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Introduction: An altered neurodevelopmental trajectory associated with prenatal
exposure to Δ-9-tetrahydrocannabinol (THC) leads to aberrant cognitive
processing through a perturbation in the effectors of hippocampal plasticity in
the juvenile offspring. As adolescence presents a unique window of opportunity
for “brain reprogramming”, we aimed at assessing the role of the non-
psychoactive phytocannabinoid cannabidiol (CBD) as a rescue strategy to
temper prenatal THC-induced harm.

Methods: To this aim, Wistar rats prenatally exposed to THC (2 mg/kg s.c.) or
vehicle (gestational days 5–20) were tested for specific indexes of spatial and
configural memory in the reinforcement-motivated Can test and in the aversion-
driven Barnes maze test during adolescence. Markers of hippocampal excitatory
plasticity and endocannabinoid signaling—NMDAR subunits NR1 and 2A-,
mGluR5-, and their respective scaffold proteins PSD95- and Homer 1-; CB1R-
and the neuromodulatory protein HINT1 mRNA levels were evaluated. CBD
(40mg/kg i.p.) was administered to the adolescent offspring before the
cognitive tasks.

Results: The present results show that prenatal THC impairs hippocampal
memory functions and the underlying synaptic plasticity; CBD is able to
mitigate cognitive impairment in both reinforcement- and aversion-related
tasks and the neuroadaptation of hippocampal excitatory synapses and CB1R-
related signaling.

Discussion:While this research shows CBD potential in dampening prenatal THC-
induced consequences, we point out the urgency to curb cannabis use during
pregnancy in order to avoid detrimental bio-behavioral outcomes in the offspring.
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1 Introduction

The rapidly evolving legal and social framework around the use of
cannabis results in the rise of cannabis as the most commonly
consumed illicit drug in pregnancy for symptom management,
such as first-trimester nausea (Nguyen and Harley, 2022; Taneja
et al., 2022). However, the perception of benefits should be
weighed against the harm risk of gestational cannabis exposure.
Δ-9-Tetrahydrocannabinol (THC), the primary psychoactive
constituent of cannabis, crosses the placenta and interfaces with the
endocannabinoid (eCB) system (ECS) in the fetal brain where
cannabinoid receptors type 1 (CB1Rs) are already expressed in
high levels in cortical regions and the hippocampus since the first
trimester (Wang et al., 2003; Habayeb et al., 2008; Chan et al., 2013;
Paul et al., 2021). Indeed, the ECS, whichmediates the actions of THC,
plays a critical regulatory role throughout all developmental stages,
from neurogenesis and neuronal migration to the regulation of
signaling pathways and synaptic transmission (Basavarajappa et al.,
2009; Meyer and Gee, 2018). Synaptic plasticity, in particular, is
critically dependent on the strength, integrity and structural
organization of the synaptic connections to maintain and support
the related functions. In particular, hippocampal synaptic plasticity is
postulated to be an important cellular substrate for the encoding and
storage of associative, long-term spatial memories (Bannerman et al.,
2014; Goto, 2022). Given these premises, it is more and more evident
that in-utero exposure to cannabis can represent a threat to the regular
development of the morphological and functional hippocampal
architecture (Thomason et al., 2021). Indeed, observations of
deficits in learning, memory, attention, and aggressive behavior
have been assessed in children and adolescents exposed to maternal
cannabis use (Fried and Smith, 2001; Huizink and Mulder, 2006; Wu
et al., 2011; Huizink, 2014; Brancato and Cannizzaro, 2018). Recently,
the human behavioral outcomes have been paralleled by preclinical
evidence of cognitive deficits paired with a complex rearrangement in
the hippocampal excitatory synapse and eCBs signalosome of the
adolescent offspring (Wu et al., 2011; Wei and Piomelli, 2015; Castelli
et al., 2023; Peng et al., 2023). Indeed, the role of the ECS is tomodulate
transient- and long-lasting changes in hippocampal synaptic strength
(Winter et al., 2021) by controlling both excitatory and inhibitory
output, thus supporting learning andmemory. For instance, when it is
required in the glutamatergic synapse, by the engagement of
mGluR5 and the long-isoform Homer scaffold protein, eCBs are
released and bind to CB1Rs, thus long-term depression (LTD)
occurs (Xu and Chen, 2015; Busquets-Garcia et al., 2018).
Additionally, a concerted activity of the histidine triad nucleotide-
binding protein 1 (HINT1) physically couples CB1R and NMDAR
NR1 subunit (Sánchez-Blázquez et al., 2014; Vicente-Sánchez et al.,
2013) to prevent NMDAR over-activation. On the other hand, eCBs
signaling in inhibitory synapses would occur through CB1Rs in
GABAergic neurons, which would decrease GABA release,
disinhibiting postsynaptic neurons in the hippocampus (Selvam
et al., 2018). It has been shown by several groups that an
imbalance in the inhibitory/excitatory network plays a crucial role
in the detrimental cognitive effects exerted by prenatal cannabis

exposure in adult mice offspring and adolescent rats, likely as a
result of the early interference of THC on the ECS-mediated
shaping of hippocampal neural network activity (Vargish et al.,
2017; de Salas-Quiroga et al., 2020; Castelli et al., 2023).

Similar to early life, early adolescence is a distinct period of
neural maturation and plasticity, wherein a significant amount of
refinement occurs, specifically in areas relevant to cognitive
function, reinforce, and emotionality (Spear, 2013; Patel et al.,
2021). Therefore, it may represent a window of opportunity for
programming interventions aimed at tempering the harm of
prenatal exposure to THC in the brain. In this context, over the
last decade, interest in cannabidiol (CBD) has emerged (Broyd et al.,
2016; Osborne et al., 2017; Crippa et al., 2018). Indeed, besides its
therapeutic activity as an adjunctive treatment in schizophrenia,
social anxiety, pain, and depression (Masataka, 2019; García-
Gutiérrez et al., 2020; Oberbarnscheidt and Miller, 2020; Hameed
et al., 2023), CBD is safely employed in the pediatric population for
treating refractory epilepsy (Raucci et al., 2020). Moreover, emerging
evidence suggests that CBD ameliorates learning impairment
(Solowij et al., 2018), elicits memory-rescuing effects in various
neurodegenerative diseases (Fagherazzi et al., 2012; Bhunia et al.,
2022), and improves spatial- and vocal learning following brain
damage (Schiavon et al., 2014; Alalawi et al., 2019; Aychman et al.,
2023). However, the real spectrum of its clinical effectiveness and
pharmacodynamics remains a field of investigation (Sholler et al.,
2020).

Therefore, our study aimed at assessing the effects of CBD
administration on the cognitive score of prenatally THC-exposed
adolescent rat offspring, both in a reinforcement- and an aversion-
related context. Moreover, we tested CBD as a rectifying strategy for
the prenatal THC-induced alterations in the effectors of
hippocampal synaptic plasticity that underlie memory processing.
They include: ionotropic glutamate N-methyl-d-aspartate receptors
(NMDARs) subunits, such as NR1—necessary for the stable channel
folding, assembly, and receptor sensitivity (Flores-Soto et al., 2012),
and NR2A—critical for determining the polarity of excitatory
synaptic plasticity (Liu et al., 2004); scaffolding protein post-
synaptic density-95 (PSD95)—a determinant of the functional
diversity and clustering of NMDARs at synaptic sites (Keith and
El-Husseini, 2008); group I metabotropic glutamate receptors 5
(mGluRs5)- and scaffolding protein Homer 1, which cooperate to
promote the occurring of eCBs-mediated LTD of the synaptic
strength (Shiraishi-Yamaguchi et al., 2007; Batista et al., 2016;
Castelli et al., 2017); CB1Rs and histidine triad nucleotide-
binding protein 1 (HINT1), able to strictly cooperate with
CB1Rs to buffer NR1 excessive expression and the related
glutamatergic hyperactivation (Sánchez-Blázquez et al., 2014;
Rodríguez-Muñoz et al., 2015). The evidence of this research,
by adding further developmental brain molecular data,
contributes to bridging the gap between prenatal THC
exposure and the occurrance of detrimental behavioral
outcomes. Moreover, the rescue potential of CBD may help to
highlight the role of discrete signaling pathways in modulating
the detrimental outcomes following prenatal THC exposure and
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pinpoint adolescence as a unique sensitive time for brain
reprogramming.

2 Material and methods

2.1 Animals and treatment

Eighteen adult female pregnant Wistar rats at gestational day
(GD) 4 (200–220 g; Envigo, Udine, Italy) were singly housed in
standard ventilated cages (40 cm × 60 cm × 20 cm) with bedding,
maintained at controlled temperature and humidity (22°C ± 2°C and
55% ± 5%, respectively) on a 12-h light/dark cycle, with food and
water ad libitum. From GD 5 to 20 they were subcutaneously (s.c.)
injected with vehicle (Veh) or THC (2 mg/kg). THC dose was
chosen based on previous studies (Brancato et al., 2020a;
Brancato et al., 2020b; Castelli et al., 2023) and corresponds to
mild THC consumption in humans (Frau et al., 2019). After
weaning, male rats were housed in pairs, and each experimental
group tested in the cognitive tasks included one or two independent
male rats per each litter of Veh- or THC-treated dams. The
molecular assessment was carried out on one independent male
rat per each litter who underwent behavioral assessments, to avoid
the litter effect. All experiments were approved by the Italian
Ministry of Health (172/2019-PR to Carla Cannizzaro) and
conducted in accordance with animal protocols approved by the
Committee for the Protection and Use of Animals of the University
of Palermo, in adherence with the current Italian legislation on
animal experimentation (D.L. 26/2014) and the European directives
(2010/63/EU) on care and use of laboratory animals. Every effort
was made to minimise the number of animals used and their
suffering.

2.2 Drugs

THC resin and CBD were obtained from the Forensic
Laboratory of Biologically Active Compounds, Department of
Chemistry of Natural Compounds, of the University of
Chemistry and Technology of Prague, Czech Republic. THC
resin (purity (as determined by HPLC) > 97%) (Drazanova et al.,
2019) was dissolved in ethanol at 20% concentration, sonicated for
30 min, and then emulsified in 2% Tween 80 and saline (Castelli
et al., 2023). CBD (purity (NMR) > 99%) (Hložek et al., 2017) was
emulsified in Tween 80 (1%) and saline and, immediately afterward,
administered intraperitoneally (i.p.) at the dose of 40 mg/kg. The
dose was chosen based on previous evaluations in rats (Chagas et al.,
2013; Umpierrez et al., 2022).

2.3 Experimental procedures

Adolescent male rat offspring from postnatal day (PND)
35 prenatally exposed to either vehicle (CTRL) or THC (prenatal
THC, pTHC) were tested during the light phase of the light/dark
cycle. The offspring performed the Can test—a reinforcement-
motivated task to assess both spatial- and configural memory
(Popoviç et al., 2001)—or was exposed to the Barnes maze

test—a mild aversive, dry-land-based behavioral test that allows
the assessment of spatial memory and reversal learning in rodents
(Gawel et al., 2019). Rats prenatally exposed to THC were
administered i.p. with CBD (40 mg/kg) or vehicle 24 h prior to
testing the rats for spatial- and configural memory in the Can test or
reference memory and reversal learning in the Barnes maze test
(Brancato et al., 2021). CTRL rats received vehicle administration on
the same days (Figure 1). The behavior of the rats was monitored
and quantified by the experimenter and an automatic video-tracking
system, AnyMaze (Stoelting Europe, Dublin, Ireland). The objects
and apparatus used were thoroughly cleaned at the end of each
experimental session.

2.4 Can test

The Can test allows the evaluation of spatial and configural
cognitive processing in a reinforcement-facilitated context
(Popoviç et al., 2001). In the task, rats are motivated to
identify a single reinforced can among a set of seven cans. The
reinforcement consisted of 0.3 mL tap water placed in the
indented bottoms of the can put upside down. A 10-h water
deprivation schedule was used as motivation; rats were allowed to
drink freely for 1 h at the end of the experimental sessions
(Plescia et al., 2014). On the walls of the laboratory room,
large colorful geometric figures as visual cues were provided to
facilitate the animal’s spatial orientation. The behavioral protocol
consisted of three separate phases—shaping period, spatial-, and
simple visual tasks—as described below. Cans were painted in
white or left in their original colors, according to the task
administered, and placed in a square Plexiglas apparatus
(100 cm × 100 cm × 43 cm) in a fan-shaped pattern. A “visit”
was recorded when the rat stood on its hind paws and brought its
nose up to the top edge of the can. The parameters measured
were: activity score, i.e., the number of trials during which the rat
visited at least one can (up to 10 during each experimental
session); correct responses (CR), i.e., the number of trials in
which the rat visited the reinforced can first, divided by activity
score (up to 1 per each experimental session); reference memory
errors (RE), i.e., the first visits to a non-reinforced can on each
trial, divided by activity score (up to 6 per each experimental
session); working memory errors (WE), i.e., repeated visits to the
same non-reinforced can on the same trial divided by the activity
score.

In order to outline the reinforcement-related cognitive
performance, an integrated z-score was calculated as follows: z =
(X–μ)/s, with “s” indicating how many standard deviations the
observation (X) is above or below the mean of the control group
(μ) (Guilloux et al., 2011; Castelli et al., 2022) based on the spatial-
and simple visual tasks of the Can test, using normalization of
cognitive parameters, i.e., the numbers of CR, the scores for RE and
WE. Individual reinforcement-related cognitive z-scores were then
calculated by averaging z-score values. To calculate the recovery
impact of CBD, the improvement score related to CR was calculated
by subtracting the average of pTHC data (A) from both pTHC- and
pTHC-CBD data (B) (delta = B −A) (Lima-Silva et al., 2012). On the
other hand, the improvement score referred to RE was computed as
delta multiplied by −1.
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2.4.1 Experimental design
2.4.1.1 Shaping period

This 2-session phase allowed rats to familiarise themselves with
the environment. In the first session, rats were placed in the
apparatus with seven white cans, whose bottom was filled with
the reinforcement, namely, 0.3 mL tap water. Rats had 10 min to
explore the apparatus and take water from the cans. In the second
session, two randomly selected cans and the one in the center were
reinforced with water. The rats were given up to 10 min to visit and
drink water (modified from Popoviç et al., 2001). During a 15-s
interval between sessions, rats were placed in a small Plexiglas box.

2.4.1.2 Spatial task
Twenty-four hours after the end of the shaping period, the

spatial task took place on 3 consecutive days and along 10 trials per
day, in the same environment as the shaping period. The single
reinforced can was the one in the center of the apparatus. Rats could
spend up to 180 s each trial in order to visit cans and obtain the
reinforcement; once the reinforcement was received, the rat was
immediately removed from the apparatus. During the 15-s interval
between trials, rats were placed in a small Plexiglas box (50 cm ×
30 cm × 30 cm). The average number of CR, RE, WE, and activity
over the 3 days, integrated z-scores, and improvement scores were
calculated.

2.4.1.3 Simple visual task
Twenty-four hours after the end of the spatial task, rats were

placed in the apparatus with the reinforced can having a different
appearance (i.e., a Pepsi can) than the other identical six cans, and
being randomly located on each trial. The simple visual task took
place on 3 consecutive days and along 10 trials per day. As in the

previous task, rats were allowed to spend up to 180 s per trial in
order to visit cans and obtain water. During the 15-s interval
between trials, rats were placed in the small Plexiglas box. The
average number of CR, RE, WE, and activity over the 3 days,
integrated z-scores, and improvement scores were calculated.

2.5 Barnes maze test

To assess spatial cognitive processing in an aversive context, the
adolescent male rat offspring underwent the Barnes maze test
(Gawel et al., 2019). Rodents find open, well-lit spaces aversive,
thus they are motivated to search and localize an escape route
(Sweatt, 2010). The apparatus consisted of a circular, grey platform
made in Plexiglas (122 cm diameter × 90 cm height), with twenty
holes with a diameter of 10 cm placed on the perimeter; one hole,
namely, the target hole, led to an under-platform chamber (12 cm ×
12 cm × 35 cm)—the escape box—while the other holes were
covered underneath with a flat box and looked identical to the
other. The location of the escape box varied according to the phase of
the task. In the task, the animal was placed in the center of the
platform and was initially unable to locate the escape box. Intense
lighting—two points of light placed 1.5 m above the platform with a
power of 500 W each—served as an additional stimulus during the
task. On the walls of the laboratory room, large colorful geometric
figures as visual cues were provided to facilitate the animal’s spatial
orientation. The behavioral protocol consisted of the following
phases—habituation; acquisition phase; probe task; reversal task
(Gibula-Tarlowska et al., 2020)—as described below. In the probe
task, the primary latency was recorded as the time required for the
rat to make initial contact with the target hole to assess memory

FIGURE 1
Experimental design. Starting from PND 35, adolescent CTRL and pTHC (2 mg/kg, GD 5–20) rats underwent the spatial- and the simple visual tasks
of the Can test or performed the probe- and reversal tasks of the Barnesmaze test. CBD (40 mg/kg i.p.) was administered 24 h prior to each experimental
session. Animals were sacrificed 24 h after the last experimental task and CBD administration. GD, gestational day; PND, postnatal day; s.c.,
subcutaneous; i.p., intraperitoneal; THC, Δ-9-tetrahydrocannabinol; CBD, cannabidiol; sac., sacrifice; NR1, ionotropic glutamate N-methyl-d-
aspartate receptors (NMDARs) NR1 subunit; NR2A, NMDARs NR2A subunit; PSD95, scaffolding protein post-synaptic density-95; mGluR5, group I
metabotropic glutamate receptor 5; CB1R, cannabinoid receptor type 1; HINT1, histidine triad nucleotide-binding protein 1. Createdwith BioRender.com,
https://app.biorender.com (accessed on 15 July 2023).
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retention. The total distance traveled was recorded during the probe
task as a measure of locomotor activity and exploratory behavior.
The latency to escape—latency to find the escape box—was recorded
during the reversal task. In order to outline the aversion-related
cognitive performance, an integrated z-score was calculated
(Guilloux et al., 2011; Castelli et al., 2022) based on the probe-
and reversal tasks of the Barnes maze test, using normalization of
primary latency and latency to escape. Individual aversion-related
cognitive z-scores were then calculated by averaging z-score values.
To calculate the recovery impact of CBD, the cognitive scores related
to primary latency and latency to escape were calculated by
subtracting the average of pTHC data (A) from both pTHC- and
pTHC-CBD data (B) (delta = B-A) (Lima-Silva et al., 2012)
multiplied by −1.

2.5.1 Experimental design
2.5.1.1 Habituation

Rats were placed in the middle of the maze and allowed to freely
explore the apparatus for 180 s to habituate them to the platform
and the escape box.

2.5.1.2 Acquisition phase
The acquisition phase took place 24 hours after habituation.

It consisted of 1 training session per day, 3 trials per session, for
4 consecutive days. The location of the escape box remained the
same over all the acquisition trials. In order to assure that the
initial orientation of the animal in the maze varies randomly
across trials, rats were placed in the middle of the maze covered
with an opaque bucket and let free, after a delay of a few seconds,
to explore the platform. The trial was completed after 180 s or
when the animal entered the escape box. Immediately after the
animal entered the escape box, the hole was covered for 30 s. If
the animal did not enter the escape box within 180 s, the
experimenter gently guided it there.

2.5.1.3 Probe task
Twenty-four hours after the acquisition phase, rats were placed

in the maze where the target hole was closed. The reference memory
of the location of the escape box was assessed for 90 s. Primary
latency and total distance travelled were recorded; z- and
improvement scores were calculated.

2.5.1.4 Reversal task
Twenty-four hours following the probe task, the reversal task

was performed. At that time, the position of the escape box was
rotated 180° to the original, and three 180-s trials were run in 1 day
(modified from Gibula-Tarlowska et al., 2020). The average score of
latency to escape and z- and improvement scores were calculated.

2.6 Tissue collection and quantitative real-
time polymerase chain reaction procedure

After the behavioral tests and 24 h after CBD administration,
one male rat per litter, either from the Can test cohort or from the
Barnes maze test cohort, was sacrificed and the brains were rapidly
removed. Hippocampus was promptly dissected, flash-frozen in dry
ice, and stored at −80°C until analysis. Homogenization in Trizol

(Invitrogen) was performed to isolate RNA, followed by chloroform
layer separation and isopropanol-induced precipitation. Ethanol
washes (70%) were performed to remove residual salts from the
isopropanol RNA precipitation step (Chomczynski and Sacchi,
2006). RNA was resuspended with water and then analyzed with
NanoDrop (ND-1000 Spectrophotometer, Thermo Scientific,
Wilmington, DE, United States). Afterward, RNA samples were
reverse-transcribed to cDNA (SuperScript IV Reverse Transcriptase,
Invitrogen), then, diluted and mixed with PowerUp SYBR Green
Master Mix (Applied Biosystems) and primers. Samples were heated
to 95°C for 10 m, followed by 40 cycles of 95°C for 15 s, 60°C for 1 m,
95°C for 15 s, 60°C for 30 s, and 95°C for 15 s. Analysis was
performed using the delta-delta C (t) method. Primers employed
are indicated in Table 1.

2.7 Statistical analysis

When data exhibited normality and equal variance, the
difference between groups was determined by employing the
Unpaired Student’s t-test and one-way analysis of variance
(ANOVA) followed by the Bonferroni post hoc test, when
appropriate. Nonparametric tests were performed if data did not
show normal distribution or equal variance. Data are reported as
mean ± SEM. Statistical analysis was performed using Prism v. 9
(GraphPad), and statistical significance was set at alpha = 0.05.

3 Results

3.1 CBD counterbalances the impaired
cognitive score in the reinforcement-
motivated task in pTHC-exposed adolescent
rat offspring

When adolescent rat offspring were tested for spatial memory
and the ability to discriminate objects independently of their
position in the spatial memory acquisition- and the simple visual
task of the reinforcement-motivated Can test (Figure 1), pTHC was
shown to impair cognitive execution (Table 2). Indeed, the analysis
of the reinforcement-related cognitive performance, with reference
to both spatial- and configural memory in the reinforced context,
indicated a significant effect of pTHC in decreasing the
reinforcement-related cognitive integrated z-score (t = 4.085, df =
18, p = 0.0007; Figure 2A). CBD was able to reverse pTHC-induced
alteration in spatial and configural cognitive processing of the
adolescent offspring. Indeed, it induced a significant
improvement in the CR- (t = 6.121, df = 18, p < 0.0001;
Figure 2B) and RE- (t = 8.173, df = 18, p < 0.0001; Figure 2C)-
related cognitive scores in pTHC-CBD rats tested in the spatial task.
No significant effect was detected in the WE-related cognitive score
(t = 0.5369, df = 18, p = 0.5979; data not shown) and in the activity
score (KW = 5.865, p = 0.583; data not shown). Similarly, in the
simple visual task, a significant improvement effect of CBD was
detected in the CR- (t = 7.867, df = 18, p < 0.0001; Figure 2D) and
RE- (t = 7.650, df = 17, p < 0.0001; Figure 2E) scores of prenatally
THC-exposed offspring, while no impact was shown in WE-related
cognitive score (U = 31, p = 0.1409; data not shown). No statistical
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test was performed for activity score in the simple visual task since
all the values were the same.

3.2 CBD counteracts the impaired cognitive
score in the aversion-related task in pTHC-
exposed adolescent rat offspring

Rats were tested in adolescence for spatial memory and reversal
learning in the aversion-driven Barnes maze test (Figure 1). Prenatal
exposure to THC altered the execution of the probe- and reversal
tasks (Table 3). Indeed, the analysis of the aversion-related cognitive
performance, referring to both spatial memory retrieval and reversal
learning in the aversive context, showed that pTHC significantly
decreased the aversion-related cognitive integrated z-score (t =
4.057, df = 22, p = 0.0005; Figure 3A). CBD counteracted pTHC-
induced impairment in the spatial cognitive processing of adolescent
rat offspring. Indeed, CBD significantly improved the primary
latency- (t = 3.225, df = 21, p = 0.0041; Figure 3B) and latency

to escape- (t = 3.344, df = 22, p = 0.0029; Figure 3C) related cognitive
scores in pTHC-CBD rats tested respectively in the probe- and
reversal tasks of the Barnes maze test. No significant differences
among the experimental groups were detected in the total distance
travelled during the probe task (KW = 3.819, p = 0.1482; data not
shown).

3.3 CBD fine-tunes the abnormal gene
expression of markers of excitatory plasticity
and CB1R-related signalling in the
hippocampus of pTHC-exposed adolescent
rat offspring

We examined the mRNA relative expression levels of proteins
playing a role in modulating the hippocampal excitatory synapse
strength. The analysis of the expression levels of NMDAR
subunit NR1, key for regulating the channel properties and
the strength of the excitatory signaling, showed significant

TABLE 1 Primers employed in qRT-PCR experiments.

Gene name Primer sequence Product

Gapdh GTTTGTGATGGGTGTGAACC (Forward)

CTTCTGAGTGGCAGTGATG (Reverse)

NMDAR NR1 subunit - Grin1 Rn_Grin1_1_SG QuantiTect Primer Assay (QT00182287)

NMDAR NR2A subunit - Grin2A Rn_Grin2a_1_SG QuantiTect Primer Assay (QT00379281)

PSD95 - Dlg4 Rn_Dlg4_1_SG QuantiTect Primer Assay (QT00183414)

mGluR5 - Grm5 Rn_Grm5_1_SG QuantiTect Primer Assay (QT01081549)

Homer 1 - HOM1 CTTCACAGGAATCAGCAGGAG (Forward)

GTCCCATTGATACTTTCTGGTG (Reverse)

CB1R - Cnr1 Rn_Cnr1_1_SG QuantiTect Primer Assay (QT00191737)

Histidine triad nucleotide-binding protein 1 (HINT1) Rn_Hint1_1_SG QuantiTect Primer Assay (QT01602713)

TABLE 2 Effect of prenatal THC exposure (2 mg/kg) on spatial- and configural memory of the adolescent male rat offspring in the reinforcement-mediated Can test.
Data are presented asmean ± SEM. CTRL, male rat offspring prenatally exposed to Veh; pTHC, male rat offspring prenatally exposed to THC; CR, correct responses;
RE, reference memory errors; WE, working memory errors; n.s., non-significant.

CTRL pTHC Statistics

Can test

spatial task CR 0.56 ± 0.02 0.46 ± 0.02 Unpaired t-test p < 0.01

RE 0.82 ± 0.04 1 ± 0.04 Unpaired t-test p < 0.01

WE 0.04 ± 0.01 0.06 ± 0.02 Unpaired t-test n.s.

activity 9.97 ± 0.02 9.88 ± 0.05 Mann-Whitney test n.s.

simple visual task CR 0.83 ± 0.02 0.75 ± 0.01 Unpaired t-test p < 0.001

RE 0.23 ± 0.02 0.41 ± 0.03 Unpaired t-test p < 0.0001

WE 0.01 ± 0.00 0.01 ± 0.00 Unpaired t-test n.s.

activity 10 ± 0.00 10 ± 0.00 Mann-Whitney test n.s.
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differences among the experimental groups (F = 309.8, p <
0.0001). Bonferroni post hoc analysis showed an increase in
pTHC rats when compared with CTRL offspring (t = 23.86,
DF = 15, p < 0.0001), while a decrease was detected in pTHC-
CBD rats when compared to pTHC offspring (t = 18.08, DF = 15,
p < 0.0001), although the gene expression levels remain higher
than the control values (t = 5.775, DF = 15, p = 0.0001). In

addition, when we considered the gene expression levels of the
NR2A subunit, crucial for the NMDAR localization in the
postsynaptic density and its functionality, significant group
differences were detected (F = 9.626, p = 0.0020). In detail,
pTHC induced a decrease in gene expression levels in
comparison with CTRL rats (t = 3.970, DF = 15, p = 0.0037)
which was not modified by CBD (pTHC-CBD vs. pTHC, t =

FIGURE 2
The recovery effect of CBD on the impaired reinforcement-related cognitive score of pTHC-exposed adolescent rat offspring. Rats prenatally
exposed to THC displayed a lower reinforcement-related cognitive integrated z-score than CTRL rats (A). CBD reversed pTHC-induced alteration in
spatial and configural cognitive processing in the Can test of the adolescent offspring, by improving CR- and RE-related cognitive scores in pTHC-CBD
rats tested in both spatial- (B,C) and simple visual (D,E) tasks. Each bar represents themean of n = 10 rats; error bars indicate SEM. **p < 0.01, ****p <
0.0001. CTRL,male rat offspring prenatally exposed to Veh; pTHC,male rat offspring prenatally exposed to THC; pTHC-CBD,male rat offspring prenatally
exposed to THC and exposed to CBD in adolescence; CR, correct responses; RE, reference memory errors.

TABLE 3 Effect of prenatal THC exposure (2 mg/kg) on spatial memory and reversal learning of the adolescent male rat offspring in the aversion-motivated Barnes
maze test. Data are presented as mean ± SEM. CTRL, male rat offspring prenatally exposed to Veh; pTHC, male rat offspring prenatally exposed to THC; n.s., non-
significant.

CTRL pTHC Statistics

Barnes maze test

probe task primary latency 9.87 ± 1.73 16.87 ± 2.47 Unpaired t-test p < 0.05

reversal task latency to escape 39.29 ± 4.63 81.64 ± 9.69 Unpaired t-test p < 0.05
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0.3674, DF = 15, p > 0.9999; pTHC-CBD vs. CTRL, t = 3.603,
DF = 15, p = 0.0078). Similarly, the analysis of the expression
levels of PSD95, the NR2A scaffolding protein critical for the PSD
localisation of the NMDAR, showed significant differences
among the groups (F = 17.95, p = 0.0001). Lower mRNA
levels were detected in pTHC rats than in control counterparts
(t = 4.561, DF = 15, p = 0.0011). CBD administration did not
restore this alteration in pTHC offspring (pTHC-CBD vs. pTHC,
t = 1.085, DF = 15, p = 0.8851; pTHC-CBD vs. CTRL, t = 5.646,
DF = 15, p = 0.0001). Moreover, when the expression levels of the
molecular effectors that prompt ECS-mediated long-term control
of the synaptic strength were evaluated, the analysis showed
significant group differences in mGluR5 mRNA relative
expression levels (F = 58.18, p < 0.0001). Bonferroni post hoc
test showed an increase in mRNA relative expression in pTHC
rats when compared with CTRL offspring (t = 10.57, DF = 15, p <
0.0001), while a decrease was detected in pTHC-CBD rats when
compared to pTHC counterpart (t = 7.163, DF = 15, p < 0.0001),
although the gene expression levels remain higher than the
control values (t = 3.404, DF = 15, p 0.0118). Likewise, when
we analysed the expression levels of the scaffolding protein
Homer 1, whose binding to mGluR5 is critical for evoking
ECS-mediated LTD, we detected significant group differences
(F = 45.07, p < 0.0001). In detail, the analysis highlighted an
increase in gene expression levels in pTHC rats compared with
CTRL rats (t = 9.415, DF = 15, p < 0.0001) that were mitigated by
CBD (t = 5.765, DF = 15, p = 0.0001), although they remained
higher than control levels (t = 3.650, DF = 15, p = 0.0071).
Moreover, we explored the expression levels of CB1R in the
hippocampus: the analysis showed significant differences among
the groups (F = 47.62, p < 0.0001). Indeed, an increase in CB1R
gene expression was detected in pTHC rats when compared with

the CTRL group (t = 9.693, DF = 15, p < 0.0001), which was
decreased by CBD (t = 5.827, DF = 15, p < 0.0001), although the
gene levels remain higher than the control values (t = 3.866, DF =
15, p = 0.0046). On the other hand, when we evaluated the mRNA
expression of HINT1, a functional effector of the CB1R, the
analysis showed significant differences among the groups (F =
18.95, p < 0.0001), with levels being higher in pTHC offspring
than in control rats (t = 4.146, DF = 15, p = 0.0026); CBD did not
modify pTHC-induced alterations in HINT1 gene expression
levels (pTHC-CBD vs. pTHC, t = 1.868, DF = 15, p = 0.2442;
pTHC-CBD vs. CTRL, t = 6.014, DF = 15, p < 0.0001) (Figure 4).

4 Discussion

The present research confirms and extends growing evidence on
the detrimental effect induced by THC prenatal exposure on the
behavioral and molecular correlates of spatial and configural
memory of adolescent male rat offspring. Furthermore, for the
first time, our data reveals a significant activity of CBD in
improving the memory scores and fine-tuning the molecular
markers of hippocampal synaptic plasticity and eCBs signaling of
pTHC-exposed adolescent rats.

Animals, including rats, are predisposed to process and use
spatial information and configural association to organize and guide
behavior. Prenatal exposure to THC impaired spatial and configural
memory both in the reinforcement-motivated context of the Can
test and in the aversive setting of the Barnes maze test. Indeed, we
measured a deflection in the integrated score in which indices of
spatial-, configural memory and reversal learning were taken into
account. The effect of pTHC exposure, in our experimental
conditions, seems to involve specific microcircuits for spatial-

FIGURE 3
The ability of CBD to counteract the impaired aversion-related cognitive score of pTHC-exposed adolescent rat offspring. pTHC decreased the
aversion-related cognitive integrated z-score (A). CBD rescued pTHC-induced impairment in the retrieval of spatial memory and reversal learning, by
improving primary latency- (B) and latency to escape-related cognitive scores (C) in pTHC-CBD rats. Each bar represents the mean of n = 12 rats; error
bars indicate SEM. **p < 0.01, ***p < 0.001. CTRL, male rat offspring prenatally exposed to Veh; pTHC, male rat offspring prenatally exposed to THC;
pTHC-CBD, male rat offspring prenatally exposed to THC and exposed to CBD in adolescence.
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and configural memory in the adolescent male offspring since the
occurrence of decreased incentive drive or emotional dysregulation
did not characterize the pTHC-exposed offspring’s phenotype
(Castelli et al., 2023). These results are consistent with human
data from the adolescent offspring of mothers exposed to THC
who exhibited deficits in the consolidation and retrieval of both
verbal and visual information, reversal learning, and visual
discrimination (D’Souza et al., 2004; Goldschmidt et al., 2000;
Pope and Yurgelun-Todd, 1996). It is largely reported that THC-
induced impairment in memory formation in emotionally salient
contexts occurs by the activation of CB1Rs (Wise et al., 2009;
Brancato et al., 2016), confirming a selective role of hippocampal
CB1R-related signaling in the regulation of cognitive processing.
Overall, our data indicates that in-utero exposure to THC elicits a
supraphysiological impact on the ECS that may result in a complex,
specific interaction with the developing brain, and can change the
normative trajectory of cellular processing and neurocircuitry that
underlines the formation of spatial- and configural memory (Bara
et al., 2021). This can explain not only the impaired cognitive
performance of the adolescent rats but also the molecular
abnormalities in the relevant players of the excitatory synapse
and eCBs signalosome observed in the hippocampus of the
adolescent male rat offspring. In detail, prenatal THC exposure
set out an excessive expression of NMDAR NR1 subunit, and
dampened levels of NR2A subunit- and PSD95 mRNA expression,
suggestive of a profound disturbance in the excitatory synapse, which
can be functionally related to the observed behavioral outcomes. Evidence
has confirmed that maternal exposure to cannabinoids affects the
proliferation, migration, and differentiation of glutamatergic and
GABAergic neurons (Saez et al., 2014). Intriguingly, pTHC exposure
is able to specifically decrease the population of inhibitory
(cholecystokinin-positive) interneurons in the hippocampus, where
CB1Rs are mainly expressed: this could design a dysfunctional
microcircuit activity that by affecting the significant players of

synaptic plasticity would produce an imbalance in the excitatory/
inhibitory tone (Bateup et al., 2013; Bonansco and Fuenzalida,
2016). On the other hand, the overexpression of mGluR5/Homer
1 signaling and CB1R/HINT1 cooperation here reported, might be
functionally interpreted as an attempt to mitigate the dysfunctional
glutamatergic output promoted by pTHC exposure (Castelli et al.,
2023). These two systems are in fact considered proxies of the inhibition
of synaptic strength andNMDARhyperactivity promoting, respectively
an increase in eCBs production, and the removal of NR1 subunit’s
excess. Indeed, pTHC exposure, by impinging on the organization of
fetal cortical circuitry, is able to curtail eCBs bioavailability and CB1R
mRNA expression during fetal development (Tortoriello et al., 2014; de
Salas-Quiroga et al., 2015). In this regard, it seems likely that the
observed upregulation of CB1RmRNA in adolescencemay compensate
for otherwise impaired endocannabinoid signaling (Frieling et al., 2009).

As much as the gestational epoch is particularly sensitive to
developmental threats (Levendosky et al., 2021), adolescence is a
time of high neural plasticity and a unique window of opportunity
for “brain reprogramming” (Levendosky et al., 2021; Tymofiyeva
and Gaschler, 2021). Our hypothesis, in fact, is that the aberrant
cognitive trajectories produced in the prenatal period by THC
exposure could be rescued by the wide-spectrum activity of CBD.
Indeed, CBD administration has been reported to improve cognitive
deficits in several domains, which may vary depending on the
pathological condition and/or the dosage (Esposito et al., 2011;
Campos et al., 2015; Peres et al., 2016; García-Baos et al., 2021;
Meyer et al., 2021; Niloy et al., 2023). In our experimental setting,
CBD administration, before the test sessions, normalized the
impaired cognitive scores of the adolescent male rat offspring
exposed prenatally to THC, independently from the emotional/
motivational salience of the task. In the reward-motivated Can test
locomotor activity and the incentive drive support the animals to
achieve the reinforcement. CBD, however, did not change the
exploratory drive to search for the reinforced can, as shown by

FIGURE 4
CBD (40 mg/kg) mitigates the abnormalmRNA relative expression levels of specificmarkers of excitatory plasticity and CB1R-related signaling in the
hippocampus of pTHC-exposed (2 mg/kg, GD 5–20) adolescent rat offspring. Prenatal THC exposure increased the expression levels of the NMDAR
NR1 subunit and decreased the levels of NR2A and PSD95, induced an increase in mGluR5, and its scaffolding partner Homer 1 isoform, and increased
CB1R and HINT1 expression levels in the hippocampus of the adolescent male rat offspring. On the contrary, a decrease in NR1 subunit, mGluR5,
Homer 1 and CB1R was detected in pTHC-CBD when compared to pTHC adolescent offspring. Each bar represents the mean of n = 6 rats; error bars
indicate SEM.**pp < 0.01, ****pp < 0.0001, CTRL vs. pTHC; °°pp < 0.01, °°°pp < 0.001, °°°°pp < 0.0001, pTHC vs. pTHC-CBD; +pp < 0.05, ++pp < 0.01,
+++pp < 0.001, ++++pp < 0.0001, pTHC-CBD vs. CTRL. CTRL,male rat offspring prenatally exposed to Veh; pTHC,male rat offspring prenatally exposed
to THC; pTHC-CBD,male rat offspring prenatally exposed to THC and exposed to CBD in adolescence; NR1, ionotropic glutamate N-methyl-d-aspartate
receptors (NMDARs) NR1 subunit; NR2A, NMDARs NR2A subunit; PSD95, scaffolding protein post-synaptic density-95; mGluR5, group I metabotropic
glutamate receptor 5; CB1R, cannabinoid receptor type 1; HINT1, histidine triad nucleotide-binding protein 1.
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the unaltered activity score, suggesting that CBD may specifically
modulate memory processing. On the other hand, the Barnes maze
harnesses the natural preference of rodents for dark and quiet
environments, thus, the aversive cues—i.e., bright light and open
spaces—may provide an anxiogenic setting that increases the
motivation to search the escape box (Gawel et al., 2019).
Therefore, the performance of rodents in the Barnes maze may
be influenced by non-cognitive factors, such as the stressing
environment (Gawel et al., 2019). However, the lack of difference
in locomotor activity and exploratory behavior between the
experimental groups in the probe task of the Barnes maze test
suggests that the CBD-enhancing effect on the cognitive score does
not rely on its interference with rat behavioral reactivity.
Accordingly, although the popularity of CBD is rapidly escalating
for its anxiety-, and stress-reduction potential (Blessing et al., 2015),
previous evidence indicates that anxiety-related tasks, such as risk
assessment, are not significantly sensitive to CBD (Twardowschy
et al., 2013). Furthermore, CBD administration is shown not to
impact anxiety-like behavior in the elevated plus maze and spatial
memory in the Barnes maze in control mice (Kaplan et al., 2021).
Accordingly, the treatment with CBD 40 mg/kg did not alter the
total locomotor activity of rats tested in actimeter infrared chambers
(Umpierrez et al., 2022) and did not influence distance traveled, time
spent in open arms, and open arms entries in an elevated zero maze
(Skully, 2021). However, there is conflicting evidence from human
and animal research that shows CBD may exert both anxiolytic and
anxiogenic effects, depending on the application of different designs,
types of tasks, and, thus, the functions they relate to (Fusar-Poli
et al., 2009; Bhattacharyya et al., 2010; Marco et al., 2011). Notably,
in our experimental conditions, CBD did not significantly modify
the cognitive performance and the exploratory drive of the control
offspring in the reinforcement- and aversion-motivated tasks. This
evidence is supported by studies showing no independent beneficial
effects of CBD on cognition, including verbal learning and memory,
social recognition, executive function, spatial memory, or
conditioned learning when administered to healthy subjects
(humans or rodents); on the other hand, CBD is able to rescue
the cognitive performance of adolescents after THC administration
(Weston-Green, 2019). The ability of CBD to rescue cognitive
decline has been shown in neurodegenerative- and psychiatric
disorders and brain damage (Esposito et al., 2011; Campos et al.,
2015; García-Baos et al., 2021). Intriguingly, the neuroprotective
effect of CBD has been also demonstrated in a rat model of cognitive
impairment by neonatal oxidative damage, with a significant
improvement of recognition indexes in a long-term retention
test, suggesting that CBD might rescue memory impairments by
reversion/prevention of oxidative stress in brain regions relevant to
memory formation (Fagherazzi et al., 2012).

In line with the rescue effect on the deteriorated cognitive
score, CBD discretely scaled down the over-expression of the
markers of synaptic plasticity in the adolescent rat offspring
following pTHC exposure. In detail, CBD significantly
downregulated the abnormal increase in NMDA NR1 subunit
expression but did not produce alterations in PSD levels. Notably,
CBD effect on the expression of the NMDAR subunits was
previously described by Mao and others (Mao et al., 2015)
who observed a marked decrease in NR1 mRNA level in the
rat hippocampus in a model of chronic epilepsy supporting CBD

therapeutic activity in conditions of neuronal hyperexcitability.
Indeed, CBD has been reported to protect neurons against
glutamate excitatory signaling, representing a potentially
useful medication for a diverse range of neurological disorders
(Pretzsch et al., 2019). Moreover, in our study, CBDmitigated the
overexpression of mGluR5/Homer 1 levels, likely reducing the
2-arachidonoylglycerol (2-AG) (rather than anandamide)-
mediated retrograde synaptic plasticity known as metabotropic
suppression of excitation. This is in accordance with CBD being
reported to inhibit mGluR group I agonist-mediated suppression
of excitation in a model of autaptic hippocampal neurons
(Straiker et al., 2018). If, as it is reported, the activation of the
mGluR5/Homer 1 system activates 2-AG-driven depression of
the synaptic strength in order to dampen NMDAR-related
excitatory signaling, therefore the double balancing effect
exerted by CBD on the NR1 and mGluR5/Homer
1 components may contribute to the recovery of synaptic
efficiency. Notably, we also report that CBD administration
was associated with a decrease in hippocampal CB1R mRNA
expression in the adolescent pTHC offspring. CBD activity on the
ECS covers wide-spectrum effects, and among these, an increase
in endogenous anandamide (AEA) levels, mainly through the
inhibition of the enzyme fatty acid amide hydrolase (FAAH),
plays a crucial role (De Felice and Laviolette, 2021). In support of
this finding, the administration of the FAAH inhibitor
URB597 in adult female rats was able to rescue cognitive and
depressive-like symptoms induced by adolescent THC exposure
(Bhattacharyya et al., 2010; Realini et al., 2011). On this basis,
CBD-induced higher availability of AEA would, therefore, cause
a reduction in the expression of CB1Rs as a homeostatic response
(Guagnini et al., 2006; Frieling et al., 2009; Hirvonen et al., 2012),
in agreement with some previous studies demonstrating a CBD/
AEA-recovery effect associated with a reduction in CB1R mRNA
expression in different brain regions (Portugalov et al., 2022). In
this regard, the recent finding that CBD has a profile consistent
with a negative modulation of CB1R signaling both at a cellular
and nuclear level (Laprairie et al., 2015) offers a significant and
welcome insight. Interestingly both AEA and CBD act as direct
agonists of TRPV1 (and TRPV2) channels (Bisogno et al., 2001;
Muller et al., 2021); TRPV1, in particular, is ideally located in the
hippocampal CA1 region to modulate excitatory glutamate signaling.
Intriguingly upon the following exposure, CBD rapidly desensitizes the
TRPV1 channel (Anderson et al., 2022) and, thus, may reduce neuronal
hyperexcitation (Chávez et al., 2010; Etemad et al., 2022). Overall, given
the evidence of pTHC-induced disturbances in the normative
development of hippocampus-related cognitive functions, here we
propose that CBD treatment during adolescence, by its multitarget
activity, can mitigate the abnormal excitatory/inhibitory tone and
downregulate the effectors of eCBs-driven LTD, which underlying
impaired cognitive processing in pTHC-exposed rats. Actually,
multiple other receptors, channels, and systems can be involved as
putative targets for CBD buffering activity in our experimental
conditions, such as, but not only, adenosine-, GABA-A, and
serotonin receptors (Sylantyev et al., 2013; Aso et al., 2019; De
Gregorio et al., 2019). Indeed, we do not aim at reviewing CBD
pharmacological properties (for a complete review see Castillo-
Arellano et al., 2023), although the investigation of the causal
interpretation of the current results is in progress.
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5 Conclusion

This research adds significant behavioral and molecular
evidence to the increasing reports of pTHC- induced detrimental
effects on cognitive functions, and stresses the importance of a
collective endeavor to curb gestational cannabis use (Groff et al.,
2023). Accordingly, the evaluation of a safe and effective strategy to
rescue pTHC-induced impairment is a research priority. The
therapeutic potential of CBD has only began to be revealed.
Growing evidence suggests that CBD exhibits promising
therapeutic activity in epileptic seizures, autism, sleep
disturbances, chronic pain, and in the context of addiction (Bilge
and Ekici, 2021; Shannon et al., 2019; Boyaji et al., 2020; Maniaci
et al., 2015; Prud’homme et al., 2015). Indeed, recent data shows that
CBD can mitigate the detrimental effects of THC consumption in
adolescence. Specifically, preclinical studies suggest that THC-
induced immediate and long-term impairments in working
memory in adolescence and the long-term changes in cortical
molecular components were recovered by the co-administration
of CBD, whereas CBD as a single agent did not generate behavioral
outcomes (Murphy et al., 2017). Here, we show for the first time that
CBD administration in adolescence represents a strategy to mitigate
pTHC-induced harm in the progeny since it improves the memory
scores and fine-tunes relevant effectors of hippocampal plasticity.
Themolecular mechanism by which CBD appears to counterbalance
pTHC effect on the developing brain in involves the modulation of
the hippocampal synaptic strength, during the sensitive time
window of adolescence. However, considering that CBD
modulates the activity of proteins involved in neuronal
pathfinding and maturation, such as CB1Rs, we still do not know
what the impact of high-dose CBD may be when administered
during early neurodevelopment. Further preclinical evaluation
covering different epochs of neurodevelopment is required to
consolidate the safety and therapeutic properties of CBD.

Data availability statement

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

Ethics statement

The animal study was reviewed and approved by the Committee
for the Protection and Use of Animals of the University of Palermo.

Author contributions

VC, experimental procedures, methodology, data analysis,
draft preparation; GL, data analysis, draft review, and editing;
CD’A, investigation, data analysis; SF, resources, data analysis;
GT, resources, investigation, language editing; MK, resources,
investigation, language editing; CC, funding acquisition,
conceptualization, resources, data interpretation, draft writing
review, and editing, final proof review; AB, methodology, data
analysis, draft review, and editing. All authors contributed to the
article and approved the submitted version.

Funding

This work was supported by research funding from the
University of Palermo.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Alalawi, A., Dodu, J. C., Woolley-Roberts, M., Brodie, J., Di Marzo, V., and
Soderstrom, K. (2019). Cannabidiol improves vocal learning-dependent recovery
from, and reduces magnitude of deficits following, damage to a cortical-like brain
region in a songbird pre-clinical animal model.Neuropharmacology 158, 107716. doi:10.
1016/j.neuropharm.2019.107716

Anderson, L. L., Udoh, M., Everett-Morgan, D., Heblinski, M., McGregor, I. S.,
Banister, S. D., et al. (2022). Olivetolic acid, a cannabinoid precursor in Cannabis sativa,
but not CBGAmethyl ester exhibits a modest anticonvulsant effect in a mouse model of
Dravet syndrome. J. cannabis Res. 4 (1), 2. doi:10.1186/s42238-021-00113-w

Aso, E., Fernández-Dueñas, V., López-Cano, M., Taura, J., Watanabe, M., Ferrer, I.,
et al. (2019). Adenosine a2a-cannabinoid CB1 receptor heteromers in the
Hippocampus: Cannabidiol blunts d9-tetrahydrocannabinol-induced cognitive
impairment. Mol. Neurobiol. 56 (8), 5382–5391. doi:10.1007/s12035-018-1456-3

Aychman, M. M., Goldman, D. L., and Kaplan, J. S. (2023). Cannabidiol’s
neuroprotective properties and potential treatment of traumatic brain injuries.
Front. neurology 14, 1087011. doi:10.3389/fneur.2023.1087011

Bannerman, D., Sprengel, R., Sanderson, D., McHugh, S. B., Rawlins, J. N. P., Monyer,
H., et al. (2014). Hippocampal synaptic plasticity, spatial memory and anxiety.Nat. Rev.
Neurosci. 15, 181–192. doi:10.1038/nrn3677

Bara, A., Ferland, J. N., Rompala, G., Szutorisz, H., and Hurd, Y. L. (2021). Cannabis
and synaptic reprogramming of the developing brain. Nat. Rev. Neurosci. 22 (7),
423–438. doi:10.1038/s41583-021-00465-5

Basavarajappa, B. S., Nixon, R. A., and Arancio, O. (2009). Endocannabinoid system:
Emerging role from neurodevelopment to neurodegeneration.Mini Rev. Med. Chem. 9
(4), 448–462. doi:10.2174/138955709787847921

Bateup, H. S., Johnson, C. A., Denefrio, C. L., Saulnier, J. L., Kornacker, K., and
Sabatini, B. L. (2013). Excitatory/inhibitory synaptic imbalance leads to hippocampal
hyperexcitability in mouse models of tuberous sclerosis.Neuron 78 (3), 510–522. doi:10.
1016/j.neuron.2013.03.017

Batista, E. M., Doria, J. G., Ferreira-Vieira, T. H., Alves-Silva, J., Ferguson, S. S.,
Moreira, F. A., et al. (2016). Orchestrated activation of mGluR5 and
CB1 promotes neuroprotection. Mol. brain 9 (1), 80. doi:10.1186/s13041-016-
0259-6

Bhattacharyya, S., Morrison, P. D., Fusar-Poli, P., Martin-Santos, R., Borgwardt, S.,
Winton-Brown, T., et al. (2010). Opposite effects of delta-9-tetrahydrocannabinol and
cannabidiol on human brain function and psychopathology. Neuropsychopharmacol.
official Publ. Am. Coll. Neuropsychopharmacol. 35 (3), 764–774. doi:10.1038/npp.
2009.184

Frontiers in Pharmacology frontiersin.org11

Castelli et al. 10.3389/fphar.2023.1237485

https://doi.org/10.1016/j.neuropharm.2019.107716
https://doi.org/10.1016/j.neuropharm.2019.107716
https://doi.org/10.1186/s42238-021-00113-w
https://doi.org/10.1007/s12035-018-1456-3
https://doi.org/10.3389/fneur.2023.1087011
https://doi.org/10.1038/nrn3677
https://doi.org/10.1038/s41583-021-00465-5
https://doi.org/10.2174/138955709787847921
https://doi.org/10.1016/j.neuron.2013.03.017
https://doi.org/10.1016/j.neuron.2013.03.017
https://doi.org/10.1186/s13041-016-0259-6
https://doi.org/10.1186/s13041-016-0259-6
https://doi.org/10.1038/npp.2009.184
https://doi.org/10.1038/npp.2009.184
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1237485


Bhunia, S., Kolishetti, N., Arias, A. Y., Vashist, A., and Nair, M. (2022). Cannabidiol
for neurodegenerative disorders: A comprehensive review. Front. Pharmacol. 13,
989717. doi:10.3389/fphar.2022.989717

Bilge, S., and Ekici, B. (2021). CBD-Enriched cannabis for autism spectrum disorder:
An experience of a single center in Turkey and reviews of the literature. J. cannabis Res. 3
(1), 53. doi:10.1186/s42238-021-00108-7

Bisogno, T., Hanus, L., De Petrocellis, L., Tchilibon, S., Ponde, D. E., Brandi, I., et al.
(2001). Molecular targets for cannabidiol and its synthetic analogues: Effect on vanilloid
VR1 receptors and on the cellular uptake and enzymatic hydrolysis of anandamide. Br.
J. Pharmacol. 134 (4), 845–852. doi:10.1038/sj.bjp.0704327

Blessing, E. M., Steenkamp, M. M., Manzanares, J., and Marmar, C. R. (2015).
Cannabidiol as a potential treatment for anxiety disorders. Neurother. J. Am. Soc.
Exp. Neurother. 12 (4), 825–836. doi:10.1007/s13311-015-0387-1

Bonansco, C., and Fuenzalida, M. (2016). Plasticity of hippocampal excitatory-
inhibitory balance: Missing the synaptic control in the epileptic brain. Neural plast.
2016, 8607038. doi:10.1155/2016/8607038

Boyaji, S., Merkow, J., Elman, R. N. M., Kaye, A. D., Yong, R. J., and Urman, R. D.
(2020). The role of cannabidiol (CBD) in chronic pain management: An assessment of
current evidence. Curr. pain headache Rep. 24 (2), 4. doi:10.1007/s11916-020-0835-4

Brancato, A., and Cannizzaro, C. (2018). Mothering under the influence: how
perinatal drugs of abuse alter the mother-infant interaction. Reviews in the
Neurosciences, 29(3), 283–294. doi:10.1515/revneuro-2017-0052

Brancato, A., Castelli, V., Lavanco, G., Tringali, G., Micale, V., Kuchar, M., D’Amico,
C., Pizzolanti, G., Feo, S., and Cannizzaro, C. (2021). Binge-like alcohol exposure in
adolescence: Behavioural, neuroendocrine and molecular evidence of abnormal
neuroplasticity. . . and return, and return. Biomedicines, 9(9), 1161. doi:10.3390/
biomedicines9091161

Brancato, A., Castelli, V., Lavanco, G., and Cannizzaro, C. (2020a). Environmental
enrichment during adolescence mitigates cognitive deficits and alcohol vulnerability
due to continuous and intermittent perinatal alcohol exposure in adult rats. Front.
Behav. Neurosci. 14, 583122. doi:10.3389/fnbeh.2020.583122

Brancato, A., Castelli, V., Lavanco, G., Marino, R. A. M., and Cannizzaro, C. (2020b). In
uteroΔ9-tetrahydrocannabinol exposure confers vulnerability towards cognitive impairments
and alcohol drinking in the adolescent offspring: Is there a role for neuropeptide Y?.
J. Psychopharmacol. Oxf. Engl. 34 (6), 663–679. doi:10.1177/0269881120916135

Brancato, A., Lavanco, G., Cavallaro, A., Plescia, F., and Cannizzaro, C. (2016). The
use of the Emotional-Object Recognition as an assay to assess learning and memory
associated to an aversive stimulus in rodents. J. Neurosci. methods 274, 106–115. doi:10.
1016/j.jneumeth.2016.09.010

Broyd, S. J., van Hell, H. H., Beale, C., Yücel, M., and Solowij, N. (2016). Acute and
chronic effects of cannabinoids on human cognition-A systematic review. Biol.
psychiatry 79 (7), 557–567. doi:10.1016/j.biopsych.2015.12.002

Busquets-Garcia, A., Bains, J., andMarsicano, G. (2018). CB1 receptor signaling in the
brain: Extracting specificity from ubiquity. Neuropsychopharmacology 43, 4–20. doi:10.
1038/npp.2017.206

Campos, A. C., Brant, F., Miranda, A. S., Machado, F. S., and Teixeira, A. L. (2015).
Cannabidiol increases survival and promotes rescue of cognitive function in a murine
model of cerebral malaria. Neuroscience 289, 166–180. doi:10.1016/j.neuroscience.2014.
12.051

Castelli, V., Brancato, A., Cavallaro, A., Lavanco, G., and Cannizzaro, C. (2017).
Homer2 and alcohol: A mutual interaction. Front. psychiatry 8, 268. doi:10.3389/fpsyt.
2017.00268

Castelli, V., Lavanco, G., Feo, S., D’Amico, C., Micale, V., Kuchar, M., et al. (2023).
Prenatal exposure to d9-tetrahydrocannabinol affects hippocampus-related cognitive
functions in the adolescent rat offspring: Focus on specific markers of neuroplasticity.
Pharmaceutics 15 (2), 692. doi:10.3390/pharmaceutics15020692

Castelli, V., Plescia, F., Maniaci, G., Lavanco, G., Pizzolanti, G., Brancato, A., et al.
(2022). Alcohol binge drinking in adolescence and psychological profile: Can the
preclinical model crack the chicken-or-egg question?. Front. psychiatry 13, 996965.
doi:10.3389/fpsyt.2022.996965

Castillo-Arellano, J., Canseco-Alba, A., Cutler, S. J., and León, F. (2023). The
polypharmacological effects of cannabidiol. Mol. (Basel, Switz. 28 (7), 3271. doi:10.
3390/molecules28073271

Chagas, M. H., Crippa, J. A., Zuardi, A. W., Hallak, J. E., Machado-de-Sousa, J. P.,
Hirotsu, C., et al. (2013). Effects of acute systemic administration of cannabidiol on
sleep-wake cycle in rats. J. Psychopharmacol. Oxf. Engl. 27 (3), 312–316. doi:10.1177/
0269881112474524

Chan, H. W., McKirdy, N. C., Peiris, H. N., Rice, G. E., and Mitchell, M. D. (2013).
The role of endocannabinoids in pregnancy. Reprod. Camb. Engl. 146 (3), R101–R109.
doi:10.1530/REP-12-0508

Chávez, A. E., Chiu, C. Q., and Castillo, P. E. (2010). TRPV1 activation by endogenous
anandamide triggers postsynaptic long-term depression in dentate gyrus. Nat. Neurosci.
13 (12), 1511–1518. doi:10.1038/nn.2684

Chomczynski, P., and Sacchi, N. (2006). The single-step method of RNA isolation by
acid guanidinium thiocyanate-phenol-chloroform extraction: Twenty-something years
on. Nat. Protoc. 1 (2), 581–585. doi:10.1038/nprot.2006.83

Crippa, J. A., Guimarães, F. S., Campos, A. C., and Zuardi, A.W. (2018). Translational
investigation of the therapeutic potential of cannabidiol (CBD): Toward a new age.
Front. Immunol. 9, 2009. doi:10.3389/fimmu.2018.02009

D’Souza, D. C., Perry, E., MacDougall, L., Ammerman, Y., Cooper, T., Wu, Y. T., et al.
(2004). The psychotomimetic effects of intravenous delta-9-tetrahydrocannabinol in
healthy individuals: Implications for psychosis. Neuropsychopharmacology 29 (8),
1558–1572. doi:10.1038/sj.npp.1300496

De Felice, M., and Laviolette, S. R. (2021). Reversing the psychiatric effects of
neurodevelopmental cannabinoid exposure: Exploring pharmacotherapeutic
interventions for symptom improvement. Int. J. Mol. Sci. 22 (15), 7861. doi:10.3390/
ijms22157861

De Gregorio, D., McLaughlin, R. J., Posa, L., Ochoa-Sanchez, R., Enns, J., Lopez-
Canul, M., et al. (2019). Cannabidiol modulates serotonergic transmission and reverses
both allodynia and anxiety-like behavior in a model of neuropathic pain. Pain 160 (1),
136–150. doi:10.1097/j.pain.0000000000001386

de Salas-Quiroga, A., Díaz-Alonso, J., García-Rincón, D., Remmers, F., Vega, D.,
Gómez-Cañas, M., et al. (2015). Prenatal exposure to cannabinoids evokes long-lasting
functional alterations by targeting CB1 receptors on developing cortical neurons. Proc.
Natl. Acad. Sci. U. S. A. 112 (44), 13693–13698. doi:10.1073/pnas.1514962112

de Salas-Quiroga, A., García-Rincón, D., Gómez-Domínguez, D., Valero, M., Simón-
Sánchez, S., Paraíso-Luna, J., et al. (2020). Long-term hippocampal interneuronopathy
drives sex-dimorphic spatial memory impairment induced by prenatal THC exposure.
Neuropsychopharmacol 45, 877–886. doi:10.1038/s41386-020-0621-3

Drazanova, E., Ruda-Kucerova, J., Kratka, L., Stark, T., Kuchar, M., Maryska, M., et al.
(2019). Different effects of prenatal MAM vs. perinatal THC exposure on regional
cerebral blood perfusion detected by Arterial Spin Labelling MRI in rats. Sci. Rep. 9 (1),
6062. doi:10.1038/s41598-019-42532-z

Esposito, G., Scuderi, C., Valenza, M., Togna, G. I., Latina, V., De Filippis, D., et al.
(2011). Cannabidiol reduces Aβ-induced neuroinflammation and promotes
hippocampal neurogenesis through PPARγ involvement. PloS one 6 (12), e28668.
doi:10.1371/journal.pone.0028668

Etemad, L., Karimi, G., Alavi, M. S., and Roohbakhsh, A. (2022). Pharmacological
effects of cannabidiol by transient receptor potential channels. Life Sci. 300, 120582.
doi:10.1016/j.lfs.2022.120582

Fagherazzi, E. V., Garcia, V. A., Maurmann, N., Bervanger, T., Halmenschlager, L. H.,
Busato, S. B., et al. (2012). Memory-rescuing effects of cannabidiol in an animal model
of cognitive impairment relevant to neurodegenerative disorders. Psychopharmacology
219 (4), 1133–1140. doi:10.1007/s00213-011-2449-3

Flores-Soto, M. E., Chaparro-Huerta, V., Escoto-Delgadillo, M., Vazquez-Valls, E.,
González-Castañeda, R. E., and Beas-Zarate, C. (2012). Estructura y función de las
subunidades del receptor a glutamato tipo NMDA [Structure and function of NMDA-
type glutamate receptor subunits. Neurol. Barc. Spain) 27 (5), 301–310. doi:10.1016/j.
nrl.2011.10.014

Frau, R., Miczán, V., Traccis, F., Aroni, S., Pongor, C. I., Saba, P., et al. (2019). Prenatal
THC exposure produces a hyperdopaminergic phenotype rescued by pregnenolone.
Nat. Neurosci. 22 (12), 1975–1985. doi:10.1038/s41593-019-0512-2

Fried, P. A., and Smith, A. M. (2001). A literature review of the consequences of
prenatal marihuana exposure. An emerging theme of a deficiency in aspects of
executive function. Neurotoxicology Teratol. 23 (1), 1–11. doi:10.1016/s0892-
0362(00)00119-7

Frieling, H., Albrecht, H., Jedtberg, S., Gozner, A., Lenz, B., Wilhelm, J., et al. (2009).
Elevated cannabinoid 1 receptor mRNA is linked to eating disorder related behavior and
attitudes in females with eating disorders. Psychoneuroendocrinology 34 (4), 620–624.
doi:10.1016/j.psyneuen.2008.10.014

Fusar-Poli, P., Crippa, J. A., Bhattacharyya, S., Borgwardt, S. J., Allen, P., Martin-
Santos, R., et al. (2009). Distinct effects of {delta}9-tetrahydrocannabinol and
cannabidiol on neural activation during emotional processing. Archives general
psychiatry 66 (1), 95–105. doi:10.1001/archgenpsychiatry.2008.519

García-Baos, A., Puig-Reyne, X., García-Algar, Ó., and Valverde, O. (2021).
Cannabidiol attenuates cognitive deficits and neuroinflammation induced by early
alcohol exposure in a mice model. Biomed. Pharmacother. = Biomedecine
Pharmacother. 141, 111813. doi:10.1016/j.biopha.2021.111813

García-Gutiérrez, M. S., Navarrete, F., Gasparyan, A., Austrich-Olivares, A., Sala, F.,
andManzanares, J. (2020). Cannabidiol: A potential new alternative for the treatment of
anxiety, depression, and psychotic disorders. Biomolecules 10 (11), 1575. doi:10.3390/
biom10111575

Gawel, K., Gibula, E., Marszalek-Grabska, M., Filarowska, J., and Kotlinska, J. H.
(2019). Assessment of spatial learning and memory in the Barnes maze task in rodents-
methodological consideration. Naunyn-Schmiedeberg’s archives Pharmacol. 392 (1),
1–18. doi:10.1007/s00210-018-1589-y

Gibula-Tarlowska, E., Wydra, K., and Kotlinska, J. H. (2020). Deleterious effects of
ethanol, Δ(9)-tetrahydrocannabinol (THC), and their combination on the spatial
memory and cognitive flexibility in adolescent and adult male rats in the Barnes
maze task. Pharmaceutics 12 (7), 654. doi:10.3390/pharmaceutics12070654

Goldschmidt, L., Day, N. L., and Richardson, G. A. (2000). Effects of prenatal
marijuana exposure on child behavior problems at age 10. Neurotoxicology Teratol.
22 (3), 325–336. doi:10.1016/s0892-0362(00)00066-0

Frontiers in Pharmacology frontiersin.org12

Castelli et al. 10.3389/fphar.2023.1237485

https://doi.org/10.3389/fphar.2022.989717
https://doi.org/10.1186/s42238-021-00108-7
https://doi.org/10.1038/sj.bjp.0704327
https://doi.org/10.1007/s13311-015-0387-1
https://doi.org/10.1155/2016/8607038
https://doi.org/10.1007/s11916-020-0835-4
https://doi.org/10.1515/revneuro-2017-0052
https://doi.org/10.3390/biomedicines9091161
https://doi.org/10.3390/biomedicines9091161
https://doi.org/10.3389/fnbeh.2020.583122
https://doi.org/10.1177/0269881120916135
https://doi.org/10.1016/j.jneumeth.2016.09.010
https://doi.org/10.1016/j.jneumeth.2016.09.010
https://doi.org/10.1016/j.biopsych.2015.12.002
https://doi.org/10.1038/npp.2017.206
https://doi.org/10.1038/npp.2017.206
https://doi.org/10.1016/j.neuroscience.2014.12.051
https://doi.org/10.1016/j.neuroscience.2014.12.051
https://doi.org/10.3389/fpsyt.2017.00268
https://doi.org/10.3389/fpsyt.2017.00268
https://doi.org/10.3390/pharmaceutics15020692
https://doi.org/10.3389/fpsyt.2022.996965
https://doi.org/10.3390/molecules28073271
https://doi.org/10.3390/molecules28073271
https://doi.org/10.1177/0269881112474524
https://doi.org/10.1177/0269881112474524
https://doi.org/10.1530/REP-12-0508
https://doi.org/10.1038/nn.2684
https://doi.org/10.1038/nprot.2006.83
https://doi.org/10.3389/fimmu.2018.02009
https://doi.org/10.1038/sj.npp.1300496
https://doi.org/10.3390/ijms22157861
https://doi.org/10.3390/ijms22157861
https://doi.org/10.1097/j.pain.0000000000001386
https://doi.org/10.1073/pnas.1514962112
https://doi.org/10.1038/s41386-020-0621-3
https://doi.org/10.1038/s41598-019-42532-z
https://doi.org/10.1371/journal.pone.0028668
https://doi.org/10.1016/j.lfs.2022.120582
https://doi.org/10.1007/s00213-011-2449-3
https://doi.org/10.1016/j.nrl.2011.10.014
https://doi.org/10.1016/j.nrl.2011.10.014
https://doi.org/10.1038/s41593-019-0512-2
https://doi.org/10.1016/s0892-0362(00)00119-7
https://doi.org/10.1016/s0892-0362(00)00119-7
https://doi.org/10.1016/j.psyneuen.2008.10.014
https://doi.org/10.1001/archgenpsychiatry.2008.519
https://doi.org/10.1016/j.biopha.2021.111813
https://doi.org/10.3390/biom10111575
https://doi.org/10.3390/biom10111575
https://doi.org/10.1007/s00210-018-1589-y
https://doi.org/10.3390/pharmaceutics12070654
https://doi.org/10.1016/s0892-0362(00)00066-0
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1237485


Goto, A. (2022). Synaptic plasticity during systems memory consolidation. Neurosci.
Res. 183, 1–6. doi:10.1016/j.neures.2022.05.008

Groff, D., Bollampally, P., Buono, F., Knehans, A., Spotts, H., and Bone, C. (2023).
Interventions addressing cannabis use during pregnancy: A systematic review. J. Addict.
Med. 17 (1), 47–53. doi:10.1097/ADM.0000000000001027

Guagnini, F., Valenti, M., Mukenge, S., Matias, I., Bianchetti, A., Di Palo, S., et al.
(2006). Neural contractions in colonic strips from patients with diverticular disease:
Role of endocannabinoids and substance P. Gut 55 (7), 946–953. doi:10.1136/gut.2005.
076372

Guilloux, J. P., Seney, M., Edgar, N., and Sibille, E. (2011). Integrated behavioral
z-scoring increases the sensitivity and reliability of behavioral phenotyping in mice:
Relevance to emotionality and sex. J. Neurosci. methods 197 (1), 21–31. doi:10.1016/j.
jneumeth.2011.01.019

Habayeb, O. M., Taylor, A. H., Bell, S. C., Taylor, D. J., and Konje, J. C. (2008).
Expression of the endocannabinoid system in human first trimester placenta and its role
in trophoblast proliferation. Endocrinology 149 (10), 5052–5060. doi:10.1210/en.2007-
1799

Hameed, M., Prasad, S., Jain, E., Dogrul, B. N., Al-Oleimat, A., Pokhrel, B., et al.
(2023). Medical cannabis for chronic nonmalignant pain management. Curr. pain
headache Rep. 27 (4), 57–63. doi:10.1007/s11916-023-01101-w

Hirvonen, J., Goodwin, R. S., Li, C. T., Terry, G. E., Zoghbi, S. S., Morse, C., et al.
(2012). Reversible and regionally selective downregulation of brain cannabinoid
CB1 receptors in chronic daily cannabis smokers. Mol. psychiatry 17 (6), 642–649.
doi:10.1038/mp.2011.82

Hložek, T., Uttl, L., Kadeřábek, L., Balíková, M., Lhotková, E., Horsley, R. R., et al.
(2017). Pharmacokinetic and behavioural profile of THC, CBD, and THC+CBD
combination after pulmonary, oral, and subcutaneous administration in rats and
confirmation of conversion in vivo of CBD to THC. Eur. Neuropsychopharmacol.
J. Eur. Coll. Neuropsychopharmacol. 27 (12), 1223–1237. doi:10.1016/j.euroneuro.2017.
10.037

Huizink, A. C., and Mulder, E. J. (2006). Maternal smoking, drinking or cannabis use
during pregnancy and neurobehavioral and cognitive functioning in human offspring.
Neurosci. Biobehav. Rev. 30 (1), 24–41. doi:10.1016/j.neubiorev.2005.04.005

Huizink, A. C. (2014). Prenatal cannabis exposure and infant outcomes: Overview of
studies. Prog. neuro-psychopharmacology Biol. psychiatry 52, 45–52. doi:10.1016/j.
pnpbp.2013.09.014

Kaplan, J. S., Wagner, J. K., Reid, K., McGuinness, F., Arvila, S., Brooks, M., et al.
(2021). Cannabidiol exposure during the mouse adolescent period is without harmful
behavioral effects on locomotor activity, anxiety, and spatial memory. Front. Behav.
Neurosci. 15, 711639. doi:10.3389/fnbeh.2021.711639

Keith, D., and El-Husseini, A. (2008). Excitation control: Balancing PSD-95 function
at the synapse. Front. Mol. Neurosci. 1, 4. doi:10.3389/neuro.02.004.2008

Laprairie, R. B., Bagher, A. M., Kelly, M. E., and Denovan-Wright, E. M. (2015).
Cannabidiol is a negative allosteric modulator of the cannabinoid CB1 receptor. Br.
J. Pharmacol. 172 (20), 4790–4805. doi:10.1111/bph.13250

Levendosky, A. A., Bogat, G. A., Lonstein, J., Muzik, M., and Nuttall, A. K. (2021).
Longitudinal prospective study examining the effects of the timing of prenatal stress on
infant and child regulatory functioning: The Michigan prenatal stress study protocol.
BMJ open 11 (9), e054964. doi:10.1136/bmjopen-2021-054964

Lima-Silva, T. B., Fabrício, A. T., Silva, L. D. S. V. E., de Oliveira, G. M., da Silva, W. T.,
Kissaki, P. T., et al. (2012). Training of executive functions in healthy elderly: Results of a
pilot study. Dementia neuropsychologia 6 (1), 35–41. doi:10.1590/S1980-
57642012DN06010006

Liu, L., Wong, T. P., Pozza, M. F., Lingenhoehl, K., Wang, Y., Sheng, M., et al. (2004).
Role of NMDA receptor subtypes in governing the direction of hippocampal synaptic
plasticity. Sci. (New York, N.Y.) 304 (5673), 1021–1024. doi:10.1126/science.1096615

Maniaci, G., Picone, P., Dimarco, T., Lipari, A., Brancato, A., Cannizzaro, C., et al.
(2015). Psychodiagnostic assessment of pathological gamblers: a focus on personality
disorders, clinical syndromes and alexithymia. International Journal of Mental Health
and Addiction 13 (6), 728–739. doi:10.1007/s11469-015-9550-5

Mao, K., You, C., Lei, D., and Zhang, H. (2015). High dosage of cannabidiol (CBD)
alleviates pentylenetetrazole-induced epilepsy in rats by exerting an anticonvulsive
effect. Int. J. Clin. Exp. Med. 8 (6), 8820–8827. eCollection 2015

Marco, E. M., García-Gutiérrez, M. S., Bermúdez-Silva, F. J., Moreira, F. A.,
Guimarães, F., Manzanares, J., et al. (2011). Endocannabinoid system and
psychiatry: In search of a neurobiological basis for detrimental and potential
therapeutic effects. Front. Behav. Neurosci. 5, 63. doi:10.3389/fnbeh.2011.00063

Masataka, N. (2019). Anxiolytic effects of repeated cannabidiol treatment in teenagers
with social anxiety disorders. Front. Psychol. 10, 2466. doi:10.3389/fpsyg.2019.02466

Meyer, E., Bonato, J. M., Mori, M. A., Mattos, B. A., Guimarães, F. S., Milani, H., et al.
(2021). Cannabidiol confers neuroprotection in rats in a model of transient global
cerebral ischemia: Impact of hippocampal synaptic neuroplasticity. Mol. Neurobiol. 58
(10), 5338–5355. doi:10.1007/s12035-021-02479-7

Meyer, F. S. L., and Gee, D. G. (2018). The role of the endocannabinoid system and
genetic Variation in adolescent brain development. Neuropsychopharmacol. official
Publ. Am. Coll. Neuropsychopharmacol. 43 (1), 21–33. doi:10.1038/npp.2017.143

Muller, C., Lynch, D. L., Hurst, D. P., and Reggio, P. H. (2021). TRPV1 activation by
anandamide via a unique lipid pathway. J. Chem. Inf. Model. 61 (12), 5742–5746. doi:10.
1021/acs.jcim.1c00893

Murphy, M., Mills, S., Winstone, J., Leishman, E., Wager-Miller, J., Bradshaw, H.,
et al. (2017). Chronic adolescent d9-tetrahydrocannabinol treatment of male mice leads
to long-term cognitive and behavioral dysfunction, which are prevented by concurrent
cannabidiol treatment. Cannabis cannabinoid Res. 2 (1), 235–246. doi:10.1089/can.
2017.0034

Nguyen, V. H., and Harley, K. G. (2022). Prenatal cannabis use and infant birth
outcomes in the pregnancy risk assessment monitoring system. J. Pediatr. 240, 87–93.
doi:10.1016/j.jpeds.2021.08.088

Niloy, N., Hediyal, T. A., Vichitra, C., Sonali, S., Chidambaram, S. B., Gorantla, V. R.,
et al. (2023). Effect of cannabis on memory consolidation, learning and retrieval and its
current legal status in India: A review. Biomolecules 13 (1), 162. doi:10.3390/
biom13010162

Oberbarnscheidt, T., and Miller, N. S. (2020). The impact of cannabidiol on
psychiatric and medical conditions. J. Clin. Med. Res. 12 (7), 393–403. doi:10.14740/
jocmr4159

Osborne, A. L., Solowij, N., and Weston-Green, K. (2017). A systematic review of the
effect of cannabidiol on cognitive function: Relevance to schizophrenia. Neurosci.
Biobehav. Rev. 72, 310–324. doi:10.1016/j.neubiorev.2016.11.012

Patel, P. K., Leathem, L. D., Currin, D. L., and Karlsgodt, K. H. (2021). Adolescent
neurodevelopment and vulnerability to psychosis. Biol. psychiatry 89 (2), 184–193.
doi:10.1016/j.biopsych.2020.06.028

Paul, S. E., Hatoum, A. S., Fine, J. D., Johnson, E. C., Hansen, I., Karcher, N. R., et al.
(2021). Associations between prenatal cannabis exposure and childhood outcomes:
Results from the ABCD study. JAMA psychiatry 78 (1), 64–76. doi:10.1001/
jamapsychiatry.2020.2902

Peng, H., Li, H., Wei, Y., Zhang, R., Chang, X., Meng, L., et al. (2023). Effects of
prenatal exposure to THC on hippocampal neural development in offspring. Toxicol.
Lett. 374, 48–56. doi:10.1016/j.toxlet.2022.12.007

Peres, F. F., Levin, R., Suiama, M. A., Diana, M. C., Gouvêa, D. A., Almeida, V., et al.
(2016). Cannabidiol prevents motor and cognitive impairments induced by reserpine in
rats. Front. Pharmacol. 7, 343. doi:10.3389/fphar.2016.00343

Plescia, F., Sardo, P., Rizzo, V., Cacace, S., Marino, R. A., Brancato, A., et al. (2014).
Pregnenolone sulphate enhances spatial orientation and object discrimination in adult
male rats: Evidence from a behavioural and electrophysiological study. Behav. brain Res.
258, 193–201. doi:10.1016/j.bbr.2013.10.026

Pope, H. G., Jr, and Yurgelun-Todd, D. (1996). The residual cognitive effects of
heavy marijuana use in college students. JAMA 275 (7), 521–527. doi:10.1001/
jama.275.7.521

Popoviç, M., Biessels, G. J., Isaacson, R. L., and Gispen, W. H. (2001). Learning and
memory in streptozotocin-induced diabetic rats in a novel spatial/object discrimination
task. Behav. brain Res. 122 (2), 201–207. doi:10.1016/s0166-4328(01)00186-3

Portugalov, A., Zaidan, H., Gaisler-Salomon, I., Hillard, C. J., and Akirav, I. (2022).
FAAH inhibition restores early life stress-induced alterations in PFC microRNAs
associated with depressive-like behavior in male and female rats. Int. J. Mol. Sci. 23
(24), 16101. doi:10.3390/ijms232416101

Pretzsch, C. M., Freyberg, J., Voinescu, B., Lythgoe, D., Horder, J., Mendez, M. A.,
et al. (2019). Effects of cannabidiol on brain excitation and inhibition systems; a
randomised placebo-controlled single dose trial during magnetic resonance
spectroscopy in adults with and without autism spectrum disorder.
Neuropsychopharmacology 44 (8), 1398–1405. doi:10.1038/s41386-019-0333-8

Prud’homme, M., Cata, R., and Jutras-Aswad, D. (2015). Cannabidiol as an
intervention for addictive behaviors: A systematic review of the evidence. Subst.
abuse Res. Treat. 9, 33–38. doi:10.4137/SART.S25081

Raucci, U., Pietrafusa, N., Paolino, M. C., Di Nardo, G., Villa, M. P., Pavone, P., et al.
(2020). Cannabidiol treatment for refractory epilepsies in pediatrics. Front. Pharmacol.
11, 586110. doi:10.3389/fphar.2020.586110

Realini, N., Vigano’, D., Guidali, C., Zamberletti, E., Rubino, T., and Parolaro, D.
(2011). Chronic URB597 treatment at adulthood reverted most depressive-like
symptoms induced by adolescent exposure to THC in female rats.
Neuropharmacology 60 (2-3), 235–243. doi:10.1016/j.neuropharm.2010.09.003

Robledo-Menendez, A., Vella, M., Grandes, P., and Soria-Gomez, E. (2022).
Cannabinoid control of hippocampal functions: The where matters. FEBS J. 289 (8),
2162–2175. doi:10.1111/febs.15907

Rodríguez-Muñoz, M., Cortés-Montero, E., Pozo-Rodrigálvarez, A., Sánchez-
Blázquez, P., and Garzón-Niño, J. (2015). The ON:OFF switch, σ1r-HINT1 protein,
controls GPCR-NMDA receptor cross-regulation: Implications in neurological
disorders. Oncotarget 6 (34), 35458–35477. doi:10.18632/oncotarget.6064

Saez, T. M., Aronne, M. P., Caltana, L., and Brusco, A. H. (2014). Prenatal exposure to
the CB1 and CB2 cannabinoid receptor agonist WIN 55,212-2 alters migration of early-
born glutamatergic neurons and GABAergic interneurons in the rat cerebral cortex.
J. Neurochem. 129 (4), 637–648. doi:10.1111/jnc.12636

Sánchez-Blázquez, P., Rodríguez-Muñoz, M., and Garzón, J. (2014). The cannabinoid
receptor 1 associates with NMDA receptors to produce glutamatergic hypofunction:

Frontiers in Pharmacology frontiersin.org13

Castelli et al. 10.3389/fphar.2023.1237485

https://doi.org/10.1016/j.neures.2022.05.008
https://doi.org/10.1097/ADM.0000000000001027
https://doi.org/10.1136/gut.2005.076372
https://doi.org/10.1136/gut.2005.076372
https://doi.org/10.1016/j.jneumeth.2011.01.019
https://doi.org/10.1016/j.jneumeth.2011.01.019
https://doi.org/10.1210/en.2007-1799
https://doi.org/10.1210/en.2007-1799
https://doi.org/10.1007/s11916-023-01101-w
https://doi.org/10.1038/mp.2011.82
https://doi.org/10.1016/j.euroneuro.2017.10.037
https://doi.org/10.1016/j.euroneuro.2017.10.037
https://doi.org/10.1016/j.neubiorev.2005.04.005
https://doi.org/10.1016/j.pnpbp.2013.09.014
https://doi.org/10.1016/j.pnpbp.2013.09.014
https://doi.org/10.3389/fnbeh.2021.711639
https://doi.org/10.3389/neuro.02.004.2008
https://doi.org/10.1111/bph.13250
https://doi.org/10.1136/bmjopen-2021-054964
https://doi.org/10.1590/S1980-57642012DN06010006
https://doi.org/10.1590/S1980-57642012DN06010006
https://doi.org/10.1126/science.1096615
https://doi.org/10.1007/s11469-015-9550-5
https://doi.org/10.3389/fnbeh.2011.00063
https://doi.org/10.3389/fpsyg.2019.02466
https://doi.org/10.1007/s12035-021-02479-7
https://doi.org/10.1038/npp.2017.143
https://doi.org/10.1021/acs.jcim.1c00893
https://doi.org/10.1021/acs.jcim.1c00893
https://doi.org/10.1089/can.2017.0034
https://doi.org/10.1089/can.2017.0034
https://doi.org/10.1016/j.jpeds.2021.08.088
https://doi.org/10.3390/biom13010162
https://doi.org/10.3390/biom13010162
https://doi.org/10.14740/jocmr4159
https://doi.org/10.14740/jocmr4159
https://doi.org/10.1016/j.neubiorev.2016.11.012
https://doi.org/10.1016/j.biopsych.2020.06.028
https://doi.org/10.1001/jamapsychiatry.2020.2902
https://doi.org/10.1001/jamapsychiatry.2020.2902
https://doi.org/10.1016/j.toxlet.2022.12.007
https://doi.org/10.3389/fphar.2016.00343
https://doi.org/10.1016/j.bbr.2013.10.026
https://doi.org/10.1001/jama.275.7.521
https://doi.org/10.1001/jama.275.7.521
https://doi.org/10.1016/s0166-4328(01)00186-3
https://doi.org/10.3390/ijms232416101
https://doi.org/10.1038/s41386-019-0333-8
https://doi.org/10.4137/SART.S25081
https://doi.org/10.3389/fphar.2020.586110
https://doi.org/10.1016/j.neuropharm.2010.09.003
https://doi.org/10.1111/febs.15907
https://doi.org/10.18632/oncotarget.6064
https://doi.org/10.1111/jnc.12636
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1237485


Implications in psychosis and schizophrenia. Front. Pharmacol. 4, 169. doi:10.3389/
fphar.2013.00169

Schiavon, A. P., Soares, L. M., Bonato, J. M., Milani, H., Guimarães, F. S., and Weffort
de Oliveira, R. M. (2014). Protective effects of cannabidiol against hippocampal cell
death and cognitive impairment induced by bilateral common carotid artery occlusion
in mice. Neurotox. Res. 26 (4), 307–316. doi:10.1007/s12640-014-9457-0

Selvam, R., Yeh, M. L., and Levine, E. S. (2018). Endogenous cannabinoids mediate
the effect of BDNF at CA1 inhibitory synapses in the hippocampus. Synapse 73, e22075.
doi:10.1002/syn.22075

Shannon, S., Lewis, N., Lee, H., and Hughes, S. (2019). Cannabidiol in anxiety and
sleep: A large case series. Perm. J. 23, 18–041. doi:10.7812/TPP/18-041

Shiraishi-Yamaguchi, Y., and Furuichi, T. (2007). The Homer family proteins.
Genome Biol. 8 (2), 206. doi:10.1186/gb-2007-8-2-206

Sholler, D. J., Schoene, L., and Spindle, T. R. (2020). Therapeutic efficacy of
cannabidiol (CBD): A review of the evidence from clinical trials and human
laboratory studies. Curr. Addict. Rep. 7 (3), 405–412. doi:10.1007/s40429-020-00326-8

Skully, J. (2021). Oral cbd administration: Assessing bioavailability and behavioral
outcomes in A rodent model. Detroit: Wayne State University Theses. https://
digitalcommons.wayne.edu/oa_theses/834.

Solowij, N., Broyd, S. J., Beale, C., Prick, J. A., Greenwood, L. M., van Hell, H., et al.
(2018). Therapeutic effects of prolonged cannabidiol treatment on psychological
symptoms and cognitive function in regular cannabis users: A pragmatic open-label
clinical trial. Cannabis cannabinoid Res. 3 (1), 21–34. doi:10.1089/can.2017.0043

Spear, L. P. (2013). Adolescent neurodevelopment. J. Adolesc. health 52, S7–S13.
doi:10.1016/j.jadohealth.2012.05.006

Straiker, A., Dvorakova, M., Zimmowitch, A., and Mackie, K. (2018). Cannabidiol
inhibits endocannabinoid signaling in autaptic hippocampal neurons.Mol. Pharmacol.
94 (1), 743–748. doi:10.1124/mol.118.111864

Sweatt, J. D. (2010). Rodent behavioral learning and memory models in mechanisms of
memory. Cambridge: Academic Press. 76–103.

Sylantyev, S., Jensen, T. P., Ross, R. A., and Rusakov, D. A. (2013). Cannabinoid- and
lysophosphatidylinositol-sensitive receptor GPR55 boosts neurotransmitter release at
central synapses. Proc. Natl. Acad. Sci. U. S. A. 110 (13), 5193–5198. doi:10.1073/pnas.
1211204110

Taneja, S., Panday, J., Popoola, A., Greyson, D., McDonald, S. D., Patel, T., et al.
(2022). Making informed choices about cannabis use during pregnancy and lactation: A
qualitative study of information use. Birth (Berkeley, Calif). doi:10.1111/birt.12668

Thomason, M. E., Palopoli, A. C., Jariwala, N. N., Werchan, D. M., Chen, A.,
Adhikari, S., et al. (2021). Miswiring the brain: Human prenatal Δ9-
tetrahydrocannabinol use associated with altered fetal hippocampal brain network
connectivity. Dev. Cogn. Neurosci. 51, 101000. doi:10.1016/j.dcn.2021.101000

Tortoriello, G., Morris, C. V., Alpar, A., Fuzik, J., Shirran, S. L., Calvigioni, D., et al.
(2014). Miswiring the brain: Δ9-tetrahydrocannabinol disrupts cortical development by

inducing an SCG10/stathmin-2 degradation pathway. EMBO J. 33 (7), 668–685. doi:10.
1002/embj.201386035

Twardowschy, A., Castiblanco-Urbina, M. A., Uribe-Mariño, A., Biagioni, A. F.,
Salgado-Rohner, C. J., Crippa, J. A., et al. (2013). The role of 5-HT1A receptors in
the anti-aversive effects of cannabidiol on panic attack-like behaviors evoked in the
presence of the wild snake Epicrates cenchria crassus (Reptilia, Boidae).
J. Psychopharmacol. Oxf. Engl. 27 (12), 1149–1159. doi:10.1177/
0269881113493363

Tymofiyeva, O., and Gaschler, R. (2021). Training-induced neural plasticity in youth:
A systematic review of structural and functional mri studies. Front. Hum. Neurosci. 14,
497245. doi:10.3389/fnhum.2020.497245

Umpierrez, L. S., Costa, P. A., Michelutti, E. A., Baracz, S. J., Sauer, M., Turner, A. J.,
et al. (2022). Cannabidiol but not cannabidiolic acid reduces behavioural sensitisation to
methamphetamine in rats, at pharmacologically effective doses. Psychopharmacology
239 (5), 1593–1603. doi:10.1007/s00213-022-06119-3

Vargish, G. A., Pelkey, K. A., Yuan, X., Chittajallu, R., Collins, D., Fang, C., et al.
(2017). Persistent inhibitory circuit defects and disrupted social behaviour following in
utero exogenous cannabinoid exposure. Mol. psychiatry 22 (1), 56–67. doi:10.1038/mp.
2016.17

Wang, X., Dow-Edwards, D., Keller, E., and Hurd, Y. L. (2003). Preferential limbic
expression of the cannabinoid receptor mRNA in the human fetal brain. Neuroscience
118 (3), 681–694. doi:10.1016/s0306-4522(03)00020-4

Wei, D., and Piomelli, D. (2015). Cannabinoid-based drugs: Potential applications in
addiction and other mental disorders. FOCUS 13 (3), 307–316. doi:10.1176/appi.focus.
20150009

Weston-Green, K. (2019). The united chemicals of cannabis: Beneficial effects of
cannabis phytochemicals on the brain and cognition. IntechOpen. doi:10.5772/
intechopen.79266

Wilson, W. H., Ellinwood, E. H., Mathew, R. J., and Johnson, K. (1994). Effects of
marijuana on performance of a computerized cognitive-neuromotor test battery.
Psychiatry Res. 51 (2), 115–125. doi:10.1016/0165-1781(94)90031-0

Winters, B. L., and Vaughan, C. W. (2021). Mechanisms of endocannabinoid control
of synaptic plasticity.Neuropharmacology 197, 108736. doi:10.1016/j.neuropharm.2021.
108736

Wise, L. E., Thorpe, A. J., and Lichtman, A. H. (2009)., 34.
Neuropsychopharmacology, 2072–2080. doi:10.1038/npp.2009.31Hippocampal CB(1)
receptors mediate the memory impairing effects of Delta(9)-
tetrahydrocannabinolofficial Publ. Am. Coll. Neuropsychopharmacol.9

Wu, C. S., Jew, C. P., and Lu, H. C. (2011). Lasting impacts of prenatal cannabis
exposure and the role of endogenous cannabinoids in the developing brain. Future
neurol. 6 (4), 459–480. doi:10.2217/fnl.11.27

Xu, J. Y., and Chen, C. (2015). Endocannabinoids in synaptic plasticity and
neuroprotection. Neurosci. a Rev. J. bringing Neurobiol. neurology psychiatry 21 (2),
152–168. doi:10.1177/1073858414524632

Frontiers in Pharmacology frontiersin.org14

Castelli et al. 10.3389/fphar.2023.1237485

https://doi.org/10.3389/fphar.2013.00169
https://doi.org/10.3389/fphar.2013.00169
https://doi.org/10.1007/s12640-014-9457-0
https://doi.org/10.1002/syn.22075
https://doi.org/10.7812/TPP/18-041
https://doi.org/10.1186/gb-2007-8-2-206
https://doi.org/10.1007/s40429-020-00326-8
https://digitalcommons.wayne.edu/oa_theses/834
https://digitalcommons.wayne.edu/oa_theses/834
https://doi.org/10.1089/can.2017.0043
https://doi.org/10.1016/j.jadohealth.2012.05.006
https://doi.org/10.1124/mol.118.111864
https://doi.org/10.1073/pnas.1211204110
https://doi.org/10.1073/pnas.1211204110
https://doi.org/10.1111/birt.12668
https://doi.org/10.1016/j.dcn.2021.101000
https://doi.org/10.1002/embj.201386035
https://doi.org/10.1002/embj.201386035
https://doi.org/10.1177/0269881113493363
https://doi.org/10.1177/0269881113493363
https://doi.org/10.3389/fnhum.2020.497245
https://doi.org/10.1007/s00213-022-06119-3
https://doi.org/10.1038/mp.2016.17
https://doi.org/10.1038/mp.2016.17
https://doi.org/10.1016/s0306-4522(03)00020-4
https://doi.org/10.1176/appi.focus.20150009
https://doi.org/10.1176/appi.focus.20150009
https://doi.org/10.5772/intechopen.79266
https://doi.org/10.5772/intechopen.79266
https://doi.org/10.1016/0165-1781(94)90031-0
https://doi.org/10.1016/j.neuropharm.2021.108736
https://doi.org/10.1016/j.neuropharm.2021.108736
https://doi.org/10.1038/npp.2009.31
https://doi.org/10.2217/fnl.11.27
https://doi.org/10.1177/1073858414524632
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1237485

	CBD enhances the cognitive score of adolescent rats prenatally exposed to THC and fine-tunes relevant effectors of hippocam ...
	1 Introduction
	2 Material and methods
	2.1 Animals and treatment
	2.2 Drugs
	2.3 Experimental procedures
	2.4 Can test
	2.4.1.1 Shaping period
	2.4.1.2 Spatial task
	2.4.1.3 Simple visual task

	2.5 Barnes maze test
	2.5.1 Experimental design
	2.5.1.1 Habituation
	2.5.1.2 Acquisition phase
	2.5.1.3 Probe task
	2.5.1.4 Reversal task

	2.6 Tissue collection and quantitative real-time polymerase chain reaction procedure
	2.7 Statistical analysis

	3 Results
	3.1 CBD counterbalances the impaired cognitive score in the reinforcement-motivated task in pTHC-exposed adolescent rat off ...
	3.2 CBD counteracts the impaired cognitive score in the aversion-related task in pTHC-exposed adolescent rat offspring
	3.3 CBD fine-tunes the abnormal gene expression of markers of excitatory plasticity and CB1R-related signalling in the hipp ...

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


