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Abstract

Background: Cannabinoid consumption during pregnancy has been increasing on the wave of the broad-based legalisation of cannabis in Western
countries, raising concern about the putative detrimental outcomes on foetal neurodevelopment. Indeed, since the endocannabinoid system regulates
synaptic plasticity, emotional and cognitive processes from early stages of life interfering with it and other excitability endogenous modulators, such
as neuropeptide Y (NPY), might contribute to the occurrence of a vulnerable phenotype later in life.

Aims: This research investigated whether in utero exposure to A9-tetrahydrocannabinol (THC) may induce deficits in emotional/cognitive processes
and alcohol vulnerability in adolescent offspring. NPY and excitatory postsynaptic density (PSD) machinery were measured as markers of neurobiological
vulnerability.

Methods: Following in utero THC exposure (2mg/kg delivered subcutaneously), preadolescent male rat offspring were assessed for: behavioural
reactivity in the open field test, neutral declarative memory and aversive limbic memory in the Novel Object and Emotional Object Recognition
tests, immunofluorescence for NPY neurons and the PSD proteins Homer-1, 1b/c and 2 in the prefrontal cortex, amygdala and nucleus accumbens at
adolescence (cohort 1); and instrumental learning, alcohol taking, relapse and conflict behaviour in the operant chamber throughout adolescence
until early adulthood (cohort 2).

Results: In utero THC-exposed adolescent rats showed: (a) increased locomotor activity; (b) no alteration in neutral declarative memory; (c) impaired
aversive limbic memory; (d) decreased NPY-positive neurons in limbic regions; (e) region-specific variations in Homer-1, 1b/c and 2 immunoreactivity;
(f) decreased instrumental learning and increased alcohol drinking, relapse and conflict behaviour in the operant chamber.

Conclusion: Gestational THC impaired the formation of memory traces when integration between environmental encoding and emotional/motivational
processing was required and promoted the development of alcohol-addictive behaviours. The abnormalities in NPY signalling and PSD make-up may
represent the common neurobiological background, suggesting new targets for future research.
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Introduction

The endocannabinoid signalling pathway (ECS) is widely
expressed in the central nervous system (CNS), where it has major
roles in regulating synaptic plasticity through a balancing activity
mainly played on excitatory and inhibitory transmissions
(Cannizzaro et al., 2006; Wenzel and Cheer, 2018). Its compo-
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nents are expressed and are functional from early developmental
stages, when they start regulating neural stem-cell proliferation,
differentiation, migration and survival, neuronal connectivity and
synaptogenesis, until complete maturation of the CNS (Fernandez-
Ruiz et al., 2000; Fride et al., 2009; Grant et al., 2018). This poses
a relevant issue, since early exposure to exogenous cannabinoids
such as A9-tetrahydrocannabinol (THC) during neurodevelop-
ment may interfere with the homeostatic role of endocannabinoids
and might potentially confer increased vulnerability to adverse
neuropsychiatric outcomes (Schonhofen et al., 2018).

Indeed, the broad-based legalisation of cannabis has created a
strong need to understand the risks that may be associated with
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cannabis use, particularly for sensitive subgroups such as preg-
nant women (Grant et al., 2018) and adolescents. Indeed, canna-
bis is perceived as a natural and harmless substance, as well as an
efficient self-medicating strategy for a vast array of medical con-
ditions (Fitzcharles and Eisenberg, 2018; Hasin et al., 2017,
Klumpers and Thacker, 2018; Martins et al., 2016), including
morning sickness and vomiting during pregnancy (Chang et al.,
2019; Metz and Borgelt, 2018). THC, the main psychoactive
ingredient of cannabis derivatives, readily crosses the foeto-pla-
cental barrier and, due to slower foetal clearance (Harbison and
Mantilla-Plata, 1972; Hutchings et al., 1989), results in long-
lasting prenatal exposure beyond maternal consumption. It inter-
acts with foetal CB1 receptors, which are detected from the
earliest stage of embryo development and throughout prenatal
and postnatal development in many areas of the brain (Berrendero
et al., 1998; Mato et al., 2003).

Whereas it has been proved that cannabis use during preg-
nancy is associated with an increased risk of adverse obstetrical
outcomes (Gunn et al., 2016), detrimental neuro-behavioural con-
sequences in the progeny are still poorly explored. On the con-
trary, abnormal activation of the ECS plays a de facto role in
emotional dysregulation and cognitive deficits observed in ado-
lescent heavy users of cannabis (Maij et al., 2017). Emerging pre-
clinical evidence demonstrates that adolescent exposure to THC
selectively targets molecular and neuropharmacological signal-
ling pathways in both cortical and subcortical regions, including
the prefrontal cortex (PFC) and the mesolimbic dopamine (DA)
pathway, comprising the ventral tegmental area (VTA) and the
nucleus accumbens (NAc; Wenzel and Cheer, 2018).

Adolescent neurodevelopment represents a critical period
wherein regulatory connectivity between higher-order cortical
regions and subcortical emotional processing circuits is estab-
lished (Gogtay et al., 2004). THC-induced perturbation of neu-
rodevelopmental trajectories poses a risk for mood disorders,
vulnerability to alcohol and drug consumption during adoles-
cence (Renard et al., 2017, 2018). Significant evidence shows
that the neuropeptide Y (NPY) system is crucial for emotional
control and resilience to stress in accordance with its wide
expression in key regions for neuro-excitability and plasticity
(Plescia et al., 2014a; Reichmann and Holzer, 2016; Robinson
and Thiele, 2017). NPY protects against the negative behav-
ioural consequences of chronic exposure to stressors, including
anxiety and depression, and promotes robust reductions in alco-
hol craving and taking through the activation of NPY Y1 recep-
tors in the extended amygdala (Amy) and medial PFC (mPFC)
(Cippitelli et al., 2010; Heilig and Thorsell, 2002; Pandey et al.,
2003; Robinson et al., 2019; Robinson and Thiele, 2017). NPY
is also able to modulate synaptic strength and plasticity by mod-
ulating presynaptic calcium entry and the rearrangement of the
architecture of the postsynaptic density (PSD), including the
trafficking of ion channel receptors and the recruitment of scaf-
fold proteins functional to synaptic plasticity such as the Homer
isoforms (Bacci et al.,, 2002; Goyal and Chaudhury, 2013;
Molosh et al., 2013). Hence, it has been suggested that NPY may
produce modifications in cognitive performance (Bennett et al.,
1997; Maeda et al., 1993). Indeed, neurochemical analyses have
revealed that its overexpression in both the hypothalamus and
Amy drives cognitive resiliency and ameliorates negative effects
of stress on memory (Sweis et al., 2013). Moreover, robust

fear-inhibiting effects of intra-cerebroventricular injection of
NPY were demonstrated on contextual fear conditioning in rats
(Lach and de Lima, 2013), whereas inactivation of Y1R in mice
produces an impairment in reversal learning (Longo et al.,
2018).

A potential role for NPY in cannabinoid effects on neurotrans-
mission and synaptic functioning was shown by the association of
cannabis use with increased Y1 mRNA expression levels in the
PFC (Caberlotto and Hurd, 2001), where cannabinoid receptors
are highly localised (Glass et al., 1997). A complex interaction
between ECS and NPY signalling has been suggested to contribute
to the emotional imbalance induced by chronic stress in mice
(Lomazzo et al., 2017), and to anxiety-like behaviour and cogni-
tive deficits observed in adulthood following adolescent exposure
to intermittent alcohol (Sanchez-Marin et al., 2017). On these
bases, we hypothesised that manipulation of ECS modulatory sig-
nalling by THC during critical periods of neurodevelopment such
as pregnancy may lead to aberrant plasticity in discrete areas of the
brain such as the PFC, the NAc and the Amy, where alterations in
NPY signal together with modifications in PSD protein make-up
can represent the background of a vulnerable phenotype for cogni-
tive dysregulation and excessive alcohol intake.

To assess this, we analysed different behavioural patterns in
adolescent offspring prenatally exposed to THC: behavioural
reactivity, neutral declarative and aversive limbic memory, instru-
mental learning, and alcohol vulnerability in terms of discrete
alcohol-related behaviours, such as alcohol taking, alcohol seek-
ing following a forced abstinence and alcohol use despite negative
consequences. Moreover, NPY-ergic expression was assessed in
key areas of the brain, along with the expression of PSD Homer
isoforms, as markers of the postsynaptic functional machinery.

Methods

Animals and treatment

Twelve adult female nulliparous Wistar rats (200220 g; Envigo,
Milan, Italy) were housed in pairs in standard rat cages (40cm X
60cm X 20cm), with ad libitum access to water and food in a
temperature- and humidity-controlled room (22=*=2°C and
55 = 5%, respectively) on a 12-hour light/dark cycle. Timed preg-
nancy was performed by housing each female rat with a single
breeding male rat. The day on which sperm was detected in the
vaginal smear (Cannizzaro et al., 2008; Plescia et al., 2014b) was
designed as gestational day (GD) 0. Pregnant females were then
given daily subcutaneous injections with THC (2 mg/kg) or vehi-
cle from GD 5 to GD 20. This dose was chosen because it corre-
sponds to the average content of THC in a mild cannabis cigarette
(5%; Frau et al., 2019). After weaning, male rats were housed in
pairs, and each experimental group for the behavioural and oper-
ant drinking paradigms included one or two independent male rats
per each litter of vehicle- or THC-treated dams. All experiments
were conducted in accordance with animal protocols approved by
the Committee for the Protection and Use of Animals of the
University of Palermo in accordance with the current Italian leg-
islation 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 ani-
mals used and their sorrow.
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Figure 1. Behavioural procedures. Male rat offspring, prenatally exposed to either vehicle (CTRL) or A9-tetrahydrocannabinol (THC; prenatal
cannabinoid exposure (PCE)) were tested from postnatal day (PND) 25 onwards for behavioural reactivity in a novel environment by the open

field test (OFT); for declarative and limbic learning and memory by the Novel Object Recognition test and the Emotional Object Recognition test,
respectively; for instrumental learning, by operant conditioning; for vulnerability to alcohol in an operant paradigm by alcohol taking in the
acquisition phase, alcohol seeking following forced abstinence in the relapse phase and alcohol use despite negative consequences (i.e. resistance
to punishment) in the conflict phase; for nociception by the tail-flick test.

Drugs

THC (THC Pharm GmbH, Frankfurt, Germany) was suspended
in a vehicle of 1% ethanol + 1% Tween 80 in saline or vehicle.
Alcohol (96%; Carlo Erba Reagenti, Milan, Italy) was dissolved
in tap water at 10% v/v.

Behavioural procedures

Male rat offspring, prenatally exposed to either vehicle (CTRL)
or THC (prenatal cannabinoid exposure (PCE)) were tested dur-
ing pre-adolescence and adolescence, starting from postnatal day
(PND) 25 onwards, during the light phase.

Offspring underwent a behavioural battery tailored to explore
behavioural reactivity, neutral and aversive limbic memory and
alcohol vulnerability (Figure 1). In detail, behavioural reactivity in
a novel environment was assessed by the open field test (OFT;
Brancato et al., 2018a; Plescia et al., 2015); neutral declarative and
aversive limbic learning and memory were explored with the Novel
Object Recognition test and the Emotional Object Recognition test,
respectively (Brancato et al., 2016; Cannizzaro et al., 2016, 2019).
In a different cohort of offspring, instrumental learning, that is the
ability to acquire a simple instrumental response in order to gain
access to water, was investigated by using an operant-conditioning
chamber as previously described, in water-restricted conditions
(modified from Oakeshott et al., 2011). The offspring vulnerability
to alcohol motivational properties was then tested in an operant
paradigm designed to explore discrete alcohol-related behaviours,

such as alcohol taking in the acquisition phase, alcohol seeking fol-
lowing a forced abstinence in the relapse phase and alcohol use
despite negative consequences, that is resistance to punishment, in
the conflict phase (Brancato et al., 2014; Cacace et al., 2012;
Deroche-Gamonet et al., 2004; Plescia et al., 2013; Ripley and
Stephens, 2011). At the end of the conflict session, rats were tested
for nociception in the tail-flick test (Cannizzaro et al., 2016).

OFT

Locomotor activity and behavioural reactivity in a novel environ-
ment were measured in an open field. The apparatus was a
Plexiglas square box, 44cm long, 44cm wide and 20cm high.
The behaviour of the rats was monitored and quantified by an
automatic video-tracking system, AnyMaze (Stoelting Europe,
Dublin, Ireland), in a mean light intensity (1001x) illuminated
chamber. The test provides quali-quantitative mapping of the
motor pattern, measuring total distance travelled (TDT) as a
measure of locomotor activity, and number of central transitions
(NCT) from the peripheral to the central area of the arena as
measures of explorative behaviour (Cacace et al., 2011). Each
experimental session lasted five minutes.

Novel Object Recognition test

Offspring were tested for declarative learning and memory
employing the Novel Object Recognition test, as previously
described (Cannizzaro et al., 2016). On day 1, a five-minute
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habituation session was performed at 10.00 am in order to let the
animals freely explore the arena, which was the same as in the
OFT. Twenty-four hours after the habituation session, rats under-
went a five-minute training session when they were presented
with two identical, non-toxic objects (i.e. two red metal cans)
which were placed against a wall in the open field arena. To pre-
vent coercion to explore the objects, rats were released against
the centre of the opposite wall with their backs to the objects. The
time spent exploring each object was recorded using the AnyMaze
video-tracking system (Stoelting Europe); a 2 cm? area surround-
ing the objects was defined such that nose entries were recorded
as time for object exploration. After the training session, animals
were placed in their home cage for a 24-hour retention interval.
Then, the animals were returned to the arena where they found
two objects: one was identical to the familiar one but previously
unused (to prevent olfactory cues and the necessity to wash
objects during experimentation), and the other was a novel object
(a yellow hard plastic cup). Time spent exploring the novel (TN)
and familiar (TF) objects was recorded during a five-minute ses-
sion. Objects were randomised and counterbalanced across ani-
mals. The objects and the arena were thoroughly cleaned at the
end of each experimental session. The recognition index (RI %),
that is, the percentage of time spent investigating the novel object
out of the total object investigation time (RI %=TN/(TN + TF)%),
is a measure of novel object recognition and the main index of
retention (Botton et al., 2010; Mumby et al., 2002). A RI % of
>50% indicated that the rat spent more time exploring the novel
object, thus recalling the memory of the familiar object; a RI %
of <50% indicated that time was mainly spent exploring the
familiar object, as it was a novel one.

Emotional Object Recognition test

The Emotional Object Recognition test was used for the assess-
ment of aversive limbic memory (Brancato et al.,, 2016;
Cannizzaro et al., 2019). It employed two distinct contexts (A
and B) placed in different rooms. The context A chamber was a
rectangular arena with white floor (100cm long X 30cm
wide X 43 cm high). Rat behaviour was recorded and analysed
using the AnyMaze video-tracking system (Stoelting Europe).
A left and a right zone (40cm X 30cm) on both ends of the
context A chamber, as well as a neutral zone in the centre of the
box (20cm), represented the arena settings (modified from
Ramirez et al., 2015). The context A chamber was customised
with two different non-toxic objects (i.e. a plastic ball, 3.5cm
diameter, and a plastic pepper, 3cm X 3cm X 4 cm) that were
placed against the end walls of the left and the right zones of the
arena, according to the procedure described below. The objects
and their position were counterbalanced within the experimen-
tal groups.

The context B chamber was a rectangular chamber (45 cm X
22cm X 22cm) equipped with a grid floor, opaque ceiling and
dark walls. Rats were allowed to explore the context B chamber
for habituation and conditioned/cued learning; they were then
tested in the context A chamber for emotional recognition. The
floors and walls of the chambers were cleaned thoroughly with
70% isopropanol, dried with tissue paper and rinsed again with
water 10minutes before animals entered the chambers. Rats
were transported to and from the experimental room in their
home cages using a wheeled cart. The cart and cages remained

in an anteroom to the experimental rooms during all behavioural
experiments.

Experimental design

Habituation. Habituation took place in the context B chamber
and consisted of two separate sessions: environmental explora-
tion, during which rats were put in the arena and left undisturbed
to explore the chamber for five minutes; neutral-object explora-
tion, in which an object (plastic ball or pepper) was placed in the
opposite corner with respect to the rat’s entry and presented to the
animals for 10minutes. Between the two sessions, rats were
taken and returned to their home cages for 10 minutes.

Cued fear-conditioned learning. One hour after neutral-object
exploration, rats were re-placed in the context B chamber,
exposed to a novel object (emotional object) and trained for fear
conditioning. The session lasted 560 seconds, and six two-second
0.3 mA shocks were delivered at second 120, 200, 280, 360, 440
and 520. At the end of the session, animals were returned in their
home cages for a four-hour retention interval.

Emotional object recognition: context A chamber. Four
hours after cued fear-conditioned learning, rats were put into the
context A chamber and tested for emotional object discrimination
and object place aversion in the neutral context A chamber. They
were allowed to explore the new context freely for five minutes.
For each rat, the favourite zone, between the left and right ones,
was recorded at epoch baseline (BSL). Afterwards, the object
experienced during fear conditioning (the emotional object) was
placed in the favourite zone; the object experienced during habit-
uation (the neutral object) was placed in the less preferred zone.
Rats explored objects and zones during minutes 5-8 (epoch
ON-1). During minutes 8-11, objects were removed from the
arena (epoch OFF). During minutes 11-14, the objects were rein-
troduced in the same positions as during minutes 5-8 (epoch
ON-2). Finally, rats were placed in their home cages and returned
to the holding room. At the end of each experimental session,
both the objects and the arena were cleaned with a 70% solution
of isopropanol. Time spent exploring the objects and zones was
recorded along the epochs. Emotional object discrimination was
measured by the percentage of emotional object avoidance,
which was calculated as: 100— (time spent on the emotional
object/time spent on neutral + emotional object)%). Object place
conditioning was measured by the percentage of target zone pref-
erence, which was calculated as the percentage of time spent in
the target zone during BSL, ON and OFF epochs.

Operant tasks

Apparatus. The experimental sessions were carried out in cus-
tom-built operant-conditioning chambers (30cm X 28cm X
37 cm) located within a dimly lit, sound-attenuating shell, with a
fan mounted at one end of the cubicle that was active throughout
the session for white noise. Each chamber was equipped with two
levers located on opposite walls of the chamber, 3.5 cm above the
grid floor, controlling the delivery of 0.05 mL of liquid reinforce-
ment for each lever press into two separate dippers and a light
stimulus above the lever. The grid floor was connected to
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electric-shock generator to deliver a footshock (0.2mA) during
the punished period (see conflict experiment). The hardware was
controlled by an Arduino-based control unit (patent pending,
application n. 102019000022341), which allowed to record all
the events during the experimental sessions. The chamber was
thoroughly cleaned before the introduction of each animal to
ensure that the rat’s behaviour was not affected by the detection
of another rat’s scent.

Instrumental learning. During the instrumental learning experi-
ment, rats were trained to press a lever via a simple free operant
procedure where each lever press was reinforced with 0.05mL of
tap water throughout a 20-minute session. No reinforcement was
delivered without a lever press. The instrumental learning experi-
ment was carried out once daily along five days. Rats’ access to
water was restricted, since they were allowed to drink for one hour
per day at the end of the experimental session. The number of lever
presses and water intake were recorded. Animals were trained to a
learning criterion, requiring them to obtain 20 reinforcements
across two consecutive experimental sessions (modified from
Oakeshott et al., 2011).

Alcohol vulnerability. The offspring that reached the learning cri-
terion within five days underwent an alcohol vulnerability assess-
ment in terms of motivation for alcohol in the operant chamber. In
order to match the sample size of the CTRL and PCE groups, and to
control for litter effect, we used six rats per group, composed of one
pup per litter. The operant paradigm included acquisition, relapse
following forced abstinence and conflict experiments.

During the acquisition experiment, the rats would lever press
via a Fixed Ratio 1, so each lever press was reinforced with
0.05mL of alcohol 10% (lever 1) or water (lever 2) throughout a
20-minute session. The acquisition experiment was carried out
daily for 21 sessions. Rats were not water-restricted. The number
of lever presses and fluid intake was recorded. Weekly and daily
mean numbers of lever presses and alcohol intake (g/kg) were
calculated.

Following the 21-day acquisition experiment, alcohol operant
administration was suspended to achieve a forced abstinence.
Thus, rats were left undisturbed in their home cages for one week
and received water and food ad libitum.

Afterwards, in the relapse experiment, rats were exposed to
alcohol following the forced abstinence period and allowed to
lever press for either 10% alcohol or water in the operant cham-
ber, in the same experimental conditions as for acquisition, for
five days. The number of lever presses and fluid intake was
recorded. Daily mean numbers of lever presses and alcohol
intake (g/kg) were calculated.

The difference between the mean daily alcohol intake, in terms
of g/kg, during the relapse session and the mean alcohol intake
during the last five days of the acquisition session was calculated
as a measure of the alcohol deprivation effect, that is the marked
increase in alcohol intake that follows periods of withdrawal.

In the conflict experiment, the delivery of the reinforcement
(both water and alcohol) was paired with the delivery of a mild
footshock, according to a within-session schedule. In detail, each
session started with a non-punished interval (three minutes in
duration), when each lever press was reinforced as described
above (Fixed Ratio 1, water or alcohol 10% according to the
lever). During the punished response interval (one minute long),

the light stimulus was on, and each lever press controlled the
delivery of the reinforcement (either alcohol or water, according
to the lever), along with a mild footshock (0.2 mA; Cacace et al.,
2012). Non-punished and punished periods alternated according
to the three-minute—one-minute schedule for one 20-minute ses-
sion. The number of unpunished and punished lever presses was
automatically recorded. The percentage of punished responses,
over the total number of non-punished and punished operant
responses, emitted in each of the five time-bins of the conflict
session was calculated as a measure of punishment resistance.

Tail-flick test. At the end of the conflict session, nociception was
explored by measuring tail-flick latency in the hot-water immer-
sion tail-flick test (Cannizzaro et al., 2016). Briefly, 2 cm of the rat
tail was immersed in a water-bath apparatus (MPM Instruments
Srl, Bernareggio, Italy) maintained at 52 = 0.5°C. Latency to
response was determined by a vigorous tail flick. A cut-off time of
10seconds was imposed to minimise tissue damage.

Immunofluorescence experiments. At PND 35, one offspring
per litter (n=6per group) from the first cohort of rats was anaes-
thetised (chloral hydrate, 300 mg/kg) and trans-cardially perfused
with cold phosphate-buffered saline (PBS; pH7.4), followed by
4% paraformaldehyde in PBS. Brains were dissected and post
fixed overnight in the same fixative used for perfusion. Fixed
brains were coronally sectioned at a thickness of 40 um using a
microtome (Campden Instruments, Loughborough, UK; Carletti
et al., 2013). Serial sections were collected through the rostral-
caudal dimensions (every sixth slice) and stored at 4°C in 0.02%
sodium azide in PBS until the immunofluorescence staining
(Brancato et al., 2017).

Sections containing mPFC (from the bregma 3.20mm to
2.20mm), NAc (from the bregma 2.20 mm to 1.60 mm) and Amy
(from the bregma —1.80mm to —2.30mm) were selected (Di
Liberto et al., 2017; Paxinos and Watson, 1998), washed in PBS
for 30 minutes and incubated in blocking solution (3% Normal
Goat Serum (NGS), 0.3% Triton X-100 in PBS) for two hours at
room temperature under gentle shacking. Afterwards, sections
were incubated in primary antibody solution (3% NGS, 0.3%
Tween-20 in PBS) with either rabbit anti-NPY (T-4070 1:1000;
Peninsula Laboratories International, Inc., San Carlos, CA),
mouse monoclonal anti-Homer 1 (#sc136358; 1:250; Santa Cruz
Biotechnology, Dallas, TX), mouse monoclonal anti-Homer 1b/c
(#sc25271; 1:250; Santa Cruz Biotechnology), rabbit polyclonal
anti-Homer 2 (#160 203, 1:650; Synaptic Systems, Goettingen,
Germany) for 72 hours. Subsequently, sections were washed in
PBS solution for one hour, incubated in secondary antibody solu-
tion (Alexa Fluor® 488 AffiniPure Goat Anti-Rabbit IgG or Alexa
Fluor® 594 AffiniPure Goat Anti-Mouse IgG; 1:200; Jackson
ImmunoResearch, West Grove, PA) for two hours under gentle
shacking. After washing for one hour, slices were briefly incu-
bated with DAPI (1 pg/mL). Sections were mounted onto adhe-
sive slides (Superfrost® Plus; Thermo Fisher Scientific, Waltham,
MA) and coverslipped using Vectashield® HardSetTM Antifade
mounting medium. Images were acquired at 20X, 40X and 100X
magnification using an epifluorescence microscope (Meji
Techno, Saitama, Japan) and Deltapix Insight software (Figure
2). NPY-positive (NPY+) neurons (from 20X images) and
Homer proteins immunofluorescence (from 40X images) were
quantified using Image J and verified by a trained experimenter.
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Homer 2 .

Figure 2. Immunofluorescent experiments. (a) Neuropeptide Y positive (NPY+) neurons and Homer proteins were separately quantified in the
medial prefrontal cortex (mPFC), shell and core subregions of the nucleus accumbens (NAc), basolateral amygdala (BLA) and central amygdala (CeA)
in the two experimental groups. Representative photomicrographs of immunofluorescent staining for (b) NPY and Homer 1 in the two experimental
groups (magnification 40X, scale bar=40um for all images) and for Homer 1b/c and 2 at (c) magnification 40X, scale bar=40pm for all images

and (d) magnification 100X, scale bar=10pm for all images.
CTRL: control; PCE: prenatal cannabinoid exposure.

Statistical analysis

All data were tested for normality and equal variances. When
data exhibited normality and equal variances, differences
between groups were determined using either Student’s #-test or a
two-way analysis of variance (ANOVA) either regular or for
repeated measures, followed by a Bonferroni post hoc test. Data
that did not display equal variances were analysed using the non-
parametric Mann—Whitney U-test. The performance of rats to
reach the learning criterion was analysed using Kaplan—Meier
event analysis over the instrumental learning period, and the
resulting curves were compared by employing the log-rank
Mantel-Cox test. Statistical analysis was carried out using
GraphPad Prism v6.1 (GraphPad Software, Inc., San Diego, CA).
All values represent the mean * standard error of the mean. An
alpha level of 0.05 was adopted throughout.

Results

Reproduction parameters

Gestational cannabinoid exposure did not significantly affect
reproduction parameters such as number of dams giving birth,
length of pregnancy, litter size at birth, postnatal mortality (the
number of pups that died before weaning) and male:female ratio
(Table 1). Unpaired Student’s #-test analysis on data from body
weight at birth showed a small but significant decrease in PCE
pups compared to CTRL rats, which disappeared at the time of
the first behavioural assessment (PND 25; Table 1).

Behavioural assessment

OFT. At PND 25, male offspring were tested in the open field
arena to evaluate the effects of PCE on locomotor activity and
exploratory behaviour. Statistical analysis highlights that PCE rats
significantly increased TDT (two-tailed Student’s #-test, 1=4.925,
df=22, p<0.001; Figure 3(a)) compared to the CTRL group. No
significant differences were observed in NCT (two-tailed Mann—
Whitney U-test, U=41.00, p=0.0708; data not shown).

Novel Object Recognition test. Offspring underwent the Novel
Object Recognition test in order to evaluate the effect of PCE on
declarative learning and memory. The results of Student’s ¢-test
on the RI% show no significant differences in PCE offspring
when compared to CTRL counterparts (¢=1.007, df=22,
p=0.3249; Figure 3(b)).

Emotional Object Recognition test. Offspring were tested in the
Emotional Object Recognition test for assessing the effects of PCE
on the acquisition of fear-associated declarative memory. When data
from the emotional object avoidance (%) were considered, CTRL
rats clearly avoided the emotional object, previously associated with
the aversive experience in the context B chamber, and displayed
69 * 4% emotional object avoidance, whereas PCE offspring’s emo-
tional object avoidance reached 54 * 3%. The results of the two-
tailed Mann—Whitney test highlight that PCE rats showed a
significant decrease in the avoidance of the fear-associated object
compared to CTRL (U=28.50; p=0.0105; Figure 3(c)).
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Table 1. Effects of gestational cannabinoid exposure on reproduction parameters.

Reproduction parameters CTRL PCE Statistics
Percentage of dams giving birth 100% 100%
Length of pregnancy (days), median (IQR) 21 (1.8) 21 (1.0) n.s. (Mann-Whitney U-test, p=0.394, U=11.0)
Litter size at birth, median (IQR) 10.5 (1.5) 10 (3.5) n.s. (Mann-Whitney U-test, p=0.632, U=14.5)
Body weight of pups (g), mean = SD per litter

At birth 6.3 £ 0.4 5.7 £ 0.4 * (Student’s t-test, p=0.028, t=2.57, df=10)

At weaning time 31.4 = 3.1 29.8 * 4.4 n.s. (Student’s t-test, p=0.480, t=0.733, df=10)
Postnatal mortality, median (IQR) per litter 0.00 (0.02) 0.06 (0.43) n.s. (Mann-Whitney U-test, p=0.182, U=10.5)
Male:female ratio, median (IQR) per litter 1.3 (0.4) 1.4 (1.6) n.s. (Mann-Whitney U-test, p=0.972, U=17.5)

CTRL: control; IQR: interquartile range; PCE: prenatal cannabinoid exposure; SD: standard deviation; n.s.: not significant.

*Statistically significant.
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Figure 3. Effects of PCE on behavioural reactivity and declarative learning and memory in preadolescent offspring. PCE increased (a) locomotor
activity in terms of total distance travelled (TDT) and (b) induced no significant effects in neutral declarative learning and memory in the Novel
Object Recognition test in terms of recognition index % (RI%) compared to the CTRL group. On the other hand, PCE decreased limbic learning
and memory in the Emotional Object Recognition test compared to the CTRL group in terms of (c) emotional object avoidance and (d) target zone
preference (here, circles indicate the mean = standard error of the mean (SEM) of n=12 rats).

*p<0.05; **p<0.01; ***p<0.001 vs. CTRL group.
CTRL: control; PCE: prenatal cannabinoid exposure.

In the Emotional Object Recognition test, the preferred zone
of the context A chamber is determined during BSL and paired
to the emotional object afterwards. When the target zone
preference (%) along the test epochs was analysed, a repeated-
measures two-way ANOVA showed a significant effect of test
epoch (F(3,66)=7.874; p=0.0001) and PCE (F(1,22)=9.367,
p=0.0057; Figure 3(d)).

Operant task

Instrumental learning. The effects of PCE on the offspring’s
instrumental learning were assessed by evaluating their ability to
acquire a simple instrumental task. The offspring performance
was measured in terms of days elapsed to reach the learning cri-
terion, and the Kaplan—Meier analysis showed that median
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Figure 4. Effects of PCE on instrumental learning and motivation for alcohol in adolescent offspring. PCE decreased (a) instrumental learning in a
simple operant task compared to the CTRL group, (b) PCE increased motivation for alcohol in the last week of the acquisition phase of the operant
paradigm and (c) in the relapse session following forced abstinence compared to the CTRL group. (d) PCE offspring displayed a higher mean daily
alcohol intake (in terms of g/kg) during relapse compared to the CTRL group and when compared to their own mean daily alcohol intake during the
previous five days of acquisition, (e) showing a higher deprivation effect than the CTRL group in terms of difference (A) in alcohol consumption.
Moreover, (f) PCE progeny showed a higher resistance to punishment for alcohol than the CTRL group along the five time-bins of the conflict

session. (g) No differences in nociception were observed in the tail-flick test. Circles indicate the mean = SEM of n=6 rats.
*p<0.05; **p<0.01; ***p<0.001 vs. CTRL group; p <0.05; *p<0.01 Relapse (R) vs. Acquisition (A) phases.

CTRL: control; PCE: prenatal cannabinoid exposure.

learning times were two days for CTRL rats and five days for
PCE offspring. In addition, 0.0% of CTRL rats and 41.7% of
PCE rats failed to reach the criterion within five days, and thus
were censored and withdrawn from the alcohol vulnerability
experiment. The log-rank Mantel-Cox test for comparison of
survival curves indicated that learning performance was signifi-
cantly decreased in PCE offspring compared to CTRL rats
(x?=12.10, df=1, p=0.0005; Figure 4(a)).

Alcohol vulnerability. In order to assess the effects of PCE on the
vulnerability to the motivational properties of alcohol, six offspring
per experimental group were tested in an operant paradigm that
models discrete alcohol-related behaviours, such as alcohol taking
in the acquisition phase, alcohol seeking following a forced absti-
nence in the relapse phase and alcohol use despite negative conse-
quences, that is, resistance to punishment, in the conflict phase.
When rats underwent the acquisition phase, the number of
lever presses for 10% alcohol (M = SD) increased along the
three-week paradigm (week 1: CTRL=13*3; PCE=12%*35;
week 2: CTRL=16*4; PCE=19 = 2; week 3: CTRL=15*3;

PCE=20=*2; Figure 4(b)). PCE offspring performed a higher
number of lever presses (average per week) than CTRL rats. A
repeated-measures two-way ANOVA that included PCE as the
between-subject factor and week as the repeated-measure factor
showed a significant main effect of PCE (£(1,10)=5.102,
p=0.0475), weeks (F(2,20)=11.70, p=0.0004) and their interac-
tion (£(2,20)=3.535, p=0.0485) on the number of responses
emitted throughout the 21 days. In particular, a Bonferroni post
hoc test indicated no significant differences between the two
groups during the first two weeks of the acquisition period
(t=0.6329, df=30, p>0.05; t=1.564, df=30, p>0.05), while
PCE rats displayed a significant increase in the number of lever
presses compared to CTRL animals on the last week of the para-
digm (z=3.065, df=30, p <0.05; Figure 4(b), top panel). No sig-
nificant effect of PCE was observed on number of lever presses
for water (F(1,10)=1.145, p=0.3097; Figure 4(b), lower panel).

Following the acquisition experiment, the adolescent rats
were tested for alcohol-seeking behaviour after forced absti-
nence in the relapse paradigm. PCE offspring emitted a higher
number of lever presses for 10% alcohol compared to CTRL
rats (M =SD: CTRL=19 £4; PCE=24 = 4; Figure 4(c)). In
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Figure 5. Effects of PCE on NPY+ neurons in the limbic brain regions. (a) Representative photomicrographs of NPY immunofluorescent staining in
the mPFC, shell and core subregions of the NAc and BLA and CeA in the two experimental groups. 20X, scale bar=100pm for all images. (b) PCE
significantly decreased the relative % of NPY+ neurons in the mPFC and in the shell and core of the NAc, BLA and CeA with respect to the CTRL
group. Each bar represents the mean = SEM of n=6 rats. Each circle indicates the mean of five slices of each experimental subject.

*p<0.05; **p<<0.01; ***p<0.001 vs. CTRL group.
CTRL: control; PCE: prenatal cannabinoid exposure.

particular, a repeated-measures two-way ANOVA showed a
significant main effect of PCE (F(1,10)=5.841, p=0.0363)
and days (F(4,40)=5.096, p=0.0021) on the number of lever
presses throughout the five-day relapse period (Figure 4(c), top
panel). No significant effects of PCE were observed on
number of lever presses for water (F(1,10)=1.811, p=0.2081;
Figure 4(c), lower panel).

In addition, in order to assess the effects of PCE on the occur-
rence of the deprivation effect, we compared the mean alcohol
intake during the relapse session with the mean amount of alco-
hol consumed during the last five days of training. The results of
a repeated-measured two-way ANOVA that included PCE as the
between-subject factor and deprivation as the within-subject fac-
tor showed a significant effect of PCE (F(1,10)=18.84,
p=0.0015), deprivation (F(1,10)=67.12, p<0.0001) and their
interaction (F(1,10)=9.818, p=0.0106; Figure 4(d)). A
Bonferroni post hoc test indicated that CRTL offspring displayed
a significant increase in mean alcohol consumption during
relapse compared to their own levels during the last five acquisi-
tion days (CTRL: t=3.577, df=10, p=0.0101). PCE offspring
showed increased alcohol consumption following the deprivation
compared to their own levels during the last five acquisition days
(PCE: t=8.009, df=10, p<0.001), and they consumed more
alcohol than CTRL rats during the last five days of acquisition
(t=3.284, df=20, p=0.0074) and during relapse (1=5.046,
df=20, p=0.0001; Figure 4(d)). In particular, PCE progeny

showed a higher deprivation effect than CTRL rats in terms of
difference between alcohol intake during relapse and the last five
days of acquisition (two-tailed Student’s #-test, #=3.133, df=10,
p=0.0106, n2=0.4954; Figure 4(e)).

Eventually, when the adolescent offspring were tested for
punishment resistance in the conflict session, the repeated-meas-
ures two-way ANOVA on the percentages of punished responses
for alcohol, over total responses — punished plus non-punished
alcohol lever presses — throughout the five time-bins, showed
that PCE offspring emitted an increased percentage of punished
responses for alcohol compared to CTRL rats (PCE:
F(1,10)=11.57, p=0.0067; Figure 4(f), top panel). No signifi-
cant differences were observed on the percentage of punished
lever presses for water (PCE: F(1,10)=0.05257, p=0.8233;
Figure 4(f), lower panel).

Tail-flick test. The results of Student’s #-test on tail-flick latency
showed no significant difference in nociception in PCE offspring
compared to CTRL progeny (¢=0.100, df=10, p=0.9223; Figure

4(g))-

Effects of PCE on NPY+ neurons

The effects of PCE on NPY + neurons were assessed by immuno-
fluorescence and are reported as percentages of the mean values
of the CTRL group (Figure 5(a) and (b)).
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Figure 6. Effects of PCE on Homer protein expression in the limbic brain regions. (a) Representative photomicrographs of Homer 1
immunofluorescent staining in the mPFC, NAc and amygdala (Amy) of the two experimental groups. (b) PCE increased Homer 1 in the mPFC and BLA
and CeA compared to the CTRL group. (c) Representative photomicrographs of Homer 1b/c immunofluorescent staining in the mPFC, NAc and Amy

of the two experimental groups. (d) In PCE rats, we observed decreased Homer 1b/c expression in the mPFC and increased Homer 1b/c expression in
the BLA compared to the CTRL group. (e) Representative photomicrographs of Homer 2 immunofluorescent staining in the mPFC, NAc and Amy of the
two experimental groups. (f) PCE increased Homer 2 immunofluorescence in the shell and core of the NAc and BLA compared to the CTRL group. Each

bar represents the mean = SEM of n=6 rats. Each circle indicates the mean of five slices of each experimental subject.
*p <0.05; **p<0.01; ***p<0.001 vs. CTRL group. Magnification 40X, scale bar=40pm for all images.

CTRL: control; PCE: prenatal cannabinoid exposure.

The analysis of data from mPFC indicates that PCE signifi-
cantly decreased the number of NPY+ neurons (#=4.686,
p<0.001, df=10) compared to the CTRL group.

The results of Student’s #-test on the number of NPY + neu-
rons in PCE rats in shell and core subregions of the NAc indicate
a significant decrease in the number of NPY + neurons both in
shell (r=3.668, p=0.004, df=10) and core (=2.330, p=0.042,
df=10) compared to CTRL rats.

NPY+ neurons were also measured in basolateral Amy
(BLA) and central Amy (CeA): Student’s #-test highlighted a sig-
nificant decrease in NPY + neurons in BLA (#=3.529, p=0.0054,
df=10) and CeA (t=5.646, p<0.001, df=10) of PCE rats com-
pared to CTRL rats.

Effects of PCE on Homer proteins

Expression levels of the PSD proteins Homer 1, 1b/c and 2 in the
mPFC, NAc and Amy were assessed by immunofluorescence
and are reported as relative immunofluorescence to the mean
values of the CTRL group.

When the effects of PCE on Homer 1 protein were analysed
(Figure 6(a) and (b)), the results of Student’s #-test indicated that

PCE increased the expression of Homer 1 in mPFC (¢=2.430,
p=0.035, df=10) and in both BLA (+=2.670, p=0.023, df=10)
and CeA (t=4.659, p=0.0010, df=10) compared to the CTRL
group.

Moreover, when the expression of the C—C isoform Homer
1b/c was assessed (Figure 6(c) and (d)), the results of Student’s
t-test indicated that PCE rats showed a significant decrease in
Homer 1b/c in mPFC (#=5.255, p<0.001, df=10) and an increase
in BLA (r=2.829, p=0.018, df=10) compared to CTRL rats.

In addition, in the limbic regions of PCE and CTRL rats
(Figure 6(e) and (f)), the results of Student’s #-test indicated that
PCE rats displayed a significant increase in Homer 2 immuno-
fluorescence in NAc shell (#=5.963, p <0.001, df=10) and core
(t=2.967, p=0.014, df=10) and BLA (r=4.949, p<<0.001,
df=10) compared to CTRL rats.

Discussion

The present research investigated the effects of in utero THC
exposure on behavioural reactivity, neutral and limbic memory,
instrumental learning and alcohol vulnerability in adolescent off-
spring. Our results expand previous and recent observations on
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the existence of enduring behavioural sequelae in the offspring of
mothers exposed to cannabinoids during pregnancy (Bara et al.,
2018; Calvigioni et al., 2014; Frau et al., 2019; Scheyer et al.,
2019), and they highlight how the manipulation of the endocan-
nabinoid signal at critical developmental stages impacts cogni-
tive functions when these are strongly dependent on emotional
processing, such as limbic memory. Moreover, for the first time,
our results show that PCE confers vulnerability to alcohol moti-
vational properties and contributes to the development of alcohol
addictive—like behaviours in adolescent offspring. The occur-
rence of this multifaceted phenotype is associated with a reduc-
tion in NPY + neurons and disarrangement in the PSD Homer
make-up in relevant function-related brain regions.

Although a significant amount of literature exists on the post-
natal consequences of drinking alcohol during pregnancy in
humans, data on cannabis use are not always consistent and per-
suasive. Pregnant women may use cannabis as a natural substi-
tute for prescribed medications to manage mood, stress and
morning sickness, as well as the well-known recreational effects
(Metz and Borgelt, 2018). Recent data show almost doubled lev-
els of self-reported cannabis use in the year before pregnancy and
during pregnancy, with daily use increasing from 1.17% to 3.05%
(Young-Wolff et al., 2019). Unfortunately, clinical assessment of
developmental outcomes of prenatal cannabis exposure is limited
by poor control of timing and dosage, disclosure, underreporting
and underestimation. Therefore, although mimicking human
developmental cannabis exposure presents some limitations, the
animal model of prenatal THC exposure is essential in systemati-
cally exploring specific neurobiological mechanisms that under-
lie putative abnormalities in adolescent brain and behaviour, and
allows the intervening confounding variables to be controlled
(DiNieri and Hurd, 2012). Under our experimental conditions,
adolescent offspring that were exposed in utero to THC displayed
increased locomotor activity, but no differences in the explora-
tory pattern of the arena compared to CTRL rats. Preclinical data
on developmental effects of cannabinoid exposure on the ontog-
eny of motor behaviour have shown different and sometimes
conflicting results (Brake et al. 1987; Campolongo et al., 2011;
Fride and Mechoulam, 1996; Fried, 1976; Navarro et al., 1995;
Trezza et al., 2008). However, our results are in line with human
data showing that children and adolescents prenatally exposed to
cannabis are hyperactive as well as impulsive (Fried and Smith,
2001; Fried and Watkinson, 1988; Goldschmidt et al., 2004).
Under the neutral conditions of the open field arena, prenatal
THC exposure did not induce signs of anxiety-like behaviour.
Thus, the augmentation in locomotion could be the result of a
decreased habituation to a novel environment compared to the
CTRL group. Since habituation per se represents a learning pro-
cess of the environmental setting, one could speculate that the
hyper-locomotor effect observed in this study may underlie a
delay in simple learning (Breit et al., 2019) rather than a promi-
nent effect on emotionality. Further investigation of spatial learn-
ing abilities (Cannizzaro et al., 2007) of PCE progeny will clarify
this point.

The endocannabinoid system critically modulates attention
and memory processing due to high CB1 receptor’s expression in
brain areas involved in the modulation of cognitive functions
(Ameri, 1999; Davies et al., 2002; Lafourcade et al., 2007; Trezza
et al., 2012). Clinical studies have consistently shown that can-
nabis use during pregnancy can induce selective, deleterious

effects on children’s sleep, cognitive functions (memory and
scholastic performance), as well as executive functions (reason-
ing, attention, impulsivity and motivation) and emotional pro-
cessing (Schreiber and Pick, 2019). However, in our preclinical
model of prenatal exposure to THC, we did not observe changes
of neutral explicit memory in adolescent offspring, in line with
previous reports (Bara et al., 2018; Mactchova et al., 2017).
Interestingly, when we tested adolescent offspring for aversive
limbic memory, that is, explicit memory traces of an emotionally
salient experience (Brancato et al., 2016), we observed that while
CTRL animals recognised and avoided the emotional object
paired to the aversive emotional experience and the area of the
maze where it was placed, PCE offspring decreased both avoid-
ance of the emotional object and conditioned place aversion,
indicating that PCE exerted a detrimental effect on the formation
of emotionally aversive memory traces. The recognition of the
emotional object as fearful — and its avoidance — makes the
Emotional Object Recognition task a discriminative paradigm
based on active responses of rats — rather than on implicit non-
specific freezing behaviour — that enables the researcher to cor-
relate animal cognitive performance with critical aspects of
human emotional memory.

The evidence of a specific limbic memory impairment was not
unexpected. Indeed, the endocannabinoid system has emerged as
an important regulator of the stress response and emotional behav-
iour (Hill et al., 2011; Lutz et al., 2015). Consistently, prenatal
exposure to cannabinoids induces subtle yet persisting changes in
cognitive functions that emerge when cognitive abilities require
emotional integration (Bara et al., 2018; Mereu et al., 2003;
Morena et al., 2015). Indeed, whereas activation of CB1 receptors
within the mPFC strongly potentiates normally non-salient emo-
tional memory formation (Brancato et al., 2018b; Laviolette and
Grace, 2006; Tan et al., 2014), THC administration alters facial
recognition (Hindocha et al., 2015), decreases, in the Amy, blood
oxygen level-dependent response to threatening faces (Phan
et al., 2008) and preferentially impairs memory for emotional
events in humans (Ballard et al., 2013). The mechanisms by which
CB1 transmission regulates emotional memory formation are not
entirely understood, but a single systemic stimulation of the can-
nabinoid transmission by the CB1 agonist WIN 55, 212-2
decreases limbic memory in the same Emotional Object
Recognition task in adult rats (Brancato et al., 2016). Besides
directly modulating excitatory/inhibitory signalling, the endocan-
nabinoid system can biphasically modulate both rewarding and
aversive emotional information by functionally interacting with
the DA system (Laviolette and Grace, 2006; Rey et al., 2012),
which is of exceptional importance for gating attention and facili-
tating conditioned stimulus associations during fear conditioning
(Bromberg-Martin et al., 2010; Pezze and Feldon, 2004).
Therefore, we can hypothesise that prenatal THC exposure may
unbalance the integration between the abilities to form explicit
memories and the emotional valence paired to that memory by
dysregulating mesocorticolimbic transmission and the processing
of emotionally salient information (Cannizzaro et al., 2019).

Prenatal THC-induced perturbation of neurodevelopmental
trajectories in the mesocorticolimbic system may also pose a
risk for vulnerability to alcohol and drug consumption early in
adolescence. Surprisingly, no data on adolescents’ vulnerability to
alcohol — the most abused drug among teenagers (UNODC, 2018)
— as a result of early exposure to THC are currently available.
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To test that, we designed an operant paradigm and recorded
alcohol taking, alcohol relapse and alcohol use despite negative
consequences in both PCE and CTRL adolescent offspring. The
first result concerned the rate of acquisition of the operant para-
digm before the alcohol vulnerability study had started: while all
CTRL rats acquired the instrumental responding for water in five
days, only about half of the preadolescent PCE rats learnt the same
operant task in the same time interval and joined the CTRL rats in
the operant task for alcohol; the remaining offspring were then
excluded from the experiment. The delay in the acquisition of the
operant task observed in PCE rats is consistent with data showing
an acquisition deficit in heroin self-administration in THC-exposed
rats (Spano et al., 2007), and since a motor deficit can be ruled out
by the open field outcome, it might result from impaired effort-
related decision making as a consequence of the prenatal THC
exposure. Clinical data also support this idea, since acute THC
reduces the emission of high-effort choices (Lawn et al., 2016),
and chronic cannabis users exhibit a poorer effort lavished in a
memory recall test (Hirst et al., 2017). Further investigation on
specific molecular targets is certainly recommended. On the other
hand, our data show that interference in the cannabinoid system
during gestation promoted alcohol vulnerability in adolescent rats.
Indeed, whether during the first weeks of alcohol presentation no
differences in the operant behaviour appeared between the two
groups, during the last week of the acquisition window, PCE rats
increased the number of lever presses compared to CTRL animals,
likely as a result of an increased motivation for alcohol. Moreover,
after a week of forced abstinence, both PCE and CTRL rats ele-
vated their responses for alcohol compared to the acquisition
phase, but PCE rats displayed a greater increase than CTRL ani-
mals. Indeed, re-presentation of alcohol after a period of forced
abstinence usually leads to a robust but temporary increase in alco-
hol intake over baseline drinking — a relapse-like behaviour
referred to as the alcohol deprivation effect (Vengeliene et al.,
2014), which reflects increased craving or increased reinforcing
value of alcohol in humans (Séderpalm et al., 2019). Preclinical
and clinical findings have consistently reported that alcohol taking
and craving are modulated, at least in part, by endocannabinoid
transmission (De Vries and Schoffelmeer, 2005; Serra et al., 2002).
CB1-receptor function is required for alcohol-mediated activation
of VTA DA neurons (Cheer et al., 2007), supporting the hypothesis
that alcohol-rewarding properties implicate ECS-mediated reduc-
tion of GABA inhibition onto VTA DA neurons (Barrot et al.,
2012; Lupica and Riegel, 2005).

The voluntary administration of alcohol in the presence of
response-contingent shock punishment reliably models compul-
sive drug use despite adverse consequences (Cacace et al., 2012;
Deroche-Gamonet et al., 2004; Plescia et al., 2013), thus captur-
ing a core feature of the vulnerable phenotype to addiction
(Vanderschuren and Ahmed, 2013). In the operant conflict proce-
dure used here, responses were alternatively paired to a foot-
shock, signalled by a light cue. This led to a suppression of
conditioned responses for the reinforcement in CTRL rats.
Instead, the contingent punishment was less effective in inhibit-
ing the operant responding for alcohol in PCE adolescent rats,
which displayed a higher number of punished responses than
CTRL animals, indicating either an increase in the motivation for
alcohol or a lesser sensitivity to the punishment. However, PCE
rats did not show differences in tail-flick latency compared to
CTRL rats, ruling out a non-specific effect on nociception.

As far as we know, this is the first report showing that prenatal
THC exposure may induce a susceptible phenotype to alcohol-
addictive properties in adolescent offspring; the inconsistency
with previous research that did not highlight a facilitatory effect
of perinatal THC on alcohol operant behaviour (Economidou
et al., 2007) shows that doses, time of exposure and experimental
design may represent fundamental variables in the identification
of behavioural read-outs of neurodevelopmental vulnerability.
Indeed, in our experimental conditions, THC exposure from the
early gestational period to delivery (a time window equivalent to
the first and second trimesters in humans) was able to induce
alcohol vulnerability in adolescent offspring, whereas in the
study by Economidou et al. (2007), higher THC doses (5 mg/kg)
administered within the GD 15-PND 9 period (corresponding to
the second and third trimester in humans) did not exert such an
effect. It is worth mentioning that further methodological issues
(i.e. the inclusion of a five-second time-out after receiving a rein-
forcer) may be responsible for the lack of effects in the former
study, which, however, did address the issue for the first time.

Previous studies have demonstrated that developmental expo-
sure to cannabinoids enhances sensitivity to heroin and morphine
self-administration and heroin seeking following a mild food
deprivation stress (Spano et al., 2007; (Vela et al. 2008)) likely
through alterations in DA receptor 2 gene expression in the NAc
of the offspring exposed in utero to cannabis (DiNieri et al.,
2011). Our previous results showed that the systemic administra-
tion of a D2 autoreceptor agonist and a specific CB1 antagonist
were able to decrease drug seeking, relapse after forced absti-
nence and resistance to punishment for alcohol’s neuroactive
metabolite acetaldehyde (Brancato et al., 2014; Plescia et al.,
2013). Altogether, abnormal DA and EC signalling may result in
modifications in the motivational properties of alcohol, thus
highlighting that THC in utero exposure may pose a risk for
increased vulnerability to alcohol-addictive behaviours.

On the other hand, one could parallel the data from the con-
flict session with the results of the Emotional Object Recognition
test, interpreting the abnormal resistance to the punishment in the
operant chamber as a weaker learning of the pairing between the
punishment and the lever pressing.

Furthermore, since dysfunctions of the synaptic triad amongst
glutamate, GABA and DA in the mesocorticolimbic regions have
long been implicated in the underlying pathogenesis of alcohol
use disorders (Cannizzaro et al., 2019; Spiga et al., 2014), it is
reasonable to suggest that the augmented operant behaviour for
alcohol observed in this study can result from prenatal THC-
induced aberrant plasticity in specific areas of the brain that are
functionally associated with reward, motivation and salience attri-
bution (Brancato et al., 2014, 2018b; Cannizzaro et al., 2019).

Indeed, PCE is able to ablate endocannabinoid long-term
depression and heighten excitability of PFC pyramidal neurons
(Bara et al.,, 2018), suggesting that a persistent impairment in
synaptic strength (Ma et al., 2018) may underlie the behavioural
phenotype observed in adolescent PCE offspring in this study.

Overall, from this first set of data, it appears that aversive and
conflicting environmental challenges can be particularly helpful
in unveiling the early phenotypic consequences of PCE. Indeed,
prenatal THC in the adolescent progeny did not affect neutral
declarative memory, whereas it significantly impaired aversive
limbic memory. Accordingly, alcohol vulnerability emerged mas-
sively in stress-related conditions, such as following forced
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abstinence or in a conflict paradigm. Based on these observations,
we may hypothesise that prenatal THC exposure can exert a detri-
mental effect on coping abilities when integration between envi-
ronmental stimuli’s encoding and emotional control is required,
making male offspring more vulnerable towards dysfunction in
emotionally salient learning and memory and sensitivity to alco-
hol-addictive properties. Whether female offspring display the
same characteristics is not known at the moment. However, male
offspring seem to be particularly vulnerable to detrimental effects
of in utero THC, since prenatal THC exposure altered sensorimo-
tor gating functions in a THC challenge in preadolescent male
offspring, whereas female offspring were resilient (Frau et al.,
2019).

Among the players that contribute to adaptive coping with
stress, NPY plays a major role. A considerable amount of litera-
ture on NPY supports an anxiolytic and antidepressant-like activ-
ity (Bowers et al., 2012; Heilig, 2004; Wu et al., 2011) and its
association with decreased stress responses and the expression of
resilience in rodents and humans (Morgan et al., 2000; Sajdyk
et al.,, 2008). Furthermore, NPY signalling controls alcohol-
related vulnerability, since the activation of Y1 and Y2 receptors
in the extended Amy and mPFC decreased alcohol consumption
and self-administration (Robinson et al., 2019; Robinson and
Thiele, 2017). In the current study, we measured NPY + neurons
in brain regions crucial to cognitive functions, motivation and
emotional regulation, such as mPFC, NAc and Amy. Despite lim-
ited evidence on the interplay between endocannabinoid system
and NPY signalling, previous work from this group observed an
inverse relation between the two systems (Plescia et al., 2014a),
since the administration of AM281, a selective CB1 antagonist,
significantly increased NPY + neurons both in the hippocampus
and in the NAc of control and acetaldehyde-withdrawn rats.

Now, we report that THC interference in the endocannabi-
noid signalling during pregnancy is associated with a decreased
number of NPY+ cells in the mPFC. NPY is abundantly
expressed in cortical areas where it exerts a potent inhibitory
effect on neuronal excitability of projection neurons (Bacci
et al., 2002). As a matter of fact, the decrease in the NPY-ergic
tone observed in the PFC of PCE adolescent offspring was asso-
ciated with dampened limbic memory and instrumental learning,
both functions dependent on the contribution of the mPFC
(Caballero et al., 2019). Therefore, on the basis of the existing
evidence, it is reasonable to speculate that the decrease in NPY
signalling would significantly alter the functional activity of the
projecting neurons (Vollmer et al., 2016), contributing to the
cognitive impairment observed in PCE offspring. A future
deeper investigation on the functionality of mPFC will ascertain
our hypothesis. Besides its contribution to the expression of
fear-related implicit memory, NPY is reported to enhance mem-
ory retention in T-maze footshock avoidance and step-down pas-
sive avoidance training in mice (Flood et al., 1987). Recently,
blunted DA signalling and altered glutamate connectivity in the
NAc have been proven to be a major neural underpinning of
impaired aversive limbic memory (Cannizzaro et al., 2019). In
this regard, we examined NPY+ neurons in the NAc and
observed a significant decrease in NPY + cells in the shell and
core subregions of PCE rats compared to controls. Clinical and
preclinical reports indicate that NPY in the NAc may modulate
salience attribution, regardless of the stimulus valence (Brown
et al., 2000; Josselyn and Beninger, 1993; Warthen et al., 2019),

suggesting that the observed reduction in NPY levels in NAc
GABAergic interneurons might contribute to the dampened cog-
nitive functions displayed by PCE rats in this study. Glutamatergic
networks are critically involved in synaptic plasticity during
learning and memory (Burgos-Robles et al., 2007; Sotres-Bayon
et al., 2006). Primarily, synaptic plasticity occurs in the PSD
where scaffold proteins modulate the signalling cascade starting
from membrane receptors and ultimately regulate dendritic
structure and function in the glutamatergic synapse (Iasevoli
et al., 2013; Tomasetti et al., 2017; Vessey and Karra, 2007).
Previous evidence reports that perinatal THC exposure induces
presynaptic disarrangement of discrete components of gluta-
matergic transmission (Campolongo et al., 2007; Suarez et al.,
2004). Thus, in order to verify the occurrence of abnormal neu-
roplasticity at the excitatory postsynaptic site, we investigated
the expression of different isoforms of the PSD proteins of the
Homer family — Homer 1, 1 b/c and 2 — following prenatal THC
exposure. As a matter of fact, along with decreased NPY expres-
sion, we found a general increase in different Homer isoforms in
the corticolimbic brain regions. In more detail, in the mPFC of
PCE rats, the increased expression of Homer 1 was paralleled by
a decrease in the constitutively expressed long isoform Homer 1
b/c, which normally provides the structural scaffold of the excit-
atory signalosome (Castelli et al., 2017). This suggests that a
Homer 1 increase is related to the overexpression of the activity-
induced, short isoform Homer 1a that serves as transient disrup-
tor of optimal postsynaptic glutamate signalling (Clifton et al.,
2019). Again, besides the decrease in the NPY-ergic tone,
increased recruitment of the long isoform Homer 2 was meas-
ured in both the shell and core subregions of the NAc, suggest-
ing an abnormal excitatory postsynaptic plasticity.

Enhanced activity of the mPFC could in turn suppress aver-
sive limbic memory by activating inhibitory Amy microcircuits
(Maren and Quirk, 2004; Paré et al., 2004). At this level, PCE
offspring displayed decreased NPY + cells in the BLA and CeA,
and increased Homer expression — namely, Homer 1 in both the
BLA and CeA and the long functional isoforms Homer 1b/c and
2 in the BLA compared to controls. This abnormal PSD make-up
might contribute to alterations in the local modulatory mecha-
nism of negative limbic memory (Quirk and Mueller, 2008).
Intriguingly, alterations of discrete functional components of the
PSD at the glutamatergic synapse within the NAc and Amy
underlie the development of the acute and chronic alcohol-
induced behavioural plasticity (Castelli et al., 2017). In particu-
lar, preclinical and clinical data suggest that Homer 2 is an
essential and active player in the expression of alcohol-induced
behavioural and cellular plasticity and, in turn, is crucial in pro-
moting alcohol consumption. Virus-mediated Homer 2 overex-
pression in the NAc enhanced alcohol motivational properties in
an operant self-administration paradigm and facilitated the
expression of alcohol-conditioned place preference (Haider
etal., 2015; Szumlinski et al., 2008). Therefore, here, we suggest
that the reduced NPY expression — and the spread disarrange-
ment of the PSD make-up — in the limbic brain regions observed
during adolescence, may represent pieces of the intricate puzzle
— the neurobiological substrate — that underpins the escalation in
alcohol consumption of PCE male rats. Accordingly, several
reports indicate that reduced NPY levels in the NAc contribute to
increased sensitivity to alcohol (Barkley-Levenson et al., 2016;
Borkar et al., 2016; Plescia et al., 2014a), whereas infusions of
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NPY into the CeA normalise alcohol intake in alcohol-preferring
rats (Zhang et al., 2010). However, an interplay between the dis-
arrangement in NPY and PSD proteins and aberrant plasticity
due to the higher alcohol intake during the last week of acquisi-
tion in PCE male rats cannot be ruled out, thus contributing to the
occurrence of the alcohol-prone phenotype observed during the
relapse and conflict sessions.

Overall, these findings provide the first evidence of deficient
NPY signalling and Homer-mediated dysfunctional synaptic
plasticity as a common background of limbic memory dysfunc-
tion, impaired instrumental learning and the onset of vulnerabil-
ity to alcohol in PCE adolescent male offspring

At this point in our research, it is difficult to interpret the cur-
rent data on the basis of a mechanistic interaction between early
endocannabinoid manipulation and NPY dysregulation. One
hypothesis may involve CB1 receptors on GABAergic interneu-
rons: during prenatal development, alterations in cannabinoid
signalling at NPY+ GABAergic interneurons may lead to
impaired neuronal migrations in cortical brain regions (Berghuis
etal., 2007; Saez et al., 2014), positioning defects and excitatory/
inhibitory neurotransmission imbalance.

On the other hand, more recent insight into the developmental
effects of THC directly refers to epigenetic alterations. Besides
enduring alterations in the expression of the proenkephalin and
DA receptor 2 genes in the NAc of subjects exposed to THC dur-
ing either prenatal or adolescent developmental periods (DiNieri
et al.,, 2011; Tomasiewicz et al., 2012), increased levels of
dimethylation of lysine 9 on histone H3, a transcriptionally
repressive mark that controls npy gene expression in limbic brain
regions (Berkel et al., 2019), have also been described following
prenatal THC exposure (DiNieri et al., 2011), providing a puta-
tive epigenetic substrate for the modifications in NPY expression
observed in this study.

In conclusion, in utero exposure to THC can involve endur-
ing consequences on the neurodevelopmental trajectories
towards adolescence, resulting in a vulnerable phenotype for
impaired emotional/cognitive functions and alcohol addictive-
like behaviour in male rat offspring. This is associated with dys-
regulation in NPY expression and signalling and PSD make-up
in mesocorticolimbic regions. Further investigations on the per-
sistence of the alcohol-vulnerable phenotype in later stages of
life, the occurrence in female offspring and a putative causal
relation between the molecular and the behavioural features
observed as a consequence of the gestational THC exposure
will address the need for clarifications on the neuro-teratogenic
effects of THC.
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