters the rewarding properties of nicotine in adult female mice 

(92, but see 93). In addition, this could also point to the fact that the rewarding properties 

of other drugs such as cocaine could also be affected, as we shall examine in the next 

section of this Discussion. 

  

5.- Adolescent THC exposure effects on the acute actions of cocaine in the adult brain 

and on cocaine addiction-like behaviour 

 The cellular activation (as indicated by c-Fos levels) induced by cocaine was 

potentiated in the motor cortex by the THC treatment during adolescence (both in males 

and females). Although the motor cortex has not been traditionally considered as to 

belong to the circuit mediating the rewarding actions of drugs, some evidence points to 

its involvement in cocaine-induced reward. For example, the establishment of cocaine 

place preference is associated with increased c-Fos levels in the motor cortex, among 

other regions (96). Moreover, in cocaine abusers, there is hyperexcitability of the motor 

cortex (as revealed by lower reactivity thresholds of this area in response to magnetic 
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stimulation) (97). In addition to the motor cortex, we also observed in the dorsomedial 

hypothalamic nucleus a trend for higher cocaine-induced c-Fos accumulation (as 

compared to the corresponding saline group) in THC females and also higher cocaine-

associated c-Fos levels in the THC-males as compared to the cocaine group of VH-

males. This increased reactivity of the dorsomedial hypothalamic neurons after cocaine 

could be related to several actions of the drug, from its interoceptive-cardiovascular 

effects (98) to the anorexigenic actions (99). These and other studies (40) suggest that 

the initial actions of cocaine are indeed modified by adolescent exposure to 

cannabinoids, which could also imply an alteration of cocaine addiction-like behaviour. 

Several pieces of epidemiological and social research have suggested that cannabis 

may be one of the first steps of a series of progressions into the consumption of other 

drugs later (Gateway Hypothesis) (17, 100, 101). This proposed series of progressions 

have been criticised in studies coming from the human literature (9, 11, 12, 14, 100, 102, 

103). Several attempts have been made using animal models to study the potential 

causal relationship between a prior cannabinoid exposure and the sensitivity to drugs of 

abuse later in life (see (7) for a review). With regard to cocaine, we have previously 

shown that cocaine self-administration acquisition was potentiated in female (but not 

male) rats after adolescence exposure to a cannabinoid agonist (23). Other authors have 

found similar effects with THC exposure during adolescence (22) (even in zebra finches 

using a conditioned place preference approach (104)) but not with WIN 55,512-2, a 

synthetic cannabinoid agonist (24). However, all these previous experiments (including 

our own) do not provide a comprehensive picture of addiction-like behaviour, so we 

decided to examine several cardinal features of addictive behaviour in our THC-exposed 

rats. In accordance with the previous studies (24), we found no differences in the 

acquisition of cocaine self-administration between THC- or vehicle exposed rats. We 

have used an intermediate dose of cocaine (0.5 mg/kg) which may explain the 

divergence between our results and those of Friedman and colleagues (22) who found 

potentiated cocaine self-administration with lower doses (0.1 mg/kg). In spite of this, 

THC-exposed male (but not female) rats earned a higher number of cocaine infusions 

under progressive ratio, suggesting a higher motivation for the drug. This high motivation 

is considered one of the hallmarks of addiction-like behaviour (31). Contrarily to this 

pattern, we found that after the progressive ratio phase, when rats were rebaselined in 

FR1 conditions, THC-exposed female (but not male) rats showed a more potent rebound 

responding than their vehicle-exposed littermates. The compulsive taking of the drug is 

another cardinal feature of addiction-like behaviour and has been typically evaluated 

using punished cocaine self-administration procedures (25, 31). In our experiments, all 
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the rats diminished their cocaine intake in a similar proportion, suggesting that THC 

during adolescence does not potentiate compulsive cocaine intake in rats. Lastly, there 

was no increased self-administration under exceded access conditions or potentiated 

incubation of cocaine seeking as a result of THC exposure during adolescence, 

suggesting that adolescent THC does not increase the risk for loss of control over 

consumption after extended cocaine use or relapse (at least not the one precipitated by 

conditioned cues). 

 

6.- Concluding remarks and future research 

   

In this work, we have carried out a wide-scope and multiparametric evaluation of the 

long-term consequences of cannabinoid exposure in the developing adolescent brain, 

with particular emphasis on reward processing and the potential of cannabis to act as a 

gateway drug leading to cocaine addiction later in life. Our results suggest that there is 

a causal relationship between the exposure to THC during adolescence and several 

alterations in brain structure and function and with a broad set of psychological 

alterations affecting reward processing, impulsivity and the cellular responses to 

cocaine, which may have resulted in higher predisposition to cocaine addiction-like 

behaviour at adulthood. However, when we tested this possibility, we found only partial 

support for this hypothesis (i.e. increased motivation for cocaine in the males and higher 

rebound consumption after high demand in the females, but no differences in the 

acquisition of cocaine self-administration, compulsive seeking, extended-access 

consumption or the incubation of cue-induced seeking). There are some suggestions for 

future research that we would like to suggest. For example, we have used FDG as a 

general proxy for brain function, but other ligands could also be employed to measure 

the number of relevant receptors, such D2/D3 dopamine receptors (with [18F]Fallypride), 

or the dopamine transporter (with ([18F]FE-PE-2I. Additional experiments aimed to 

increase the sample of the PET imaging data could also strengthen the conclusions 

drawn from this experiment. In addition, other behaviours related to cocaine addiction, 

such as the preference for cocaine over a natural reward or the use of second-order 

schedules of reinforcement could provide additional insight on the effects of adolescent 

THC exposure on cocaine addiction. 

 There are no easy answers to complex questions, but our data indicate that even a 

mild THC exposure during adolescence has significant consequences for the normal 

development of the brain and behaviour that depend on the sex of the individual. We 

wish to suggest that the results here presented be carefully pondered and integrated into 
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the long-standing debate about cannabis legalisation, with an especial focus on the 

adolescent population.  
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