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Abstract

Several studies performed on human subjects have examined the effects of adolescent cannabis
consumption on brain structure or function using brain imaging techniques. However, the evi-
dence from these studies is usually heterogenous and affected by several confounding variables.
Animal models of adolescent cannabinoid exposure may help to overcome these difficulties. In
this exploratory study, we aim to increase our understanding of the protracted effects of ado-
lescent A°-tetrahydrocannabinol (THC) in rats of both sexes using magnetic resonance (MR)
to obtain volumetric data, assess grey and white matter microstructure with diffusion tensor
imaging (DTI) and measure brain metabolites with "H-MR spectroscopy (MRS); in addition, we
studied brain function using positron emission tomography (PET) with 2-deoxy-2-['®F]fluoro-p-
glucose as the tracer. THC-exposed rats exhibited volumetric and microstructural alterations
in the striatum, globus pallidus, lateral ventricles, thalamus, and septal nuclei in a sex-specific
manner. THC administration also reduced fractional anisotropy in several white matter tracts,
prominently in rostral sections, while in vivo MRS identified lower levels of cortical choline
compounds. THC-treated males had increased metabolism in the cerebellum and olfactory bulb
and decreased metabolism in the cingulate cortex. By contrast, THC-treated females showed
hypermetabolism in a cluster of voxels comprising the entorhinal piriform cortices and in the
cingulate cortex. These results indicate that mild THC exposure during adolescence leaves a
lingering mark on brain structure and function in a sex-dependant manner. Some of the changes
found here resemble those observed in human studies and highlight the importance of studying
sex-specific effects in cannabinoid research.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Besides alcohol and tobacco, cannabis derivatives are the
most widely used drugs, with increasing prevalence and
more commonly consumed by adolescents (United Nations
Office on Drugs and Crime, 2022).

Apart from the potential problems associated with acute
cannabis use and intoxication, long-lasting effects after re-
peated use are especially worrying and potentially com-
promising at the social level. Cannabis use disorders re-
main largely undertreated and, noteworthy, present a high
level of comorbidity with psychophysiological alterations
and mood disorders (Hasin et al., 2016). Prolonged cannabis
use has a facilitating effect on the onset of psychiatric
problems, including substance use disorders (Blanco et al.,
2016). Remarkably, early onset of cannabis consumption and
adolescent use is associated with cognitive impairments,
less evident in late-onset and adult users (Gruber et al.,
2012), and with structural changes in brain areas responsi-
ble for pleasure and reward (Worley, 2019).

Imaging techniques provide an excellent non-invasive
way to study the structure and function of the brain.
These technologies have already been broadly used to assess
reward-related behaviours and to characterise behavioural
endophenotypes of drug addiction (Jupp and Dalley, 2014).
Brain imaging studies have also extensively addressed the
effects of cannabinoids, frequently focusing on adolescent
and young adult users and/or the long-term effects of
cannabis (Ganzer et al., 2016).

Regarding the long-term effects of cannabis use,
white matter abnormalities are typically observed
(Hampton et al., 2019). This is particularly relevant since
proper white matter integrity is crucial for efficient com-
munication between brain regions, shaping cognitive and
behavioural performance (Fjell et al., 2011). A longitudinal
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study found that cannabis users displayed deviations from
the expected fractional anisotropy (FA) signal growth during
development; moreover, reduced longitudinal growth in
FA and functional impairment correlated with cannabis
intake (Becker et al., 2015). Another study found that
earlier age of cannabis use onset was associated with
lower white matter coherence (Orr et al., 2016). Notably,
this latter study also found volumetric alterations within
structures of the reward system linked to early age of onset
in cannabis use or consumption levels. In addition, cannabis
use may have a significant impact on the integrity of white
matter fibre tracts in the prefrontal region (Gruber and
Yurgelun-Todd, 2005). Other studies have also focused on
grey matter changes, showing that cannabis may affect the
density, volume, and shape of structures such as the nucleus
accumbens, hypothalamus, and amygdala (Gilman et al.,
2014). Additional structural and functional imaging studies
also provided clear evidence of long-term changes that
include structural differences in the brain after prolonged
periods of abstinence (9 out of 10 studies) and functional
activity (16 out of 17 studies) in the prefrontal and hip-
pocampal areas but also, in the cerebellum (Ganzer et al.,
2016). Blest-Hopley et al. (2018) performed a metanalysis
of the residual effects of cannabis use in both adolescent
and adult brains, excluding common effects following
cannabinoid challenge and confirmed the existence of
different patterns of brain activity in adult and adolescent
cannabis users.

However, the wide variety of research methodologies
and distinct demographic characteristics of the samples
hinder reaching conclusions. For example, age differences
amongst the samples and in the onset ages of cannabis
use, premorbid and comorbid variables, the patterns of
consumption and the heterogeneity of the periods of absti-
nence (when addressing non-acute effects), together with
the consideration of sex-specific variables, are amongst the
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most relevant sources of disparity. Given this situation, pre-
clinical research represents a valuable tool to shed light on
some aspects of the impact of adolescent cannabis use on
neurobiological changes. Despite their strong translational
relevance to human studies, preclinical research leveraging
on imaging studies is scarce. Although, some studies have
also employed imaging techniques to assess the effects of
cannabinoid exposure (Miederer et al., 2017; Nguyen et al.,
2012) to our knowledge only four imaging studies have been
performed so far that address long-term effects of ado-
lescent cannabinoid exposure. One recent study employed
magnetic resonance imaging (MRI) techniques in mice after
subjecting them to daily exposure to vaporised cannabis
during adolescence to study brain structure and function.
Marked sex differences were evident regarding the effects
of the cannabis treatment, being females more leant to
show changes in fractional anisotropy and apparent diffu-
sion coefficient signal in the forebrain and hindbrain. At the
same time, males tended to present functional coupling in-
creases in the thalamus, hypothalamus and brainstem retic-
ular activating system (Coleman et al., 2022). By contrast,
another study found no sex differences in the effects of the
chronic THC treatment during adolescence in mice, which
were short-lived and disappeared after a washout period
(Guma et al., 2023) The other two of them were performed
by us. They used a fluorodeoxyglucose (['®F]-FDG) positron
emission tomography (PET) scan on two similar animal
models focused on the long-term effects of periadolescent
exposure to cannabinoids (Higuera-Matas et al., 2011,
2008). In these studies, clear sex-dependant outcomes
were detected. Still, there are other known protracted out-
comes of adolescent cannabis use in humans that have been
detected in clinical settings but have not been replicated
yet in animal model studies using brain imaging techniques.
Consequently, to gain a deeper understanding of the long-
term sex-specific effects of adolescent THC exposure, we
performed a series of imaging studies to explore the pres-
ence of alterations in adult animals induced by chronic THC
treatment during adolescence. It is important to note that
this study is exploratory in nature, aiming to identify poten-
tial alterations in brain structure and function induced by
chronic THC exposure during adolescence in rats. The brain
regions of interest were selected on previous extensive re-
search in the field demonstrating that they are affected by
cannabinoid exposure in both human and animal studies.

2. Experimental procedures
2.1. Animals
Wistar albino (from Charles-River S.A. Saint-Germain-sur-

U’Arbresle, France) rat litters were sex-balanced and culled to
a litter size of 10 & 2 pups per dam between postnatal day -PND-0
and PND1. The animals were weaned at PND22 and placed in differ-
ent cages of 2 or 3 sibling animals for each experimental group (sex
and treatment). In the MRI experiment, male rats weighed 73.67 g
on average at the beginning of THC/vehicle treatment (see below)
while females weighed 68.87 g on average. In the PET experiment,
the average body weight of the females was 73.04 g and the mean
body weight of the males was 80.25 g. All animals were maintained
at a constant temperature (20+2 °C) under a reverse 12 h/12 h
light/dark cycle (lights on at 20:00 h), with free access to food and
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water (commercial diet for rodents A04/A03; Panlab, Barcelona,
Spain), unless otherwise specified at the beginning of some of the
experimental procedures. Importantly, all efforts were made to
minimise the pain and discomfort of the experimental animals.
All the procedures were conducted following the European Union
legislation on the protection of animals used for scientific purposes
(2010/63/EU Directive). They were approved by the Ethics Board of
the Universidad Nacional de Educacion a Distancia and the Centre
for Energy, Environmental and Technological Research (CIEMAT).

2.2. Adolescent THC treatment

THC was purchased from THCPharm (Frankfurt, Germany) as resin
and dissolved in pure ethanol (Merck). The THC-ethanol solutions
were aliquoted into opaque vials filled with nitrogen to avoid oxi-
dation and stored at —20 °C 1-2 days prior to the beginning of the
adolescent THC treatment. Pure ethanol was similarly aliquoted
and stored. On the treatment days, the final solution was pre-
pared by adding kolliphor (PEG-35 castor oil; Merck) and saline
(0.9% NaCl solution; Vitulia, Spain) in a 1:1:18 proportion. Ani-
mals were weighed and then received an intraperitoneal injection
(2 mL/kg) using a calibrated syringe, which delivered a dose of
3 mg/kg THC to the treatment groups. This THC dose is consid-
ered mild and non-aversive, although it can produce neurochem-
ical changes in synaptic plasticity in brain regions involved in re-
ward learning (Mato et al., 2005, 2004). Ethanol concentration in
the final solutions was 5%, with each animal receiving a dose of
approximately 0.0789 gr/kg, which does not induce significant be-
havioural effects (Frye and Breese, 1981). The equivalency of this
dose in human patterns of consumption would be similar to smok-
ing one or two marihuana cigarettes assuming a THC concentration
of around 8% (ElSohly et al., 2016; Walden and Earleywine, 2008).
The adolescent chronic THC treatment was performed every other
day from PND28 to PND44 in the MRI experiment and from PND38 to
PND54 in the PET study (see below). Fig. 1 shows a summary of the
experimental timelines of both experiments.

2.3. MRI

At PND80, 12 vehicle (VEH) rats (5 males and 7 females) and 16
THC rats (9 males and 7 females) underwent the MRI and spec-
troscopy studies at the Instituto de Investigaciones Biomédicas.
The MRI experiments were performed using a Bruker Pharmascan
system (Bruker Medical Gmbh, Ettlingen, Germany) using a 7.0-T
horizontal-bore superconducting magnet equipped with a 'H se-
lective quadrature 40 mm coil and a Bruker gradient insert with
a 90 mm diameter (maximum intensity 36 G/cm). All data were ac-
quired using a Hewlett-Packard console running Paravision 5.1 soft-
ware (Bruker Medical Gmbh) operating on a Linux platform.

Within 5 days of counterbalancing the groups, all the rats were
tested. Animals were anaesthetised with a 2% isoflurane-oxygen
mixture in an induction chamber, and the flow of anaesthetic gas
was constantly regulated to maintain a heart rate of 50 &+ 20 bpm.
The animals were placed into the centre of the volume radio fre-
quency coil and positioned in the magnet under continuous inhala-
tion anaesthesia via a nose cone. A respiratory sensor connected to
a monitoring system (SA Instruments, Stony Brook, NY) was placed
under the abdomen to monitor the rate and depth of respiration.

2.3.1. Volumetry

T2-weighted (T2-W) spin-echo anatomical images were acquired
with a rapid acquisition with relaxation enhancement (RARE) se-
quence in axial and coronal orientations applying the following
parameters: TR, 3000 ms; TE, 44 ms; RARE factor, 8; Av, 3; FOV,
3.5 cm; acquisition matrix, 256 x 256 corresponding to an in-plane
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Fig. 1
PET experiments.

resolution of 136 x 136 um?; slice thickness, 1.50 mm which pro-
duced a total of 18 slices for axial and 8 for coronal images. Vol-
umetric analyses were made by manually selecting the region of
interest (ROI) of each anatomical image and then calculating the
area with Image J software. All measurements were obtained blind
to the animal’s experimental group to avoid bias. For the quanti-
tative analysis, total brain volume and the relative regional area
or volume were calculated for the dorsal striatum, nucleus ac-
cumbens, hippocampus, cerebral cortex, globus pallidus, thalamus,
amygdala, septal nuclei, and cerebellum, using ImageJ. In addition,
the volume occupied by each ventricle and the total ventricular vol-
ume, relative to the total and regional brain volume, respectively,
were also calculated.

2.3.2. DTI

Diffusion-weighted images were acquired with a spin-echo single-
shot echo-planar imaging (EPI) pulse sequence using the following
parameters: Repetition Time and Echo Time (TR/TE) 3500/40 ms;
averages 1; diffusion gradient duration 3.5 ms; diffusion gradient
separation 20 ms; gradient directions 7; two b values (100 and
1400s/mm?); slices thickness 1.5 mm without a gap. All the EPI
data were acquired with a single-shot EPI sequence, a 96 x 96 ma-
trix and a zero-filled in k space to construct a 128 x 128 image ma-
trix corresponding to an in-plane resolution of 273 x 273 pm?2. FA,
mean diffusivity (MD), trace, eigenvalues, and eigenvector maps
were calculated with an in-house software application written in
Matlab (R2007a). The values of these indices were extracted using
the Image J software in the maps obtained by manually selecting
ROIs in each slice and using the corresponding T2 anatomical image
and the Paxinos-Watson brain atlas as a reference. Grey matter val-
ues of FA and MD were obtained from the cingulate cortex, dorsal
striatum, nucleus accumbens, hippocampus, globus pallidus, thala-
mus and septal nuclei, and the white matter FA signal was obtained
from the corpus callosum, internal capsule and hippocampal com-
missure tracts.

2.3.3. 'H-MRS

After obtaining the T2 images, a '"H MR in vivo spectroscopy study of
the cerebral cortex and striatum was performed. The spectroscopy
protocol used a Point-Resolved Spatially Spectroscopy, combined
with VAriable Power radiofrequency pulses with Optimised Relax-
ation delays (VAPOUR) water suppression, applying the following
parameters: TR 3000 ms; TE 35 ms; Av 128; voxel volume 3 mm3.
First and Second-order shims were automatically adjusted using the
FASTMP application in a 4 mm?3 voxel. All 'H spectra were automat-
ically analysed using LCModel version 6.2-OR (Stephen Provencher,
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exposure

Experimental timelines. Timelines depicting the experimental manipulations and measurement timepoints in the MRI and

Oakville, ON; Canada). Statistical analysis was performed (see be-
low) with the concentration values of each metabolite relative to
creatine (Cr) + phosphocreatine (PCr) for those with a standard
deviation under 20%.

2.4. PET

A total of 24 rats (12 males (VH n = 6; THC n = 6) and 12 females
(VH n = 6; THC n = 6)) underwent two different PET scans, be-
fore and after the chronic THC exposure, at PND28 and again at
PND65. One male rat was lost during the imaging procedure result-
ing in a final group size of 5 VH males. PET-CT studies were per-
formed at the Centre for Energy, Environmental and Technological
Research (CIEMAT) in Madrid (Spain), using a small-animal PET-CT
apparatus (Argus, SEDECAL, Madrid, Spain). Static PET images were
obtained for 45 min 30 min post intravenous administration with
176 + 37 MBq/kg body weight of 2-deoxy-2-[18F] fluoro-b-glucose
(['8F]-FDG). Animals fasted 16 h prior to the injection of the tracer.

Static PET images were obtained for 45 min 30 min post in-
travenous administration with 176 + 37 MBq/kg body weight of
['8F]-FDG. Briefly, the rats were anaesthetised with 2-3% isoflu-
rane in medical oxygen (1 L/min), and their temperature was main-
tained at 37 °C using a heating pad during PET acquisition. The
PET data obtained was reconstructed using a 2D-OSEM algorithm
(16 subsets and 3 iterations) with random and scatter corrections.
The PET images underwent pre-processing using a protocol de-
scribed previously (Casquero-Veiga et al., 2019). Briefly, each PET
image was spatially co-registered to a common reference CT scan
for each sex by an automatic method based on mutual informa-
tion (Pascau et al., 2009), then subjected to 9-point scaling in the
three spatial directions. The PET intensity values were then nor-
malised to the average uptake in the septum (a structure invariant
across treatments). Ten brain ROIs were segmented: cerebral cor-
tex, nucleus accumbens, dorsal striatum, hippocampus, hypothala-
mus, thalamus, midbrain and cerebellum.

2.5. Statistical analysis

After checking the assumptions of homoscedastic variances and
normality, we performed analyses of variance (ANOVAs) to detect
statistically significant differences. For MRI data, two-way ANOVAs
were performed, and simple effects analysis was used to follow up
significant interactions. For PET data, the statistical analysis was a
three-way mixed ANOVA, with Sex (male or female) and Treatment
(THC or vehicle) as between-subject factors and Time (first PET,
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Table 1 Summary of the main results.

THC Male vs VEH Male

THC Female vs VEH Female

Brain Ventricle
Volumetry

| aqueduct
Grey Matter Volumetry

| lateral ventricles

| right globus pallidus | globus

pallidus (p = 0.057)

Jdorsal striatum

Grey Matter MD Jrostral septal nuclei
Grey Matter FA Jglobus pallidus | caudal septal
nuclei
Jrostral dorsal striatum
fthalamus
White Matter FA Jcorpus callosum |anterior
capsule
Jhippocampal commisure
(p = 0.051)

"H MR Spectroscopy
PET Jcingulate cortex tolfactory
bulb tthalamus
f+somatosensory cortex

tcerebellum

JGPC+PCh in cortex

4cingulate cortex
tentorhinal-piriform cortex

second PET) as the within-subject factor. Statistical analyses were
performed in IBM Statistics 24.0; a p-value of less than 0.05 was
considered statistically significant. Effect size statistics (partial eta
squared) are also provided where appropriate.

For the PND65 PET scans, we also performed a voxel-based 2-
sample t-test (p<0.05 uncorrected) for each sex with Statistical
Parametric Mapping (SPM) software (http://www.fil.ion.ucl.ac.uk/
spm/software/spm12/). The PET images were smoothed with a
Gaussian kernel 2.5 times the voxel size at full width at a half max-
imum (FWHM) and masked to exclude extracerebral voxels from
the analyses. Only clusters more extensive than 50 adjacent voxels
were considered to minimise the effect of type | errors.

3.
3.1.

Results
MRI

The main differences in the adult rat brain after adolescent
THC exposure are summarised in Table 1. Full statistical de-
tails are provided in the supplementary tables (Tables 51 to
S7).

3.1.1. Volumetry
Brain ventricle volumetry revealed a global reduction in

the ventricular space in adult animals treated with THC
(F1,23=8.961; p = 0.006; np2=0.280). Upon closer inspec-
tion, this global Treatment effect was evident in the lateral
ventricles (F124=6.341; p = 0.019; np2=0.192). Exposure
to THC during adolescence did not significantly impact the
third ventricle volume, but there was a smaller aqueduct
of Silvius volume in THC males compared to control males.
The fourth ventricle presented a clear and significant ef-
fect of the Sex in a male bigger than female (m=>f) pattern
(F1,25=9.053; p = 0.006; np2=0.266), but there was no sig-
nificant Treatment effect (see Fig. 2 and Table S1).

The MRI data showed that exposure to THC during
adolescence inducesstructural alterations evident in adult
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animals. Specifically, there was a significant effect of the
Sex*Treatment interaction that resulted in a reduction in
the volume of the dorsal striatum in adult females ex-
posed to chronic THC during adolescence compared to con-
trol females (F1,5=5.783; p = 0.024; np2=0.19). When the
globus pallidus of both hemispheres were analysed globally,
they showed a trend towards displaying a smaller size in
THC-exposed animals (Fy,3=4.022; p = 0.057; np2=0.15),
although the effect of Treatment was only significant in
the right hemisphere (Fy,=4.494; p = 0.046; np2=0.17)
(see Fig. 3). A significant effect of Sex was patent in
the total brain (Fy25=43.27; p = 0.000; np2=0.63), cere-
bral cortex (F1 25=5.248; p = 0.031; np2=0.17), cerebellum
(F1,25=6.896; p = 0.015; np2=0.22) and left hippocampus
(F1,25=5.389; p = 0.029; np2=0.18) volumes, with a m>f
pattern in each of those areas. No differences were de-
tected between males and females in the total areas of
the brain slices corrected for body weight or as an effect
of Treatment (see Table S2).

3.2. DTI

The DTI analysis revealed a significant Sex*Treatment in-
teraction (Fy,17=6.364; p = 0.022; 5p2=0.272), and sim-
ple effect analyses confirmed a reduced FA in the ros-
tral part of the dorsal striatum of male-THC rats com-
pared to male-VEH (F;2=7.057; p = 0.015; np2=0.261).
The thalamic FA signal showed a significant Sex*Treatment
interaction (Fy,17=6.364; p = 0.022; np2=0.272) in the
opposite direction, increased thalamic FA in THC males
relative to their controls (Fy20=8.144; p 0.010;
np2=0.289), and compared to THC females (F0=8.346;
p = 0.009; 5np2=0.294). The significant Treatment ef-
fects suggested a reduced FA for both sexes in the globus
pallidus (Fy21=4.309; p = 0.050; np2=0.170) and caudal
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Fig. 2 Brain ventricle volumetry. The graphs show the individual values (dots) and Mean + SEM (bars). A) The whole ventricular
volume decreased in THC-treated animals (F1,23=8.961; p = 0.006; np2=0.28). In order to explore 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; np2=0.26). C) A significant Sex x Adolescent Treatment interaction (F1,25=5.575; p = 0.026;
np2=0.18) appeared in the brain aqueduct, and our follow-up analysis showed a male>female sexual dimorphism in VEH animals
(F1,25= 9.598; p = 0.005; np2=0.27) and significant differences between within the males. More specifically, THC-exposed male
rats had a smaller volume (F1,25= 24.51; p<0.000; np2= 0.49). D) In the third ventricle there was a trend towards a smaller volume
in THC animals (F1,25= 3.408; p = 0.077; np2= 0,12). E) In the lateral ventricles the volume was smaller in THC animals (F1,25=
6.341; p = 0.019; np2= 0.19). F) The different fill colours represent the ventricle area used to obtain the values represented in
each corresponding graph. From caudal (left) to rostral (right): IV ventricle, aqueduct, Ill ventricle and lateral ventricles. The full
results can be seen in Table S1.

septal nuclei (Fy21=6.999; p = 0.015; np2=0.250). Rel- in other areas (See Fig. 3 for a graphical representation and
ative to grey matter MD analysis, we detected a signif- Tables S3 and S4 for additional analyses).

icant Sex*Treatment interaction (H = 9.284; p = 0.026; White matter FA analysis showed a significant effect of
np2=0.299) due to a reduced MD in the rostral section of Treatment in rostral sections, particularly in the corpus
the septal nuclei in THC-treated females relative to VEH- callosum (Fy,19=5.297; p = 0.034; np2=0.238) and ante-
treated females (U = 1; p = 0.012; np2=0.391); addition- rior commissure (Fy,17=5.322; p = 0.034; np2=0.238), be-
ally, VEH treated females showed a higher MD compared to ing FA signal weaker in animals of both sexes exposed
VEH treated males (U = 1; p = 0.028; np2=0.345). There to THC as adolescents. By contrast, no significant effects
were no other significant effects regarding grey matter MD were detected in the posterior sections of these tracts or
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Fig. 3 MRI Grey matter analysis. The most representative effects are depicted. Graphs represent the individual values (dots) and
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Treatment), while the black lines and “sex” represent statistically significant effects of the factor Sex. The columns from left to
right represent the volumetric analysis, calculated as the relative volume of the structure within the sections it was contained in,
the DTI values obtained for mean diffusivity (MD) and fractional anisotropy in each of the four different structures depicted in each
row; from top to bottom: dorsal striatum, septal nuclei, globus pallidus and thalamus. See Tables $2-S4 for more details concerning
statistical test results. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

the internal capsule. Moreover, the FA signal in the hip-
pocampal commissure showed a significant Sex*Treatment
interaction (Fq,15=5.693; p = 0.03; np2=0.235), and subse-
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quent simple effect analysis revealed a dampened FA signal
in THC-treated females compared to VEH-treated females
(F1,18=5.693; p = 0.028; np2=0.24) (see Fig. 4 and Table

$5).
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Fig. 4 DTI FA Analysis of white matter tracts. The graphs show the individual values (dots) and the mean + SEM (bars). Within
each graph, the green lines and “thc” represent a significant effect of the factor Treatment. The black lines and “sex” represent
statistically significant effects of the factor Sex. A) Representation of the three major white matter tracts and the corresponding DTI
FA maps where we detected significant changes in the signal. Graphs of the FA values obtained in the tracts mentioned above: B) The
FA signal in the hippocampal commissure, C) anterior commissure and D) corpus callosum. No significant effects of the Adolescent
THC Treatment were observed in the internal capsule (data not shown). See Table S5 for more details concerning statistical tests
results. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.3. 'H-MRS

A smaller choline compounds (GPCP-+Ch) peak was detected
in adult subjects treated with THC in the voxel used for
obtaining the cortical measurements (significant effect of
Treatment: Fq25=4.629; p = 0.041; np2=0.156). No other
metabolite changes were found in the cortex or in the stria-
tumvoxel employed (see Fig. 5 and Table S6).

3.4. PET

We detected some generalized maturational effects consist-
ing in lower metabolism present in the adult stage compared
to the juvenile phase (Table S7) which, in the case of the
thalamus, depended on the sex and treatment of the ani-
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mals. Thus, we observed a significant Treatment*Sex*Time
interaction in this structure (F;:9=5.182; p 0.03;
np2=0.21), which, upon further inspection, showed that
while males exposed to VH did not significantly modify their
FDG uptake over time, males exposed to THC did show a
decreased metabolism at PND 68 as compared to PND 28. In
the cortex, there was a trend for the same effect (in fact,
the main interaction was significant, but the follow-up anal-
yses were not) (see Table S7). The SPM analysis performed
at PND65 after the chronic THC treatment and washout
showed some subtle differences (see Fig. 6). THC-exposed
males showed, as compared to males treated with vehicle,
increased activation of the olfactory bulb, the thalamus, a
small cluster in the somatosensory cortex, and the cerebel-
lum and a decreased brain metabolic activity in the cingu-
late cortex (see Fig. 6A and 6B). In the females, we only
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Fig. 5

"H MR Spectroscopy. A) The 3 mm3 voxel located in the cerebral cortex (in blue) or the striatum (in grey) used to obtain

the spectra. B) Cortical GPC+PCh signal (glycerophosphorylcholine, phosphorylcholine, choline) and NAA+NAAG values. The graphs
represent the individual values (dots) and the mean + SEM (bars). Green lines and “thc” represent a significant effect of the factor
Treatment. In the striatum, neither the GPC+PCh nor NAA were altered by THC treatment. There were no sex-specific differences
detected. See Table Sé6 for further details. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

observed some small clusters of increased activity in the
cingulate cortex and entorhinal-piriform cortices in rats ex-
posed to THC compared to vehicles (Fig. 6A and 6B).

4. Discussion

The present study confirmed the existence of volumetric,
microstructural and functional alterations in a rodent model
aimed to assess the protracted effects of THC exposure dur-
ing adolescence (Table 1). We detected reduced volume of
the lateral ventricles and the globus pallidus (right hemi-
sphere) in animals treated with THC and a decreased dorsal
striatal volume in THC-treated females but not males. THC
administration reduced FA in several white matter tracts,
especially in the corpus callosum and anterior commissure
rostral sections. Lower levels of choline compounds were
also found in the cortical regions of animals treated with
THC. Metabolic changes evidenced by a PET study suggest
an increased metabolism in the somatosensory, cerebellum,
thalamus, and olfactory bulb and decreased metabolism in
the cingulate cortex in THC-treated males. By contrast,
THC-treated females showed hypermetabolism in a cluster
of voxels comprising the entorhinal and piriform cortices
and the cingulate cortex. The following sections will con-
textualise these results within the available epidemiologi-
cal, clinical, and preclinical evidence.
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4.1. MRI

4.1.1. Decreased ventricular volume in adults after
adolescent cannabinoid exposure

In line with the decrease in ventricular volume found in our
animal model, a lower ventricular cerebrospinal fluid (CSF)
volume was also reported in young adult humans that fre-
quently used cannabis (Block et al., 2000). Human MRI stud-
ies into the relationship of cannabis use with psychosis and
schizophrenia represent a frequent source of ventricular al-
terations associated with cannabis (Rapp et al., 2012). How-
ever, these studies draw a complex picture where cannabis
use may prevent ventricular enlargement, frequent in pa-
tients with schizophrenia (Welch et al., 2011), or drive a
pronounced enlargement as the pathology and the consump-
tion patterns evolve over the years (Rais et al., 2008). In-
terestingly, CSF endocannabinoid content, which may me-
diate autoinflammatory processes, have distinct features in
low or high cannabis users with and without reported psy-
chiatric comorbidities (Leweke et al., 2007; Morgan et al.,
2013, 2013). Notably, the subjects in these studies were cur-
rent users, so the stability of this feature in humans remains
unclear. Endocannabinoid ligand CSF content in preclinical
adolescent cannabinoid exposure studies has not been ex-
plored yet.

Besides CSF endocannabinoid content, the aetiology of
our results might be influenced in part by THC-induced de-
velopmental changes in features that determine the volume
and production of CSF. The lateral ventricular volume de-
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Fig. 6 Positron emission tomography at PND65. A) The effects of THC on brain glucose metabolism in males and females are
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 colours) or increases (hot colours) in brain metabolism. The intensity of the colour
negatively correlates with the t-value of the difference in the cluster represented. B) Detailed SPM data per sex.
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creases irrespective of sex, with a similar pattern of evo-
lution during adolescence in both male and female rats.
We would expect an increasing slope with few sex-related
differences from at least PND35 to 56 (Piontkewitz et al.,
2011). Thus, the decrease in volume in adult animals could
be due to the interruption of this expected growth due to
THC interactions with eCB signalling. In this sense, data
from other animal studies indicate that THC has an in-
hibitory effect on CSF production and flux, presumably af-
fecting ventricle volume. Indeed, this phenomenon was pro-
posed to influence choroidal synaptosomal neurotransmit-
ters (Mancall et al., 1985).

4.1.2. Volumetric alterations within the basal ganglia
Regarding other volumetric alterations, we found an evi-
dent reduction in two basal ganglia structures after expo-
sure to THC during adolescence: globus pallidus and dor-
sal striatum (decreased in THC females but not males). It
is well-documented in the literature that human cannabis
use reduces the volume of grey matter in CB1-rich re-
gions. However, this is usually linked to current cannabis
use rather than associated with disruptions of normal on-
togenic maturation (Battistella et al., 2014). CB; receptors
are expressed strongly in the basal ganglia, especially in the
globus pallidus of both humans and rodents (Glass et al.,
1997; Herkenham et al., 1991). Several studies in human
cannabis users have reported alterations within the basal
ganglia and their functional connectivity with other brain
areas (Filbey et al., 2016). However, besides morpholog-
ical alterations, fewer and more variable volumetric ab-
normalities have been reported (Orr et al., 2016). Most of
the volumetric studies assessing the dorsal striatum (cau-
date and putamen nuclei) or other basal ganglia structures
failed to find ostensible differences even after short peri-
ods of abstinence (Ganzer et al., 2016), although there is
evidence of possible alterations. One study did find a re-
duction in the right ventral striatum due to cannabis expo-
sure (Pagliaccio et al., 2015), and more recently, another
report found an increased basal ganglia grey matter vol-
ume in heavy cannabis users (Moreno-Alcazar et al., 2018).
Nonetheless, as this later study involved very short periods
of abstinence (just 24 h), a plausible explanation, in the
light of the absence of studies reporting these same alter-
ations, is that these results could be influenced by residual
cannabis effects and/or cannabis withdrawal itself.

Given the specificity of the change in the striatum of THC
females, it cannot be solely attributed to a CB; receptor-
mediated mechanism or a disruption of the developmen-
tal trajectory of this nucleus. Adolescent THC exposure in-
duces sex-specific changes that involve long-lasting changes
in basal ganglia structures that modulate crucial neuro-
transmitter systems, including dopamine (DA) signalling,
that potentially interact to produce this outcome (Higuera-
Matas et al., 2015; Orihuel et al., 2021; Stringfield and
Torregrossa, 2021). It was recently proposed that dysreg-
ulated DAergic activity may modulate volumetric changes
in specific areas (Chang et al., 2020). In this regard,
conditions associated with dampened DAergic signalling
(e.g. depression, anhedonia, substance use disorders) have
been repeatedly associated with a reduction in the vol-
ume of basal ganglia structures (Barrds-Loscertales et al.,
2011; Belujon and Grace, 2017; Harvey et al., 2007).
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Conversely, individuals with hyperdopaminergic pathologies
(e.g. attention-deficit/hyperactivity disorder, psychopathy)
display an increase in the volume of basal ganglia struc-
tures (Glenn et al., 2010; Onnink et al., 2016). Remarkably,
the increase in DAergic activity associated with specific be-
haviours (such as sports or video games) can also influence
striatal volume (Becker et al., 2016; Erickson et al., 2010).

Interestingly, the globus pallidus is an output region of
the dorsal striatum; thus, changes in such structures could
affect the downstream areas. In this regard, interactive
changes in the volume of these two structures have been
associated with the scores of participants in an autism
spectrum disorder scale (O’Dwyer et al., 2016). In addi-
tion, volumetric changes in the globus pallidus and dorsal
striatum might be associated with disrupted DAergic sig-
nalling that has already been documented in cannabis users
(Bloomfield et al., 2016; Volkow et al., 2014) and in pre-
clinical models with sex-specific variations (for an in-depth
overview see (Higuera-Matas et al., 2015; Stringfield and
Torregrossa, 2021) Moreover, we have reported in the past
some evidence of decreased DA levels (i.e. increased DA
transporter expression), specifically in the adult female
striatum after adolescent cannabinoid exposure (Higuera-
Matas et al., 2010).

4.1.3. DTI and grey matter measurements

Evidence for subcortical microstructural alterations. From
PDN21 to 90, the myelinisation of white matter bundles
within the dorsal striatum of Wistar males is still developing
and increasing, as inferred by the FA signal, and during the
same period, cell density decreases, as reflected by the slow
decline in the MD signal over time (Mengler et al., 2014). In
males, adolescent exposure to THC seems to disrupt and de-
lay myelinisation in the dorsal striatum, as suggested by the
lower FA value. The MD values only showed a trend towards
an interaction in the dorsal striatum (male-VEH< male-THC
and female-VEH>female-THC: p = 0.055 in whole dorsal
striatum, and p = 0.052 in the Bregma —0.5 mm slice, re-
spectively). Thus, this could be a secondary effect that will
require further confirmation. Nonetheless, adolescent THC
might have also interacted with some of the sex-specific de-
velopmental differences that arise within the striatum and
its connections to other areas during adolescence (Lei et al.,
2016).

FA has also been associated with changes in the myelin-
isation of DA-rich areas and tracts. DAergic alterations re-
sulting from methamphetamine abuse (Volkow et al., 2001)
can blunt the FA signal in the dorsal striatum (Alicata et al.,
2009) and increased FA in subcortical DArgic tracts has
been found in the circuits underlying symptom generation
in schizophrenia (Alba-Ferrara and de Erausquin, 2013). In
addition, a relationship between MD and DA synthesis ca-
pacity was detected in the posterior caudate and putamen,
suggesting that DA synthesis may be related to the density
of DArgic neural fibres (Kawaguchi et al., 2014). In the case
of THC females, the lower MD (trend) could parallel the loss
of volume observed, further suggesting a DAergic aetiology
of volumetric differences already commented.

Conversely, the FA signal increased in the THA of male
rats that received THC relative to both VEH males and THC
females. From a neurodevelopmental perspective, there is
evidence of a progressive weakening from adolescence to
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adulthood of some thalamocortical connections (Fair et al.,
2010), and thus, the elevation in FA signal in this region
could be due to an aberrant axonal pruning provoked by
adolescent THC. In this regard, there is evidence of the
early influence of eCB signalling in shaping the thalamocor-
tical projections (Itami et al., 2016) and that CB; agonists
may prevent pruning at cortical glutamatergic synapses dur-
ing adolescence (Rubino et al., 2015). Moreover, an in-
creased FA relative to control or non-pathological baseline
conditions has been interpreted as a compensatory mecha-
nism that could be associated or compatible with a loss of FA
or other alterations in different regions (Mole et al., 2016),
changes that may reflect how aberrant structural connec-
tivity (Hoeft et al., 2007) compromises the diffusion of the
signal (Alba-Ferrara and de Erausquin, 2013).

Notably, we observed a reduced MD in the rostral septal
nuclei of THC females. Septal nuclei have strong recipro-
cal connections with the thalamus via the stria medullaris
thalami (Felten et al., 2016), as well as with other com-
mon areas altered by cannabis like the hippocampus (via
the fornix), the amygdala (via the stria terminalis) and the
ventral tegmental area (via the medial forebrain bundle)
amongst others (Willis and Haines, 2018). All these con-
nections make the septal nuclei an important hub capable
of modulating memory formation (Khakpai et al., 2013),
reward (and avoidance) related learning and even drug-
related behaviours (Luo et al., 2011) that are frequently
altered in human and animals exposed to THC (Higuera-
Matas et al., 2015; Stringfield and Torregrossa, 2021). More-
over, septal nuclei activity might also be relevant for the
sex-specific differences in response to cannabis, which also
communicates with the hypothalamus and may regulate
neuroendocrine and autonomic responses (Risold, 2004).
Adolescent treatment with thc reduces the cortical
GPC+PCh metabolite signal. Choline compounds (found to
be downregulated in the cortex of adult animals exposed
to THC as adolescents) are a marker of cell membrane
turnover, cell density and membrane integrity, and they are
increased in conditions of membrane breakdown and inflam-
mation; however, an increase in choline compounds has also
been associated with myelinisation (Dager et al., 2008) and
there is evidence for reduced GPC+PCh after exposure to
demyelinating agents (Yan et al., 2015), indicating that a
reduction of this parameter may reflect impaired myelini-
sation. As regards this, the voxel employed for the cortical
measurements included a partial segment of the corpus cal-
losum that might influence the signal, supporting the asso-
ciation of this reduced GPC+PCh with non-efficient myeli-
nation, which will be discussed in the next section.

4.1.4. White matter alterations inferred by DTI

White matter alterations associated with axon myelinisa-
tion are amongst the main effects of cannabinoid agonists
like THC (Lubman et al., 2015) frequently associated with
cannabis consumption in human MRI studies (Becker et al.,
2015; Gruber et al., 2011; Orr et al., 2016). CB; receptors
are present in the main white matter structures, includ-
ing the corpus callosum, anterior and hippocampal com-
missures, stria terminalis and stria medullaris, presum-
ably modulating their development from the early perinatal
stage (Romero et al., 1997). After birth, under normal cir-
cumstances, white matter bundles gradually increase, and
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the amount of myelin and myelinated axons they contain
grows as adolescence progresses. In rats, the number of
myelinated axons in the corpus callosum suffers a dramatic
increase from PND15 to 25, and exponential growth con-
tinues from PND25 to 60 (Juraska and Willing, 2017). The
present adolescent THC treatment coincided with the be-
ginning of one of the most sensitive time windows for white
matter development and reproduced similar white matter
alterations seen in clinical settings.

An unequivocal causal role in cognitive functions is hard
to establish, but the loss of white matter integrity is
related to a variety of functional implications depend-
ing on the location of the axons affected, such that mo-
tor, sensory and/or cognitive functions may be altered
(Crawford et al., 2009). In this sense, the loss of white mat-
ter integrity in frontolimbic areas in regular cannabis users
was associated with apathy and depressive-like symptoms
(Shollenbarger et al., 2015) that may ultimately affect re-
ward processing (Admon and Pizzagalli, 2015). Thus, it is
highly probable that the FA changes detected here may be
associated with different behavioural outcomes seen in ani-
mal models that mimic features reported by human studies
(See also (Higuera-Matas et al., 2015; Stringfield and Torre-
grossa, 2021) for a review of behavioural outcomes).

4.2. PET

To the best of our knowledge, no long-term PET studies
with ['®F]-FDG in humans have ascertained the long-term
functional effects of cannabis use during the adolescent pe-
riod after a long period of withdrawal. The only study we
found similar to our design was a work by Sevy and cowork-
ers where they imaged abstinent cannabis users with an age
of onset between 11 and 13 years of age. Participants had
been consuming cannabis for 5 years on average (2-5 year
range) and had remained abstinent for at least 12 weeks
(range: 12-25 weeks). Compared to controls, subjects with
cannabis dependence had lower glucose metabolism in the
orbitofrontal cortex, putamen and precuneus (Sevy et al.,
2008). At the preclinical level, hyperactivations have previ-
ously been reported. For example, a previous report in rats
by our group suggested that adolescent exposure to the syn-
thetic cannabinoid CP 55,940 was associated with increased
brain metabolism in the frontal cortex (although we also de-
tected a hypoactivation in the amygdalo-entorhinal cortex,
-interestingly, only in the females- (Higuera-Matas et al.,
2008)). The brain responses to a cocaine injection were
also found to be different in animals exposed to CP 55,940
during adolescence (Higuera-Matas et al., 2011), similar to
what is seen in current (female) cannabis user challenged
with the DArgic agent methylphenidate (Wiers et al., 2016).
However, a new study in rats has shown that in adult an-
imals, a chronic THC regime decreased thalamic glucose
metabolism in rats (Miederer et al., 2023), in a similar way
as the long-term effects that we observe in our develop-
mental ROl data. Interestingly, the results of the present
work show that males seem to be more affected than fe-
males in terms of the number of areas affected by expo-
sure to THC during adolescence, as opposed to our pre-
vious work with the synthetic cannabinoid. Of note, some
of the long-lasting alterations reported here are similar to
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what is found in current cannabis abusers; others show op-
posite patterns. For example, the decreased metabolism
observed in the cingulate cortex in the males is also re-
ported in the report of Wiers and colleagues. Still, in the
females, we observed hyperactivation. This hyperactivation
in the cingulate cortex in the females and the remaining ar-
eas in both males and females is different from what was
reported previously (Bloomfield et al., 2019). These sex-
dependant effects are typically reported in the literature on
the long-term effects of cannabinoids (Higuera-Matas et al.,
2015) and could reflect the basal differences and regula-
tion of the endocannabinoid system between males and fe-
males (Simone et al., 2022; Tirado-Munoz et al., 2020). We
would like to highlight that our results in the cerebellum
(one of the areas with a higher concentration of cannabi-
noid type 1 receptors) represent the first preclinical PET
evidence indicative of a long-lasting alteration in this struc-
ture, which are, on the other hand, frequently reported in
clinical settings (Ganzer et al., 2016). The mechanisms un-
derlying these alterations are beginning to be unveiled, and
they are likely to involve microglial activation. For example,
in mice, sub-chronic administration of THC activated cere-
bellar microglia and increased the expression of neuroin-
flammatory markers, including IL-18. Moreover, this neu-
roinflammatory phenotype was correlated with deficits in
cerebellar conditioned learning and fine motor coordination
(Cutando et al., 2013). In general, our PET data suggest that
the long-term effects of cannabis depend on the sex of the
animals and that sensorimotor and cognitive areas (thala-
mus and cortex, amongst others) are affected in the males,
while a more restricted network of regions involved in cog-
nitive processes seems to be impacted in the females.

5. Caveats and conclusions

An important caveat to consider in this work is that we have
opted for a passive i.p. administration route. We chose this
route of administration to ensure a homogenous and compa-
rable exposure to THC across subjects and comparisons with
the majority of preclinical work so far. However, this limi-
tation should be kept in mind when considering the general
translatability of our results.

For similar reasons, we set the developmental exposure
window according to previous work in the field. The rapid
changes that take place during the periadolescent period
entail that other exposure periods may render slightly dif-
ferent outcomes for some of the measurements reported.
Likewise, we cannot expect MRI and PET results to be
present in all the animals since THC exposure and manipula-
tions were not equal for the animals in the two experiments.
In addition, we only have one measurement timepoint at
adulthood, which makes it impossible to assess the potential
reversibility of the changes observed. Future studies should
be performed to study if the changes here reported persist
into the senescent period.

Regarding technical limitations, the resolution in the MRI
study did not permit the reliable identification of the spe-
cific thalamic or septal nuclei altered. Thus, a more ex-
haustive analysis of the changes within each nucleus might
be an interesting approach for future studies using or not
imaging techniques. Moreover, for obvious reasons, we had
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to perform the imaging studies under anaesthesia, which in
the case of PET could be a limitation. However, given that
tracer injection and uptake took place before anaesthesia,
it is unlikely that our data are not significantly impacted by
this (Han et al., 2021). Lastly, in the SPM analysis of adult
brain PET scans analysis, we have not corrected for multiple
comparisons since individual analysis methods (SPM) provide
some correction, being a common practice in exploratory
works (Althouse, 2016). In addition, Bonferroni correction
assumes independence of the voxels, which is not the case
in brain imaging studies and would underestimate the actual
effects.

It is important to note that we did not take into consid-
eration the potential impact of the oestrous cycle on vol-
umetric measurements and other brain physiological vari-
ables (Rocks et al., 2022). Even if previous brain imaging
studies have not considered oestrous cycle information in
the analysis of sex differences, future studies should assess
the impact of this variable on brain structure and function
after adolescent THC exposure.

With this multiparametric imaging work, the first to be
performed in an animal model, we have corroborated that
THC exposure during adolescence has protracted effects on
brain structure and microstructural elements, along with
functional features. Noteworthy, the results are coherent
with the most consistent clinical findings, such as decreased
myelinisation and cortical alterations. Interestingly, the
subcortical changes in brain areas are more elusive in clin-
ical settings. The outcomes observed may represent a par-
ticular specificity of animal models of adolescent cannabi-
noid exposure that should be considered for translational
purposes. However, these changes were associated with key
learning and motivational features that are frequently al-
tered in similar preclinical models and present in human
studies.

Moreover, some of our results promise further insights.
Changes in the thalamic and septal areas, for example, are
exciting since they have been poorly explored but may be
central to the development of the adolescent cannabinoid
exposure phenotype and the patent sexual dimorphism.
Lastly, these results again highlight the importance of ad-
dressing sexual differences and the highly sex-dimorphic na-
ture of developmental cannabis exposure effects.
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