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A B S T R A C T

Heavy and daily use of cannabis with high contents of Δ9-tetrahydrocannabinol (THC) during adolescence is 
associated with an increased risk of developing psychotic disorders later in life. Here, we treated mice with THC 
during adolescence and found that this exposure impaired social interaction and increased vulnerability to 
develop sensorimotor gating deficiencies comparable to those previously described among heavy cannabis 
consumers. Importantly, we provide evidence on long-term cortico-striatal dysconnectivity induced by exposure 
to THC during adolescence and its correlation with impaired social interactions occurring later in adulthood. 
Moreover, we have observed long-lasting molecular alterations in key elements that regulate the mesolimbic 
dopaminergic system, namely on the balance between dopamine D2, adenosine A2A, and cannabinoid CB1 re-
ceptors in the striatum of treated mice. Together, these findings contribute to a better understanding of the 
neurobiological bases of the deleterious effects associated with cannabis abuse during adolescence.

1. Introduction

Cannabis consumption has increased worldwide in the last years, 
likely due to the decrease in risk perception derived from the legislative 
changes regulating medical and/or recreational use in many countries 
(Isorna et al., 2022). Epidemiological data reveal that heavy and daily 
use of cannabis with high content of the psychoactive compound Δ9- 
tetrahydrocannabinol (THC) is associated with an increased risk of 
developing a cannabis use disorder (Budney and Borodovsky, 2017) and 
serious mental illness such as psychotic disorders (Di Forti et al., 2019). 
Importantly, male adolescents are particularly vulnerable to experi-
encing the neuropsychiatric symptoms associated with cannabis abuse, 
including both positive (i.e., hallucinations and delusions) and negative 
(i.e., cognitive and sociability deficits) symptoms of psychotic disorders, 
as well as anxiety and other mood disorders (Kiburi et al., 2021; Kozak 
et al., 2021; Leadbeater et al., 2019). To date, no specific therapies have 
been developed to treat these adverse effects associated with cannabis 
abuse despite the increasing demand for specialized treatment for 

problems related to cannabis consumption (European Monitoring Centre 
for Drugs and Drug Addiction, 2023). To progress toward more specific 
and effective therapies to deal with this growing health problem, it is 
essential to better understand the neurobiological bases of such delete-
rious effects of cannabis abuse. The main objective of this study is to 
contribute to this challenge by analyzing the long-lasting behavioral, 
molecular and functional connectivity alterations in the brain induced 
by chronic exposure to THC in male and female adolescent and adult 
mice.

Current knowledge of the neurobiological bases of psychotic disor-
ders indicates that the dysregulation of dopaminergic brain circuits 
plays a fundamental role in the development of psychotic symptoms 
(McCutcheon et al., 2019). Specifically, psychotic symptoms such as 
hallucinations and delusions are related to the hyperactivity of the 
mesolimbic dopaminergic pathway and the increased activity of the 
dopamine (DA) D2 receptor (D2R) in the striatum (Seeman, 2013). 
However, current data from human imaging studies and preclinical re-
ports point to a disruption in multiple afferent systems that regulate 
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dopaminergic neuron activity rather than to pathological changes 
within the DA system itself as the main alterations causing psychotic 
disorders (Grace and Gomes, 2019). In this sense, psychotic episodes 
induced by cannabis consumption with high THC content are concom-
itant with increased DA release in mesolimbic areas (Kuepper et al., 
2010), which is mediated primarily by the THC-induced activation of 
CB1R in the γ-aminobutyric acid (GABA)-ergic terminals projecting to 
dopaminergic neurons of the ventral tegmental area (VTA) (Bloomfield 
et al., 2016). Furthermore, increasing evidence suggests that altered 
dopaminergic signaling underlying psychotic symptoms could be asso-
ciated with adenosine deficiency in certain brain regions (Boison et al., 
2012). Different components of the adenosinergic system could 
contribute to the control of the mesolimbic dopaminergic system, but 
the strong antagonistic interaction between the adenosine A2A receptor 
(A2AR) and D2R is known to play a key role (Ferré et al., 2018; Zhang 
et al., 2019). Thus, an imbalance between A2AR and D2R has been 
observed in striatal samples from preclinical models of psychotic-like 
behaviors and patients with schizophrenia (Valle-León et al., 2021). 
Interestingly, A2AR also participates in the modulation of the THC effects 
on the dopaminergic system (Soria et al., 2004; Borgkvist et al., 2008; 
Justinová et al., 2011). Based on this evidence, the present study 
focusses first on the relationship between striatal levels of A2AR, D2R, 
and CB1R as potential substrates underlying the harmful effects of 
chronic exposure to THC observed in adolescent and adult mice.

According to emerging theories holding that psychotic disorders 
result from the disruption of topological architecture in large-scale brain 
networks rather than from the lesion of isolated brain regions (Gao et al., 
2023), we have also explored the potential alterations in the whole- 
brain connectome and cortico-striatal functional connectivity in THC- 
treated mice by using functional magnetic resonance imaging (fMRI) 
and graph theory as a powerful tool to accurately quantify the whole- 
brain connectivity network (Rubinov and Sporns, 2010) and its hypo-
thetical correlation with aberrant behaviors later in adulthood.

Taken together, our findings contribute to a better understanding of 
the neurobiological bases of the long-lasting deleterious effects associ-
ated with cannabis abuse during adolescence.

2. Material and methods

2.1. Animals

Male and female C57BL/6 J mice aged 3 weeks (adolescents) and 4 
months (adults) were purchased from Janvier Labs (Le Genest-Saint-Isle, 
France). Animals were housed 3–4 per cage and maintained under 
standard animal housing conditions in a 12-h dark-light cycle with free 
access to food and water. Mice were acclimated to animal facilities for 1 
week and then they were randomly assigned to treatment groups. All the 
experiments were conducted under blind experimental conditions. An-
imal procedures were carried out following the guidelines of the Euro-
pean Communities Council Directive 2010/63/EU and with the 
approval of the local ethics committee of the University of Barcelona 
(417/18) and the Departament de Territori i Sostenibilitat from Gen-
eralitat de Catalunya (authorization number 10699).

2.2. Pharmacological treatment

THC was purchased from Sigma-Aldrich Inc. (St Louis, MO, USA) and 
dissolved in 5 % ethanol, 5 % Tween and 90 % saline for intraperitoneal 
(i.p.) injection. Mice received a daily THC (5 mg/kg) or vehicle i.p. 
administration for 1 month. The volume administered was 10 mL/kg of 
body weight. According to the formula for dose translation based on 
body surface area (Reagan-Shaw et al., 2008), the calculated human 
equivalent dose (HED) corresponds to 0.4 mg/kg of THC, which is 
approximately equivalent to the administration of 4 standard joint units 
(Casajuana Kögel et al., 2017) in a human being and resembles a heavy 
use of cannabis (Caulkins et al., 2020). Adolescent mice were treated 

with THC from post-natal day 28 (PND 28, early adolescence) to PND 60 
(late adolescence). In the case of adult mice, they were treated with THC 
from PND 120 to PND 152.

2.3. Behavioral evaluation and sample collection

Behavioral testing started at PND 120 for the animals exposed to THC 
during adolescence and at PND 204 for those animals exposed to this 
drug during adulthood (Fig. 1A). Animals were consecutively evaluated 
in the elevated plus maze (EPM), the novel object recognition test 
(NORT), the three-chamber test, and the prepulse inhibition of the 
acoustic startle reflex test (PPI), as explained later. All behavioral tests 
were performed during the light phase with dim light conditions (100 lx 
maximum). Five days after the end of the PPI test, the animals were 
subjected to resting state functional magnetic resonance imaging (rs- 
fMRI). Two days after the rs-fMRI, the animals were sacrificed, and their 
brains samples were rapidly dissected, frozen, and stored at − 80 ◦C until 
use. The striatum was dissected bilaterally using anatomical landmarks 
visible to the naked eye. Specifically, the region was identified based on 
its characteristic striated texture and its location beneath the cortex and 
adjacent to the lateral ventricles. All procedures were carried out by 
trained personnel familiar with the neuroanatomy of the mouse brain, 
ensuring consistency and reproducibility across samples.

2.3.1. Elevated plus maze (EPM)
Anxiety-like behavior was evaluated in the EPM, which consisted of a 

black plastic apparatus with four arms (15 × 5 cm) set in a cross from a 
neutral central square (5 × 5 cm) and elevated 40 cm above the floor. 
Two opposite arms were enclosed by vertical walls (closed arms), 
whereas the two other opposite arms had no protected edges (open 
arms). The total number of visits and the time spent in the open and 
closed arms were manually recorded through a closed-circuit camera 
system during the 5-min observation session.

2.3.2. Novel object recognition test (NORT)
Memory performance was assessed by NORT using a V-maze (da 

Cruz et al., 2020). Three hours after the end of the EPM test, the mice 
were placed within the V-maze (30 cm long x 5 cm wide each arm) and 
allowed to explore for 9 min two identical objects located at the ends of 
the maze arms. Each mouse's time exploring these objects was recorded 
through a closed-circuit camera system. Twenty-four hours later, the 
animals were reintroduced into the same V-maze for 9 min, but this time 
one of the familiar objects was replaced by a novel one. To assess 
memory performance, an object discrimination index (DI) was calcu-
lated using the following formula: DI = (TN − TF)/(TN + TF), where TN 
represents the time spent exploring the novel object, and TF represents 
the time spent exploring the familiar object.

2.3.3. Three-chamber test
Social interaction and social memory of mice were evaluated in the 

three-chamber test one day after the end of NORT. The apparatus con-
sists of a box (48 × 60 × 40 cm) divided into three chambers that are 
separated by two removable walls. First, the subject mouse was placed in 
the center of the middle chamber for 5 min as a habituation phase. Next, 
session 1 (sociability test) consisted of positioning a novel mouse 
(hereinafter referred to as mouse 1) inside a wire cage in one of the 
lateral chambers and a novel object (identical but empty wire cage) in 
the opposite one. The time spent exploring the novel mouse (mouse 1, 
TM) or the novel object (TO), was analyzed during 10 min. The social 
memory and novelty test (session 2) began immediately after the so-
ciability test. In this test, the previous mouse (mouse 1) remained in its 
wire cage (now called the familiar mouse) and a novel mouse (mouse 2) 
was placed in the wire cage on the opposite side. Again, the time spent 
exploring the familiar mouse (mouse 1, TF) or the novel mouse (mouse 2, 
TN), was recorded manually for 10 min. Then, Sociability Index (SI) and 
Social Memory Index (SMI) were calculated, respectively, for the first 
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and second sessions: SI = (TM-TO)/(TM + TO); SMI = (TN-TF)/(TN + TF).

2.3.4. Prepulse inhibition of the acoustic startle reflex test (PPI)
Three hours after the end of the three-chamber test, the PPI was 

performed to evaluate sensorimotor gating in mice, which is known to 
be impaired under psychotic conditions (San-Martin et al., 2020). Two 
automated StartFear combined system chambers (LE116, Panlab, Har-
vard Instruments, Spain) were used to test PPI in mice, as previously 
described (Valle-León et al., 2021). Startle amplitude after prepulse (70, 
75 and 80 dB) and pulse (120 dB) was automatically detected by 
PACKWIN V2.0 software. The percentage of prepulse inhibition (% PPI) 
for each prepulse intensity, was calculated as: %PPI = (startle amplitude 
on pulse alone – startle amplitude on prepulse trial)/(startle amplitude 
on pulse alone) x 100.

2.4. Resting-state functional magnetic resonance imaging (rs-fMRI)

2.4.1. Image acquisition
A 7.0 T BioSpec 70/30 horizontal animal scanner (Bruker BioSpin, 

Ettlingen, Germany), equipped with an actively covered gradient 
structure (400 mT/m, 12 cm inner diameter) was used to scan all mice. 
All the rs-fMRI acquisitions were performed during the light phase, 
approximately at the same time than the behavioral testing. Mice were 
placed in a Plexiglas holder and were fixed in a nose cone and exposed to 
a combination of anesthetic gases [medetomidine (bolus of 0.3 mg/kg, 
0.6 mg/kg/h infusion) and isoflurane (0.5 %)]. This anesthetics com-
bination is considered as an optimal protocol for preserving functional 
connectivity in rodent studies for its ability to minimize motion artifacts 
and stress while maintaining strong correspondence with functional 
connectivity patterns observed in awake animals (Grandjean et al., 
2014; Paasonen et al., 2018). Thus, it has been recommended for stan-
dardizing fMRI acquisition and analysis procedures in rodents to 
enhance reproducibility (Mandino et al., 2020).

A 3D-localizer scan was used to ensure accurate position of the head 
at the isocenter of the magnet. T2-weighted image was obtained using a 
RARE sequence [effective TE = 33 ms, TR = 2.3 s, RARE factor = 8, 
voxel size = 0.08 × 0.08 mm2, slice thickness = 0.5 mm]. The acquisi-
tion of rs-fMRI was performed using an echo planar imaging (EPI) 
sequence [TR = 2 s, TE = 19.4, voxel size 0.21 × 0.21 mm2, slice 
thickness = 0.5 mm]; 420 volumes were acquired during 14 min.

2.4.2. rsfMRI: Image analysis and processing
Two approaches were used to evaluate functional connectivity, as 

previously described (Martínez-Torres et al., 2023; Conde-Berriozabal 
et al., 2023). On the one hand, whole brain connectivity was evaluated 
using global and regional network metrics (Rubinov and Sporns, 2010) 
and on the other hand a seed-based analysis was performed to evaluate 
connectivity of the nucleus accumbens (NAc) and Caudate Putamen 
(CPu) with the rest of the brain. For both approaches, rs-fMRI was 
preprocessed, including slice timing, motion correction by spatial 
realignment using SPM8, correction of EPI distortion by elastic regis-
tration to the T2-weighted volume using ANTs (Avants et al., 2008), 

detrend, smoothing with a full-width half maximum (FWHM) of 0.6 mm, 
frequency filtering of the time series between 0.01 and 0.1 Hz and 
regression by motion parameters. All these steps were performed using 
NiTime (http://nipy.org/nitime). Brain parcellation was performed by 
registration of a mouse brain atlas (Ma et al., 2008) to the T2-RARE 
acquisition of each subject using ANTs diffeomorphic registration. The 
region parcellation was then registered from the T2-weighted volume to 
the preprocessed mean rs-fMRI volume. The whole-brain functional 
brain network was estimated considering the grey matter regions ob-
tained by parcellation as the network nodes. The connectivity between 
each pair of regions was estimated as the Fisher-z transform of the 
correlation between the average time series in each region. Network 
organization was quantified using regional and global graph metrics. 
Strength, local efficiency and clustering coefficient were calculated for 
every region, and the connectivity of the entire brain was quantified by 
the average strength, global and local efficiency, and the average clus-
tering coefficient (Rubinov and Sporns, 2010). To perform the seed- 
based analysis, NAc and CPu were selected from the automatic parcel-
lation. The average time series in the seed was computed and correlated 
with each voxel time series, resulting in a correlation map describing the 
connectivity of the striatum with the rest of the brain. The following 
regions of interest were identified from brain parcellation to evaluate 
their connectivity with the seed regions: (1) the cluster formed by the 
entorhinal (Ent), piriform (Pir), and insular cortex (Ins), (2) cingulate 
cortex (CgC), (3) hippocampus (Hipp), (4) medial prefrontal cortex 
(mPFC), (5) motor cortex, (6) sensory cortex, and parietal association 
cortex. Connectivity was quantified as the mean value of the correlation 
map in each region, considering only positive correlations.

2.5. Gel electrophoresis and immunoblotting

Striatal samples from mice selected randomly from all the treated 
mice of each experimental group were homogenized in ice-cold 10 mM 
Tris HCl (pH 7.4), 1 mM EDTA and 300 mM KCl buffer containing a 
protease inhibitor cocktail (Roche Molecular Systems, USA). The ho-
mogenates were centrifuged for 10 min at 1000 ×g. The resulting su-
pernatants were centrifuged for 30 min at 12,000 ×g and the pellets 
were resuspended in 50 mM Tris HCl (pH 7.4) and 10 mM MgCl solution. 
Protein concentration was determined using the BCA protein assay kit 
(Thermo Fisher Scientific, Inc., Rockford, IL, USA) and equal amounts of 
protein (10 μg) for each sample were loaded and separated by electro-
phoresis on sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) (10 %) gels. Proteins were transferred to Hybond®-LFP 
polyvinylidene difluoride (PVDF) membranes (GE Healthcare, Chicago, 
IL, USA) using a Trans-Blot® SD semidry transfer cell (Bio-Rad, Hercu-
les, CA, USA). Then, PVDF membranes were blocked with 5 % non-fat 
milk in phosphate buffered saline (PBS) buffer containing 0.05 % 
Tween-20 (PBS-T) for 45 min. After washing, membranes loaded with 
the striatal samples were incubated overnight at 4 ◦C with rabbit poly-
clonal anti-CB1R (1:1500; Frontier Institute Co. Ltd., Shinko-nishi, Ish-
ikari, Hokkaido, Japan), mouse monoclonal anti-A2AR (1:1000, Santa 
Cruz Biotechnology, Dallas, TX, USA, sc-32,261), rabbit polyclonal anti- 

Fig. 1. (A) Schematic representation of the experimental design showing the treatment period with THC (5 mg/kg/day, i.p.) or vehicle (VEH) during adolescence 
(from PND 28 to PND 60) or adulthood (from PND 120 to PND 152) and the behavioral characterization of mice two months after the end of the chronic treatment. 
(B) Anxiety levels of treated mice were evaluated in the elevated plus maze (EPM). No significant changes in the time spent in open arms (%) were observed between 
the different experimental groups. (C) Memory performance of mice was evaluated in the novel object recognition test in a V-maze. A significant reduction in the 
discrimination index was observed in male and female mice treated with THC during adulthood. (D) Sociability (left) and social memory (right) indexes were 
assessed by the three-chamber test. Animals treated with THC during adolescence showed a significant sociability deficit later in life. No significant differences were 
observed in the social memory index between groups. (E) Sensorimotor gating was evaluated by the prepulse inhibition (PPI) of the acoustic startle test. Data show 
the percentage (%) of PPI response to a 120 dB acoustic stimulus preceded by an 80 dB prepulse. No significant differences between groups were observed in 
sensorimotor gating. Data are expressed as the mean ± SEM (n = 8–13/group). (F) Clustering analysis of % PPI 80 dB performed by the two-step cluster method 
identified two populations of mice, one vulnerable (low %PPI) and other resilient (high %PPI) to deficits in sensorimotor gating. A significantly higher proportion of 
the vulnerable population was found in mice exposed to THC during adolescence (χ2, * p < 0.05). The vulnerable population has a higher amount of male than 
female. (G) An increased relative risk (RR) was observed when the age of exposure to THC was adolescence. T***: Treatment effect, p < 0.001; S: Sex effect; T x S: 
Treatment x sex interaction.
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D2R (1:1500; Frontier Institute Co. Ltd) and goat polyclonal anti-DAT 
(1:1000; Santa Cruz, sc-1433) antibodies in blocking solution over-
night at 4 ◦C. Protein loading was monitored using an antibody against 
beta-tubulin (1:10000, Abcam, Cambridge, UK). PVDF membranes were 
washed with PBS-T three times (5 min each) before incubation with 
either a horseradish peroxidase (HRP)-conjugated goat antirabbit IgG 
(1/30000; Pierce Biotechnology, Rockford, IL, USA), HRP-conjugated 
rabbit anti-goat IgG (1/10000; Pierce Biotechnology) or HRP- 
conjugated goat anti-mouse (Thermo Fisher Scientific) in blocking so-
lution at room temperature for 2 h. After washing the PVDF membranes 
with PBS-T 20 three times (5 min each), the immunoreactive bands were 
developed using a chemiluminescent detection kit (Thermo Fisher Sci-
entific) and were detected with an Amersham Imager 600 (GE Health-
care Europe GmbH, Barcelona, Spain). Densitometric quantification was 
carried out with Image J (NIH, US). Bands were normalized to beta- 
tubulin.

2.6. Statistical analyses

Statistical analysis was performed with GraphPad Prism 9 (RRID:
SCR_002798; San Diego, CA, USA). Statistical difference was set at p <
0.05. The number of samples/animals (n) in each group is indicated in 
the corresponding figure legend. Data normality was assessed using the 
Shapiro–Wilk test. Univariate outliers were assessed using the Grubbs's 
test, while multivariate outliers were detected by the Mahalanobis dis-
tance method. Comparisons between experimental groups were per-
formed by two-way ANOVA with treatment and sex as between factors 
(behavioral test results, immunoblotting quantifications and fMRI re-
sults), followed by Tukey's post hoc when required. Pearson's correlation 
coefficients were calculated because all data were parametric. Correla-
tions were statistically compared using the R Studio package cocor 
(Diedenhofen and Musch, 2015).

Clustering analyses were performed using IBM SPSS Statistics v24.0 
software (Systat Software Inc., Chicago, IL, USA). Two-step cluster 
analysis was used to classify the entire cohort of animals according to 
their higher/lower %PPI 80 dB. Bayesian Criterion (BIC) was used to 
estimate of the maximum number of clusters, whereas the Euclidean 
method was used as a distance measure. To avoid bias in our data set, we 
did not predetermine the number of clusters. Chi-square analyses were 
performed to compare the percentage of mice in each cluster per treat-
ment group. The effect size was calculated and expressed as the relative 
risk.

3. Results

3.1. Behavioral effects of chronic exposure to THC in adolescent and 
adult mice

Chronic THC treatment during adolescence or adulthood (Fig. 1A) 
did not produce any long-lasting alteration in the anxiety levels of male 
and female mice measured in the EPM (Fig. 1B). On the contrary, ani-
mals exposed to THC during adulthood, but not during adolescence, 
exhibited memory impairment in NORT later in life (Fig. 1C). Thus, two- 
way ANOVA revealed a significant effect of treatment (F(1,34) = 33.63, p 
< 0.0001) in these animals characterized by a decrease in the discrim-
ination index in both male and female animals chronically treated with 
THC during adulthood when compared to vehicle-treated mice.

Sociability and social memory deficits were evaluated in the three- 
chamber test. Two-way ANOVA revealed a treatment effect (F(1,35) =

20.32, p < 0.0001) in animals exposed to THC during adolescence, but 
not during adulthood, and a tendency (F(1, 35) = 3.384, p = 0.07) for the 
interaction between treatment and sex in the sociability index. Thus, 
animals chronically treated with THC during adolescence exhibited a 
reduced sociability index in adulthood, showing no greater interest in 
exploring a novel mouse than a novel inanimate object, a deficit that was 
more pronounced in male mice (Fig. 1D, left panel). No significant 

changes in social memory were observed in any of the experimental 
groups (Fig. 1D, right panel).

Impairments of PPI, a sensorimotor gating process, are observed in 
patients with schizophrenia (San-Martin et al., 2020) and in patients 
suffering cannabis-induced psychotic symptoms (Morales-Muñoz et al., 
2014). In our experimental conditions, no significant PPI deficits were 
observed in any experimental group at any of the prepulse intensities 
evaluated, independently of the age when mice were exposed to THC or 
their sex (Fig. 1E shows representative results with 80 dB prepulse in-
tensity). Similarly, no differences were observed between the groups in 
the startle response to any pulse intensity tested (data not shown). 
Statistical details of all the behavioral tests are included in Supple-
mentary Table 1. However, clustering analysis identified two pop-
ulations of mice, one vulnerable (low %PPI) and another resilient (high 
%PPI) to sensorimotor gating deficits. Interestingly, a significantly 
higher proportion of the vulnerable population was found only in mice 
exposed to THC during adolescence (χ2

(1) = 4.452, p < 0.05). Among 
these vulnerable mice treated with THC during adolescence, 67.7 % 
were males, revealing a sex-dependent predisposition to develop 
sensorimotor gating impairment in adolescent mice exposed to this drug 
(Fig. 1F). Estimating the relative risk of developing sensorimotor gating 
impairment revealed that mice exposed to THC during adolescence, but 
not during adulthood, were 4.02 times more likely to belong to the 
vulnerable group (low %PPI 80 dB) than those exposed to vehicle 
(Fig. 1G).

3.2. THC exposure during adolescence creates an imbalance between 
D2R, CB1R and A2AR

Striatal dopamine dysfunction induced by THC is believed to be the 
basis for psychotic symptoms in cannabis users (Kuepper et al., 2010) 
and can be modulated by the adenosinergic system (Soria et al., 2004; 
Borgkvist et al., 2008; Justinová et al., 2011). Thus, we evaluated some 
key components of the dopaminergic, adenosinergic, and endocanna-
binoid systems in striatal samples of treated mice by immunoblotting 
(Fig. 2). Specifically, we determined the protein density of D2R, A2AR, 
CB1R and the DA transporter (DAT). Two-way ANOVA revealed a sig-
nificant effect of treatment in the levels of A2AR (F(1,19) = 7.17, p <
0.05), CB1R (F(1,19) = 6.23, p < 0.05), and DAT (F(1,17) = 4.33, p = 0.05) 
during adulthood, but not during adolescence, in mice (Fig. 2B). Sta-
tistical details of immunoblotting results are included in Supplementary 
Table 2.

As we hypothesized that an imbalance between these receptors could 
lead to psychotic-like alterations, we analyzed the correlations between 
their relative density. We observed a positive correlation between the 
density of D2R and A2AR, D2R, and CB1R, as well as A2AR and CB1R in 
striatal samples in vehicle-treated animals regardless of age at the 
beginning of treatment (statistics are detailed in Fig. 2C). Interestingly, 
these correlations disappeared in mice that were treated with THC 
during adolescence, except the CB1R and A2AR correlation that was 
preserved. Animals treated with THC during adulthood showed weaker 
correlations than those observed in vehicle-treated animals, but only the 
CB1R-A2AR correlation was significantly lower (p < 0.05).

3.3. Long-term THC did not affect global brain network, but alters 
cortico-striatal connectivity in males exposed to THC during adolescence

Graph theory enables to quantify global network metrics and 
consequently to investigate the whole-brain network reorganization 
rather than isolated changes in the connectivity between specific brain 
areas21 and facilitates the characterization of the connectivity between a 
specific region and the rest of the brain (Muñoz-Moreno et al., 2019). In 
this study, we use graph theory to explore the impact of exposure to THC 
during adolescence and adulthood on both global and regional func-
tional network metrics, focusing on the NAc and CPu networks. 
Weighted and binary measures were calculated for both hemispheres. 
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Regarding global brain networks, no statistically significant differences 
in global efficiency, local efficiency, clustering coefficient, or strength 
between groups were found after FDR correction (Table 1). Similarly, 
when we target NAc or CPu, no statistically significant differences in 
efficiency, clustering coefficient, or strength between groups were found 
after FDR correction (Table 1).

Next, we evaluated the changes in the functional connectivity be-
tween specific brain areas induced by chronic treatment with THC 
during adolescence or adulthood and the potential correlation with the 

observed behavioral alterations (Fig. 3). We performed a seed-based 
analysis of functional connectivity between NAc or CPu and selected 
brain regions previously described as involved in the development of 
psychotic-associated behaviors (Sabaroedin et al., 2023). Our results 
reveal alterations in the functional connectivity between left NAc and 
the left Enr, Pir, Ins cluster (treatment effect: F(1,33) = 10.67, p < 0.05),), 
the left (sex effect: F(1,33) = 10.22, p < 0.05) and right (treatment effect: 
F(1,33) = 8.87, p < 0.05) cingulate cortex, left (treatment and sex 
interaction: F(1,32) = 9.12, p < 0.05) and right (sex effect: F(1,31) = 10.73, 

Fig. 2. Immunoblot detection of D2R, CB1R, A2AR and DAT in the striatum of male and female mice treated with THC or vehicle (VEH) during adolescence or 
adulthood. (A) Representative immunoblots showing the density of D2R, CB1R, A2AR, DAT in striatal membrane fractions and corresponding β-tubulin loading 
control. Striatal membranes were analyzed by SDS-PAGE (10 μg of protein/lane) and immunoblotted using rabbit anti-D2R, mouse anti-A2AR, rabbit anti-CB1R, goat 
anti-DAT and rabbit anti- β-tubulin antibodies (see Methods). (B) Relative quantification of D2R, A2AR, CB1R, and DAT. The immunoblot protein bands corresponding 
to D2R, A2AR, CB1R and DAT from male and female mice treated with THC or vehicle (VEH) during adolescence or adulthood (n = 5–6) were quantified by 
densitometric scanning. Values were normalized to the respective amount of β-tubulin in each lane to correct for protein loading. Results are expressed as percentage 
(mean ± SEM) and referred to VEH-treated male mice at each specific age. No significant effects were observed except for treatment in the expression of A2AR, CB1R 
and DAT in animals treated during adulthood. T*: Treatment effect, p < 0.05 (C) Bivariate correlations between D2R, CB1R and A2AR reveal a positive correlation 
between the expression of D2R and A2AR, D2R and CB1R, as well as A2AR and CB1R in striatal samples in the VEH-treated animals independently of the age at the 
beginning of the treatment. That positive correlations disappeared in those mice that were treated with THC during adolescence, except the CB1R and A2AR cor-
relation, and were lower in animals treated with THC during adulthood compared to their corresponding VEH-treated control mice. * p < 0.05 comparison between 
treatment groups.
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p < 0.05) mPFC in the animals treated with THC during adolescence 
(Fig. 3A and C), but not during the adulthood (Fig. 3B and D). Subse-
quent post hoc analyses revealed a lower connectivity between the left 
NAc and the left mPFC (q < 0.05) in male mice exposed to THC during 
adolescence compared to the vehicle control group. Moreover, a sig-
nificant reduction in the functional connectivity between left NAc and 
the and left mPFC (q < 0.01) was found in female compared to male 
animals treated with vehicle during adolescence. No statistically sig-
nificant differences were observed in functional connectivity between 
CPu and any region of interest in any case, despite a tendency to a 
reduction in functional connectivity of this seed area in animals treated 
during adolescence (Supplementary Fig. 1). Statistical details of this 
seed-based analysis of functional connectivity are included in Supple-
mentary Tables 3 (treatment during adolescence) and 4 (treatment 
during adulthood).

Interestingly, the functional connectivity of the left CPu with the 
right CgC, the right Hipp, and the right mPFC, as well as the right CPu 
with the right and left CgC, the right and left Hipp, the right and left 
motor cortex, the left sensory cortex, and the parietal association were 
significantly correlated with the social interaction data (q < 0.05 in all 
cases), suggesting an anatomical substrate for the observed THC- 

induced alterations in social interaction in treated mice. Statistical de-
tails of the correlations between functional connectivity and behavior 
are included in Table 2.

4. Discussion

Exposure to THC during adolescence has been suggested to cause 
significant long-lasting changes in brain that are associated to an 
increased risk of developing psychotic symptoms. However, these THC- 
mediated plastic changes during this critical window for brain matura-
tion are still poorly understood. This study provides compelling evi-
dence of long-lasting, sex- and age-dependent behavioral, molecular, 
and brain functional connectivity alterations induced by chronic expo-
sure to THC in mice. Specifically, daily exposure during adolescence (30 
days) to a single dose of THC (5 mg/kg) induced sociability deficits and 
increased the risk of developing sensorimotor gating impairment during 
adulthood in male mice. It is relevant to note that this THC dose pro-
duces peaks in plasma concentrations in both adolescent and adult mice 
that are quantitatively comparable to those observed in adult nonmed-
ical cannabis smokers (Torrens et al., 2020). Similarly, it is remarkable 
that those deleterious effects appear in the adulthood after a relatively 

Table 1 
Functional network metrics of THC-treated mice during adolescence and adulthood.

Mice exposed to THC during adolescence Mice exposed to THC during adulthood

VEH male VEH female THC male THC female VEH male VEH female THC male THC female

(A) Global network metrics
Weigthed

Global efficiency 0.099 ± 0.002 0.103 ± 0.002 0.100 ± 0.001 0.099 ± 0.001 0.104 ± 0.002 0.100 ± 0.002 0.102 ± 0.002 0.101 ± 0.002
Local efficiency 0.103 ± 0.002 0.105 ± 0.001 0.104 ± 0.001 0.104 ± 0.001 0.111 ± 0.002 0.108 ± 0.003 0.108 ± 0.002 0.104 ± 0.002
Clustering 

coefficient 0.094 ± 0.001 0.096 ± 0.001 0.095 ± 0.002 0.093 ± 0.001 0.096 ± 0.001 0.093 ± 0.001 0.095 ± 0.001 0.095 ± 0.002

Network strenght
10.350 ±
0.042

10.420 ±
0.037

10.370 ±
0.021

10.380 ±
0.023

10.470 ±
0.033

10.450 ±
0.066

10.450 ±
0.032

10.400 ±
0.042

Binary
Global efficiency 0.770 ± 0.001 0.767 ± 0.003 0.767 ± 0.002 0.774 ± 0.002 0.766 ± 0.002 0.770 ± 0.002 0.771 ± 0.002 0.772 ± 0.002
Local efficiency 0.768 ± 0.002 0.766 ± 0.002 0.766 ± 0.002 0.771 ± 0.002 0.767 ± 0.002 0.769 ± 0.002 0.770 ± 0.002 0.769 ± 0.002
Clustering 

coefficient
0.585 ± 0.003 0.580 ± 0.005 0.581 ± 0.004 0.594 ± 0.004 0.583 ± 0.003 0.586 ± 0.004 0.587 ± 0.004 0.589 ± 0.004

Network degree
22.970 ±
0.124

22.800 ±
0.182

22.810 ±
0.153

23.180 ±
0.165

22.880 ±
0.162

23.090 ±
0.179

23.150 ±
0.151

23.040 ±
0.178

(B) Regional network metrics - Nucleus accumbens
LEFT

Weigthed
Clustering 

coefficient 0.094 ± 0.004 0.096 ± 0.004 0.087 ± 0.003 0.089 ± 0.004 0.087 ± 0.004 0.095 ± 0.004 0.093 ± 0.006 0.090 ± 0.003

Network strenght
10.210 ±
0.112

10.350 ±
0.068

10.480 ±
0.035

10.500 ±
0.111

10.320 ±
0.063

10.450 ±
0.149

10.340 ±
0.107

10.420 ±
0.093

Efficiency 0.097 ± 0.004 0.103 ± 0.003 0.101 ± 0.005 0.099 ± 0.004 0.096 ± 0.004 0.103 ± 0.004 0.100 ± 0.006 0.097 ± 0.004
Binary

Clustering 
coefficient 0.607 ± 0.010 0.584 ± 0.009 0.579 ± 0.005 0.579 ± 0.009 0.581 ± 0.008 0.590 ± 0.008 0.590 ± 0.012 0.590 ± 0.009

Network degree
22.560 ±
0.503

23.000 ±
0.799

23.890 ±
0.754

24.600 ±
0.733

23.880 ±
0.693

24.290 ±
0.522

23.100 ±
0.823

23.290 ±
0.808

Efficiency 0.780 ± 0.005 0.769 ± 0.005 0.767 ± 0.002 0.768 ± 0.004 0.768 ± 0.004 0.773 ± 0.004 0.772 ± 0.006 0.772 ± 0.005
(C) Regional network metrics - Caudate Putamen
LEFT

Weigthed
Clustering 

coefficient
0.093 ±
0.0035 0.090 ± 0.003 0.094 ± 0.004 0.092 ± 0.003 0.108 ± 0.007 0.088 ± 0.004 0.102 ± 0.005 0.098 ± 0.004

Network strenght 9.995 ± 0.073
10.200 ±
0.068

10.140 ±
0.083

10.030 ±
0.054

10.190 ±
0.101

10.010 ±
0.031

10.080 ±
0.066

10.180 ±
0.110

Efficiency 0.093 ± 0.003 0.096 ± 0.002 0.098 ± 0.003 0.093 ± 0.002 0.108 ± 0.006 0.089 ± 0.002 0.101 ± 0.003 0.096 ± 0.002
Binary

Clustering 
coefficient 0.603 ± 0.007 0.584 ± 0.012 0.598 ± 0.011 0.605 ± 0.011 0.580 ± 0.006 0.605 ± 0.013 0.604 ± 0.007 0.594 ± 0.014

Network degree
22.000 ±
0.667

23.220 ±
0.863

22.110 ±
0.484

21.670 ±
0.333

20.380 ±
0.944

22.630 ±
0.778

21.400 ±
0.921

21.860 ±
0.962

Efficiency 0.777 ± 0.003 0.764 ± 0.003 0.775 ± 0.005 0.779 ± 0.006 0.764 ± 0.004 0.779 ± 0.006 0.777 ± 0.004 0.773 ± 0.006

(A) Global network metrics of the functional connectomes. Global metrics of the weighted (A.1) and binary (A.2) functional connectome. (B) Regional network metrics 
of the functional connectomes. Functional regional network metrics of the weighted (B.1) and binary (B.2) functional connectome. No statistically significant dif-
ferences between groups were found after FDR correction. Mean + SEM (n = 6–10 per group)
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Fig. 3. (A-B) Average functional connectivity (FC) maps of left nucleus accumbens (NAc) in male and female mice exposed to THC or vehicle (VEH) during 
adolescence (A) and adulthood (B). Color maps represent the average correlation value when >0.12. (C–D) Average functional connectivity of the left NAc with 
some of brain areas analyzed from the left hemisphere (intrahemispheric, left panels) and the right hemisphere (interhemispheric, right panels) are represented in 
mice exposed to THC or vehicle (VEH) during adolescence (C) and adulthood (D). Each point represents data from an individual mouse. Data are mean ± SEM (n =
9–10/group). *q < 0.05, **q < 0.01 difference between indicated groups. CgC, cingulate cortex; Ent, entorhinal cortex; Hipp, hippocampus; mPFC, medial prefrontal 
cortex; Pir, piriform cortex. T*: Treatment effect, p < 0.05; S*: Sex effect, p < 0.05; T x S*: Treatment x Sex interaction, p < 0.05.
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short daily brain exposure to THC during the adolescence, since this 
compound has an elimination half-life (t₁/₂) of 2 h in the mouse brain 
(Torrens et al., 2020). In addition, this chronic treatment with THC 
during the adolescence caused an imbalance between the striatal 
dopaminergic, cannabinoid, and adenosinergic systems later in adult 
mice. Importantly, exposure to THC during adolescence induced long- 
term cortico-striatal dysconnectivity, which was correlated with 
impaired social interactions occurring later in adulthood. Additionally, 
male and female mice chronically treated with THC during adulthood 
exhibited memory deficits later in life.

Interestingly, our results showing that chronic THC treatment during 
adolescence, but not during adulthood, reduced sociability in adulthood 
in male mice agree with some previous preclinical studies addressing 
this issue (Rubino and Parolaro, 2016; Renard et al., 2017), and mimic 
the sociability problems reported by chronic cannabis users (Blair et al., 
2021). On the contrary, exposure to THC during adolescence in our 
experimental conditions did not influence memory performance later in 
life, despite previous findings associated exposure to adolescent THC 
with cognitive impairment in adult mice (Renard et al., 2014). However, 
this apparent discrepancy could be explained by the fact that we 

evaluated mice treated with THC during adolescence two months after 
the end of the treatment and previous reports demonstrated that 
cognitive impairment caused by a synthetic cannabinoid in adolescent 
rodents (Schneider and Koch, 2003) and THC in humans (Meier et al., 
2012) can be reversed by sustained abstinence (Gorey et al., 2019; Tait 
et al., 2011). Interestingly, that long washout period was not enough to 
mitigate memory impairment in male and female mice treated with THC 
during adulthood. Although previous preclinical (Aso et al., 2015) and 
clinical studies (Mokrysz et al., 2016) suggested that chronic exposure to 
THC can also cause cognitive decline in adults, the present study is the 
first to report THC-induced memory alterations after such a prolonged 
period of abstinence in mice and warns about the detrimental chronic 
effects of recreational doses of THC during adulthood, which have been 
poorly investigated (Weinstein and Sznitman, 2020; Livne et al., 2023). 
Future research is planned to investigate the specific neurochemical and 
anatomical substrates underlying these cognitive impairments in mice 
chronically exposed to high doses of THC during adulthood.

Sensorimotor gating deficits measured by the PPI of the startle reflex 
are present in patients (San-Martin et al., 2020) and animal models (Van 
Den Buuse, 2010) of psychotic disorders including those related to 

Table 2 
Correlations between behavior and functional connectivity.

%PPI % 
Topen

NORT SI SMI %PPI % 
Topen

NORT SI SMI

Intrahemispheric Interhemispheric

Seed region Seed region
Caudate-putamen left Caudate-putamen left
Targeted areas Targeted areas
Entorhinal Piriform 

Insular left
p- 
value N.S. N.S. N.S. 0.057 N.S.

Entorhinal Piriform 
Insular right

p- 
value N.S. N.S. N.S. N.S. N.S.

r 0.128 0.033 − 0.195 0.378 − 0.122 r 0.100 0.103 − 0.126 0.276 − 0.109

Cingulate left
p- 
value N.S. N.S. N.S. N.S. N.S. cingulate right

p- 
value N.S. N.S. N.S.

p < 
0.05 N.S.

r 0.028 0.123 − 0.197 0.283 − 0.039 r 0.123 0.092 − 0.131 0.405 − 0.129

Hippocampus left
p- 
value N.S. N.S. N.S. N.S. N.S. hippocampus right

p- 
value N.S. N.S. N.S.

p < 
0.05 N.S.

r 0.048 0.046 0.034 0.220 − 0.217 r 0.147 0.007 − 0.197 0.383 − 0.167

mPFC left
p- 
value N.S. N.S. N.S. N.S. N.S. mPFC right

p- 
value N.S. N.S. N.S.

p < 
0.05 N.S.

r − 0.009 0.039 − 0.212 0.196 0.004 r 0.034 0.138 − 0.221 0.371 − 0.096

Motor cortex left
p- 
value N.S. N.S. N.S. N.S. N.S. motor cortex right

p- 
value N.S. N.S. N.S. N.S. N.S.

r 0.037 0.108 − 0.123 0.245 − 0.061 r 0.066 0.155 − 0.179 0.276 − 0.073
Sensory cortex +

parietal association 
left

p- 
value N.S. N.S. N.S. N.S. N.S.

sensory cortex +
parietal association 
right

p- 
value N.S. N.S. N.S. N.S. N.S.

r 0.043 0.017 − 0.082 0.271 − 0.223 r 0.162 − 0.036 − 0.016 0.205 − 0.151

Seed region Seed region
Nucleus accumbens 

left Nucleus accumbens left
Targeted areas Targeted areas
Entorhinal Piriform 

Insular left
p- 
value N.S. N.S. N.S. N.S. N.S.

Entorhinal Piriform 
Insular right

p- 
value N.S. N.S. N.S. N.S. N.S.

r 0.169 0.038 − 0.105 0.296 − 0.019 r 0.118 0.052 − 0.101 0.222 0.073

Cingulate left
p- 
value N.S. N.S. N.S. 0.069 N.S. cingulate right

p- 
value N.S. N.S. N.S. N.S. N.S.

r 0.022 0.064 − 0.160 0.372 − 0.008 r 0.093 − 0.117 − 0.074 0.314 − 0.086

Hippocampus left
p- 
value N.S. N.S. N.S. N.S. N.S. hippocampus right

p- 
value N.S. N.S. N.S. N.S. N.S.

r 0.013 0.082 − 0.194 0.268 − 0.009 r 0.035 0.125 − 0.080 0.253 0.141

mPFC left
p- 
value N.S. N.S. N.S. N.S. N.S. mPFC right

p- 
value N.S. N.S. N.S. N.S. N.S.

r 0.044 0.210 − 0.279 0.277 0.037 r 0.068 − 0.004 − 0.272 0.238 0.011

Motor cortex left
p- 
value N.S. N.S. N.S. N.S. N.S. motor cortex right

p- 
value N.S. N.S. N.S. N.S. N.S.

r 0.005 0.115 − 0.035 0.219 0.031 r 0.094 0.061 − 0.053 0.197 − 0.073
Sensory cortex +

parietal association 
left

p- 
value N.S. N.S. N.S. N.S. N.S.

sensory cortex +
parietal association 
right

p- 
value N.S. N.S. N.S. N.S. N.S.

r 0.098 0.067 − 0.021 0.214 0.031 r 0.204 − 0.004 − 0.168 0.075 0.058

L. Gómez-Acero et al.                                                                                                                                                                                                                          Progress in Neuropsychopharmacology & Biological Psychiatry 140 (2025) 111422 

9 



cannabis consumption (Morales-Muñoz et al., 2014), among other 
mental illnesses, and are considered to reflect alterations in the limbic- 
motor circuitry that regulates the capacity to properly filter out non- 
relevant sensory information from the external environment 
(Swerdlow et al., 2016). Our study reports that THC administration 
during adolescence did not induce global sensorimotor gating deficits in 
adult mice, in line with some previous studies (Llorente-Berzal et al., 
2013; Poulia et al., 2021; Silva et al., 2016) but in contrast to some 
others (Renard et al., 2017; Abboussi et al., 2014; Abela et al., 2019). 
These contrasting findings could be explained by the fact that the PPI is 
very sensitive to a long list of variables, even within healthy populations 
(Swerdlow et al., 2016), so slightly different experimental conditions 
could lead to apparently opposing results. However, a clustering anal-
ysis of our results revealed that two significantly different populations 
can be identified among mice based on their PPI response (i.e. high PPI 
vs low PPI, or resilient vs vulnerable to sensorimotor gating deficits, 
respectively). Remarkedly, our data reveal a significantly higher pro-
portion of the vulnerable population among mice exposed to THC during 
adolescence than during adulthood, which correlates with a higher 
relative risk of developing that sensorimotor gating impairment of mice 
exposed to THC during adolescence, but not during adulthood. Although 
the percentage of vulnerable mice was relatively low (≈26 %), our re-
sults align with epidemiological data showing that, even though only a 
small minority of cannabis users develop psychotic symptoms (Gage 
et al., 2016), there is a strong association between daily cannabis use 
during adolescence and increased rates of psychotic disorders (Di Forti 
et al., 2019). Multiple factors contribute to individual vulnerability to 
develop such psychotic symptoms, including patterns of cannabis use, 
exposure to childhood trauma, concurrent use of other drugs, genetic 
factors and, importantly, the age of onset of cannabis use, as well as sex 
(van der Steur et al., 2020; Kiburi et al., 2021). The greater vulnerability 
to the deleterious effects of THC in male mice suggested by our results, 
which resembles what occurs among cannabis users (Kiburi et al., 2021; 
Kozak et al., 2021; Leadbeater et al., 2019), could be related to the low 
circulating levels of estrogens in these animals. Indeed, these gonadal 
hormones are hypothesized to confer protection against psychotic 
symptoms and other neuropsychiatric signs associated with cannabis use 
(Prieto-Arenas et al., 2022).

Considering that psychotic symptoms in cannabis users have been 
associated with striatal dopamine dysfunction (Kuepper et al., 2010) 
and the already known role of the adenosinergic and endocannabinoid 
systems in the control of dopaminergic activity (Bloomfield et al., 2016; 
Boison et al., 2012), we next explored some key components of these 
neurotransmitter systems as potential substrates underlying the delete-
rious effects of chronic exposure to THC observed in mice. Our most 
remarkable finding is that, even though the total amount of each specific 
receptor is not altered in those adult mice treated with THC during the 
adolescence, a positive correlation between the levels of D2R-A2AR, D2R- 
CB1R exists in striatal samples from all experimental groups except in 
those mice that were treated with THC during adolescence, in which no 
significant correlations were identified except for levels of CB1R and 
A2AR. These results suggest that an accurate balance between D2R and 
A2AR/CB1R expression could be instrumental in the precise regulation of 
striatal dopaminergic activity and that a perturbation of this equilibrium 
could underlie behavioral alterations. In this sense, previous findings 
revealed that deficiencies in the expression of D2R (Lee et al., 2018), 
A2AR (López-Cruz et al., 2017) and CB1R (Fyke et al., 2021), which are 
supposed to alter the balance between all three receptors, lead to altered 
sociability abilities in mice, as observed in adult mice exposed to THC 
during adolescence in the present study. Similarly, an imbalance be-
tween A2AR and D2R has been observed in striatal samples from pre-
clinical models exhibiting sensorimotor gating deficits and in patients 
with schizophrenia (Valle-León et al., 2021). These results point to the 
D2R, A2AR and CB1R equilibrium as a potential target to reverse or 
prevent the behavioral alterations induced by cannabis abuse.

To our knowledge, this is the first study conducted in mice that 

explores the long-term consequences of chronic exposure to THC in 
functional brain connectivity. Previous studies addressing the conse-
quences of exposure to THC during adolescence reported short-term 
functional connectivity alterations, mainly in the hippocampal cir-
cuitry, but did not follow those animals until adulthood (Coleman et al., 
2022). Our results revealed no differences between experimental groups 
in the global brain connectivity, but a significant cortico-striatal dys-
connectivity in the adulthood induced by exposure to THC during 
adolescence. Similar functional connectivity deficits have previously 
been described in cannabis users (Mason et al., 2019) and patients with 
schizophrenia (Sabaroedin et al., 2023). Specifically, these alterations 
were found in the connectivity between the NAc and mPFC, and between 
the NAc and the Ent, Pir, Ins clusters in the left hemisphere. Interest-
ingly, these deficits were limited to the limbic cortices, which are 
innervated by mesocortical DA (Berger et al., 1991). An equivalent 
dysconnectivity between the NAc and mPFC regions was previously 
reported in patients diagnosed with schizophrenia who used cannabis 
(Fischer et al., 2014; Thies et al., 2020). Notably, differences in func-
tional connectivity between hemispheres were found, which could be 
related to the decreased number of fibers in the corpus callosum con-
necting both hemispheres previously reported to be associated with 
long-term cannabis use (Zalesky et al., 2012). Importantly, our data 
provide evidence of a significant correlation between social interaction 
data and functional connectivity between certain cortico-striatal regions 
and the hippocampus, suggesting that these circuitries could contribute 
to the THC-induced alterations in social interaction in mice exposed to 
this drug during the adolescence. Additional research is required to fully 
establish the relationship between the functional connectivity alter-
ations and the behavioral and molecular alterations described here in 
adult mice chronically treated with THC during adolescence.

Overall, the present study provides novel insights into the neuro-
chemical and neuroanatomical bases of the long-lasting deleterious ef-
fects associated with THC exposure during adolescence using a murine 
model that replicates some of the fundamental traits of the detrimental 
consequences of cannabis abuse. Our results support the hypothesis that 
chronic use of THC during adolescence can interfere with developmental 
processes occurring in the brain circuits critical for appropriate infor-
mation processing in adulthood (Thies et al., 2020). Targeting such 
processes could be an optimal strategy to reduce the risk of developing 
neuropsychiatric disorders associated with adolescent cannabis 
exposure.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.pnpbp.2025.111422.
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