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Abstract

Background and Purpose: Psychotic disorders have been reported in long-term users

of synthetic cannabinoids. This study aims at investigating the long-lasting effects of

repeated JWH-018 exposure.

Experimental Approach: Male CD-1 mice were injected with vehicle, JWH-018

(6 mg�kg�1), the CB1-antagonist NESS-0327 (1 mg�kg�1) or co-administration of

NESS-0327 and JWH-018, every day for 7 days. After 15 or 16 days washout, we

investigated the effects of JWH-018 on motor function, memory, social dominance

and prepulse inhibition (PPI). We also evaluated glutamate levels in dialysates from

dorsal striatum, striatal dopamine content and striatal/hippocampal neuroplasticity

focusing on the NMDA receptor complex and the neurotrophin BDNF. These mea-

surements were accompanied by in vitro electrophysiological evaluations in hippo-

campal preparations. Finally, we investigated the density of CB1 receptors and levels

of the endocannabinoid anandamide (AEA) and 2-arachidonoylglycerol (2-AG) and

their main synthetic and degrading enzymes in the striatum and hippocampus.

Key Results: The repeated treatment with JWH-018 induced psychomotor agitation

while reducing social dominance, recognition memory and PPI in mice. JWH-018 dis-

rupted hippocampal LTP and decreased BDNF expression, reduced the synaptic

levels of NMDA receptor subunits and decreased the expression of PSD95. Repeated

exposure to JWH-018, reduced hippocampal CB1 receptor density and induced a
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long-term alteration in AEA and 2-AG levels and their degrading enzymes, FAAH and

MAGL, in the striatum.

Conclusion and Implications: Our findings suggest that repeated administration of a

high dose of JWH-018 leads to the manifestation of psychotic-like symptoms accom-

panied by alterations in neuroplasticity and change in the endocannabinoid system.

K E YWORD S

BDNF, GABA/glutamate release, hippocampus, JWH-018, LTP, novel object recognition,
striatum, synthetic cannabinoid

1 | INTRODUCTION

Synthetic cannabinoids (SCBs) were produced, in the mid-2000s, in

clandestine laboratories and have been sold online and in smart shops

as smokable ‘herbal blends’ and ‘legal highs’ under a variety of brand

names such as ‘Spice’ and ‘K2’. These products were labelled as ‘not
for human consumption’, ‘incense’ or ‘for aromatherapy use only’. In
2008, forensic laboratories in Germany and Austria identified the first

psychoactive constituent of spice products, the aminoalkylindole

JWH-018. Besides their easy access affordability and avoidance of

detection in standardized drug tests (Fantegrossi et al., 2014;

Fattore & Fratta, 2011; Seely et al., 2012), the growing popularity of

spice products is due to their ability to induce far more intense effects

than cannabis derivatives together with misinformation regarding

their use and toxicity.

Like Δ9-tetrahydrocannabinol (THC, i.e., the main psychoactive

component of cannabis), SCBs bind the central cannabinoid

(CB) receptors but with much higher affinity. In fact, JWH-018 binds

and activates at low nanomolar concentrations murine, rat and human

cannabinoid CB1 and CB2 receptors (Huffman et al., 1994; Vigolo

et al., 2015). Further, JWH-018 has been shown to induce the classi-

cal tetrad effects induced by cannabinoid administration, analgesia,

catalepsy, hypomotility, and hypothermia (Huffman et al., 2005;

Vigolo et al., 2015). Of note, the clinical effects of JWH-018 are

mainly mediated by the activation of CB1 receptor (Davidson

et al., 2017).

Beyond the most relevant physical effects following acute SCB

consumption that include diaphoresis, psychomotor agitation, palpita-

tions, tachycardia, tachyarrhythmia, convulsion and hyperflexia

(Chung et al., 2021; Zawilska & Wojcieszak, 2014), psychotic symp-

toms have also been reported, including perceptual alterations, illu-

sions, paranoia, catatonia, depersonalization, hallucination,

dissociation, anxiety and psychosis (Deng et al., 2018; Fattore, 2016;

Orsolini et al., 2019). Interestingly, SCBs can precipitate psychosis in

vulnerable individuals, by increasing the risk of developing mental dis-

orders such as schizophrenia (van Amsterdam et al., 2015). Notably

SCBs, including JWH-018, are also able to induce psychotic symptoms

in subjects with no previous history of psychosis (Deng et al., 2018;

Fattore, 2016; Orsolini et al., 2019).

We have recently reported that an acute administration of JWH-

018, at low doses (0.01–0.1 mg�kg�1), caused a reduction in sensori-

motor as well as prepulse inhibition (PPI) responses in mice (Bilel

et al., 2020). This is interesting because decreased PPI is considered

an endophenotype of schizophrenia (Swerdlow et al., 2018) as fre-

quently reported in schizophrenic patients. Furthermore, cognitive

dysfunctions have been reported clinically; in fact, JWH-018 impairs

critical tracking and memory performance in humans, along with psy-

chedelic effects even at moderate doses (Theunissen et al., 2022;

Theunissen et al., 2021).

What is already known

• Long-term use of synthetic cannabinoids can cause men-

tal disorders that are precipitated in vulnerable

individuals.

What does this study adds

• JWH-018-treated mice exhibit mental dysfunction posing

risks for public health arising from repeated drug

consumption.

What is the clinical significance

• We provide a mechanism for JWH-018-induced dysfunc-

tion that may inform effective and timely interventions.
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While the acute effects of SCBs have been extensively reported

(for details, see Fattore, 2016), much less is known about the conse-

quences of repeated exposure to this synthetic cannabinoid. Recently,

an elegant study from Pintori et al. (2021) employed a low dose of

JWH-018 and showed behavioural and biochemical effects 7 days after

drug discontinuation suggesting that repeated JWH-018 exposure

induces long-lasting neuroplastic effects in the rodent brain. At variance

to Pintori et al. (2021), we decided to investigate the effects of an high

dose of JWH-018. The reason of our choice stems from a case report

showing severe withdrawal symptoms (including hallucinations, cogni-

tive deficit and drug craving) in a 20-year-old male who had consumed

the herbal mixture ‘Spice Gold’ at a high dose on a daily basis

(Zimmermann et al., 2009). Accordingly, we employed repeated expo-

sure (7 days) of male adult mice to a high dose (6 mg�kg�1) of JWH-018

and killed them 15 days after the last drug administration. Given the

observations reported by Zimmermann et al. (2009) about psychotic

symptoms, we incorporated an in vivo battery of behavioural tests

indicative for psychotic-like traits (Powell & Miyakawa, 2006) to investi-

gate whether repeated exposure to JWH-018 could be linked to the

development of a psychotic phenotype in mice. In addition, because an

association between striatum/hippocampus neuroplasticity and mental

disorders following SCB exposure has been reported (Basavarajappa &

Subbanna, 2014; Davidson et al., 2017; Livny et al., 2018), we investi-

gated the effects of the repeated treatment with JWH-018 on striatal/

hippocampal neuroplasticity. In particular, we focused our attention on

two critical mediators of neuroplastic mechanisms, that is, the NMDA

receptor complex and the neurotrophin BDNF, whose expression has

been found to be altered in animal models of schizophrenia and sub-

stance abuse and also in the human equivalent (Delint-Ramirez

et al., 2020; Smaga et al., 2021, Errico et al., 2013; Di Carlo et al., 2019).

Molecular analyses in hippocampus were coupled with in vitro electro-

physiological studies in hippocampal slices to evaluate the effects of

the treatment on synaptic excitatory transmission and plasticity. Finally,

because the main target of JWH-018 is represented by the endocanna-

binoid system and alterations in this system have been described in psy-

chosis (Borgan et al., 2021), we also investigated the density of CB1

receptors as well as the levels of the main endocannabinoid synthetic

and degrading enzymes in the striatum and hippocampus.

2 | METHODS

2.1 | Animals

A total of 146 adult male ICR (CD-1®) mice, 30–35 g (Centralized Pre-

clinical Research Laboratory, University of Ferrara, Italy), were group

housed (5 mice per cage; floor area per animal was 80 cm2; minimum

enclosure height was 12 cm), exposed to a 12:12-h light–dark cycle

(light period from 6:30 AM to 6:30 PM) at a temperature of 20–22�C

and humidity of 45%–55% and were provided ad libitum access to

food (Diet 4RF25 GLP; Mucedola, Settimo Milanese, Milan, Italy) and

water. The experimental protocols performed in the present study

were in accordance with the U.K. Animals (Scientific Procedures) Act

of 1986 and associated guidelines and the new European Communi-

ties Council Directive of September 2010 (2010/63/EU). Experimen-

tal protocols were approved by the Italian Ministry of Health (licence

no. 956/2020-PR and licence no. 223/2021-PR, CBCC2.46.EXT.21)

and by the Animal Welfare Body of the University of Ferrara. Animal

studies are reported in compliance with the ARRIVE guidelines

(Percie du Sert et al., 2020) and with the recommendations made by

the British Journal of Pharmacology (Lilley et al., 2020). Authors state

that they have complied with the recommendations of the British

Journal of Pharmacology on experimental design and analysis (Curtis

et al., 2022).

2.2 | Drug preparation, dose selection and
repeated JWH-018 administration

JWH-018 was purchased from LGC Standards (LGC Standards S.r.L.,

Sesto San Giovanni, Milan, Italy), while the CB1 receptor-preferring

antagonist NESS-0327 was purchased from Tocris (Tocris, Bristol,

United Kingdom). Each drug was initially dissolved in absolute ethanol

(2% final concentration) and Tween 80 (2%) and brought to the final

volume with saline (0.9% NaCl). The solution made with ethanol,

Tween 80 and saline was also used as vehicle.

To investigate the long-lasting effects of repeated JWH-018

administration, animals were injected with JWH-018 (6 mg�kg�1) or

vehicle once a day for seven consecutive days (D1 to D7). Moreover,

two groups of animals were treated with the CB1 receptor-preferring

antagonist NESS-0327 (1 mg�kg�1; alone or before the administration

of JWH-018) to investigate the involvement of CB1 receptors in beha-

vioural effects observed after the repeated administration of JWH-018.

To this aim, the CB1 receptor-preferring antagonist (1 mg�kg�1) was

administered 20 min before JWH-018 injection. JWH-018 and NESS-

0327 were intraperitoneally (i.p.) administered at a volume of 4 μl�g�1.

The dose of JWH-018 (6 mg�kg�1) was chosen based on previous stud-

ies (Barbieri et al., 2016; Bilel et al., 2020; Ossato et al., 2015; Vigolo

et al., 2015) and corresponds to a dosage that addicted users could use

for a continuous period and at which most of the psychotic events are

observed (Cooper, 2016). The dose of the antagonist was chosen based

on a pilot study conducted in our animal model, revealing that the dose

of 1 mg�kg�1 did not induce any alteration or side effects in mice.

After 15 days (D22) or 16 days (D23) of washout, animals were

tested. This long washout period has been selected because previous

studies with repeated administration of JWH-018 showed persistent

alterations related to the compound after 14 days of washout (Tai et al.,

2015). A first group of mice performed the behavioural tests: Mice were

treated for 7 days (from day 1 to day 7) once a day with vehicle, JWH-

018 (6 mg�kg�1), NESS-0327 (1 mg�kg�1) and NESS-0327 (1 mg�kg�1)

+ JWH-018 (6 mg�kg�1). Mice were divided into five main groups: two

that performed the tests on day 22 (D22) and three that performed the

tests on day 23 (D23). On D22, one group (Table S1, G1) of animals was

tested for spontaneous locomotion, drag and accelerod test in the morn-

ing (9:00 to 12:00 AM) and was also tested on the tail suspension test in

the afternoon (2:00–4:00 PM); the second group of mice (Table S1, G2)
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was tested for novel object recognition (NOR) in the morning (9:00 to

12:00 AM) and in the social dominance test in the afternoon

(2:00–4:00 PM). In vivo experiments were conducted blind by trained

observers working together in pairs (Ossato et al., 2016). Moreover, we

evaluated the long-term effects of repeated JWH-018 administration

on dopamine. On D23 the third group of mice (Table S1, G3) was tested

on startle/PPI in the morning (9:00 to 12:00 AM) and was also used for

in vitro electrophysiological experiments during the afternoon

(Table S1). The fourth group of mice (Table S1, G4) were divided into

two different subgroups: One was used for the in vivo microdialysis

(Table S1, G4a), and the second (Table S1, G4b) killed and hippocampal

and striatal areas were dissected. Dissections were performed according

to the mouse atlas of Paxinos and Franklin; the hippocampi were dis-

sected according to Spijker (Spijker, 2011). Lastly, the fifth group of mice

(Table S1, G5) was used to evaluate the long-term effects of repeated

JWH-018 administration on AEA and 2-AG levels in mice striatum.

We reported a schematic representation of the experimental pro-

tocol in Figure 1, and the groups and relative numbers of animals used

in every specific test are reported is Table S1.

2.3 | Behavioural studies

2.3.1 | Spontaneous locomotor activity

Spontaneous locomotor activity was measured by using the ANY-

maze video-tracking system (Ugo Basile, application version 4.99 g

Beta, Milan, Italy). As previously reported, the mouse was placed in a

square plastic cage (60 � 60 cm) located in a sound- and light-

attenuated room and the motor activity (distance travelled (m), time

spent in the central and peripheral area (s), entries in the central and

peripheral area (no. of entries), rotations of animal's body (no. of rota-

tions), maximum and average running speed (m�s�1)) were analysed

every 5 min and monitored for 240 min. Four mice were monitored at

the same time in each experiment (Bilel et al., 2020; Canazza

et al., 2016; Ossato et al., 2015; Ossato et al., 2017). To avoid olfac-

tory cues, cages were carefully cleaned with a dilute (5%) ethanol

solution and washed with water between each trial. All experiments

were performed between 9:00 AM to 1:00 PM.

2.3.2 | Novel object recognition test

The novel object recognition (NOR) test was chosen as it represents a

‘pure’ working memory task, which does not involve the retention of

a rule, but it is entirely based on the spontaneous exploratory behav-

iour of rodents toward objects (Ennaceur et al., 1997).

As previously reported (Barbieri et al., 2016), the test was con-

ducted in three phases: habituation, familiarization and choice. Firstly,

CD-1 mice were subjected to a 3-day habituation phase, conducted

by placing each animal into the novel object recognition (NOR) test

chamber (a square open field 60 cm � 60 cm � 40 cm, dark PVC plas-

tic box) located in a dimly lit (50 lux), sound-attenuated and acclima-

tized room. Mice were allowed to explore freely for 20 min�day�1. No

objects were placed in the box during the habituation trial. Twenty-

four hours after last habituation period, the familiarization trial was

conducted by placing the mouse in the field in which two identical

objects (A, A) were positioned on the corners of the arena

F IGURE 1 Schematic representation of protocol used for the experiments. Mice were treated for 7 days (from day 1 to day 7) once a day
with vehicle, the synthetic cannabinoid JWH-018 (6 mg�kg�1), the CB1 receptor antagonist NESS-0327 (1 mg�kg�1) or NESS-0327 (1 mg�kg�1)
+ JWH-018 (6 mg�kg�1). After 15 (D22) or 16 (D23) days of washout, we performed behavioural, electrophysiological, neurochemical and
molecular analysis.
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approximately 6 cm from the walls. Mice were placed at the mid-point

of the wall opposite to the objects and allowed to explore them for

15 min. After 1 h, one of the two familiar objects (A) was replaced

with a new one (novel; B), different in shape, dimension and colour.

Each mouse was then placed in the apparatus and left free to explore

the objects (A and B) for 5 min. After 1 h from the ‘object’ recognition
test, we performed the ‘spatial’ recognition test. In the spatial choice

test, the mice explored the open field for 5 min in the presence of

two familiar object (A and B). Object A is kept in the same previous

position, while object B has been positioned at a different point from

its previous position (spatial memory). Exploration was defined as the

time (s) during which the mouse nose was in contact with the object

or directed toward it at a distance ≤ 2 cm. The mouse going around

the object was not considered as exploratory behaviour.

All experiments were performed using the ANY-maze video track-

ing system (Ugo Basile, application version 4.99 g Beta) and subse-

quently analysed by an observer blind to the mouse treatment and to

which object was the novel one. Exploration time of familiar (A) and

novel (B) object (or familiar object but placed in a different position)

was measured. The novel object preference was quantified as recogni-

tion index (RI) calculated as (novel B � familiar A)/(novel B + familiar

A). Using this metric, scores approaching zero reflects no preference

(impairment of recognition memory), positive values reflect prefer-

ence for the novel object (good recognition memory) while negative

numbers reflect preference for the familiar (impairment of recognition

memory). Moreover, the total exploration time (s) spent by the animal

in the choice phase at 2 h (familiar A + novel B) and 24 h (familiar A

+ novel C) was calculated to investigate the effect of drugs on object

exploration.

The objects to be discriminated by mice were seven sets of novel

and familiar objects of different material (plastic, glass or ceramic),

shape (cube, parallelepiped and cylinder), dimension (height: 3–8 cm;

width: 6–8) and colour (light yellow, red and blue). The object weight

was such that it could not be displaced by mice. To avoid olfactory

cues, objects and apparatus were carefully cleaned with a dilute (5%)

ethanol solution and water between animal trials and also between

familiarization and choice phase.

2.3.3 | Tail suspension test

The tail suspension test (TST) is one of the most widely used

models for assessing antidepressant-like behaviours in mice. It was

suggested in many studies that the endocannabinoid system, in

particular the cannabinoid receptors (CB1 and CB2) play a signifi-

cant role in the pathophysiology of depression and stress/anxiety

disorders (Li et al., 2019; Maldonado et al., 2020; Poleszak

et al., 2020; Smaga et al., 2017). We investigated in a previous

study the acute effects of Δ9-THC and JWH-018 and its haloge-

nated derivatives on the tail suspension test as a first investigation

to reveal their possible actions in affecting stress/anxiety in mice,

as suggested by literature (Barbieri et al., 2016). The use of the tail

suspension test in this study is therefore aimed to fill the gap in

knowledge on the effect of prolonged administration of JWH-018

in mice in response to stress (tail suspension test) and to reveal a

possible endophenotypic alteration when compared with vehicle-

treated mice (Li et al., 2019).

The tail suspension test (TST) was performed according to the

method previously reported (Barbieri et al., 2016). Briefly, CD-1 mice,

both acoustically and visually isolated, were suspended 50 cm above

the floor by an adhesive tape placed approximately 1 cm from the tip

of the tail. Immobility time was recorded during a 6-min period

(Barbieri et al., 2016). The mice were considered immobile only when

they hung passively and were completely motionless (Porsolt

et al., 1977). For tail suspension test (TST) evaluation, all experiments

were videotaped, and the ANY-maze video tracking system was used

(Ugo Basile, application version 4.99 g Beta) and scored by an

observer blind to the treatment.

2.3.4 | Social dominance test

The tube test for social dominance is a common test for assessing

social behaviour in mice (Lijam et al., 1997). In this test, two mice are

released into opposite ends of a plastic tube (3.7 cm inner diameter

and 30.5 cm in length) and meet in the middle. One mouse will typi-

cally push the other out of the tube. The match ended when one

mouse completely retreated from the tube. The mouse remaining in

the tube was designated the winner or more dominant mouse

(score = 1) and the retreating mouse was the loser (score = 0).

Matches lasting more than 5 min or in which the mice crossed over

each other were not scored. Each mouse performed three matches

against the mouse of the different cage.

2.3.5 | Evaluation of startle reactivity and prepulse
inhibition

Mice underwent the pre-pulse inhibition (PPI) test for measuring

the acoustic startle reactivity in startle chambers (Ugo Basile) consist-

ing of a sound-attenuated, lighted and ventilated enclosure holding a

transparent non-restrictive Perspex® cage (90 � 45 � 50 mm). A

loudspeaker mounted laterally to the holder produced all acoustic

stimuli. Peak and amplitude of the startle response were detected by

a load cell. At the onset of the startling stimulus, 300-ms readings

were recorded and the wave amplitude evoked by the movement of

the animal startle response was measured. Acoustic startle test ses-

sions included startle trials (pulse-alone) and prepulse trials (prepulse

+pulse) consisting, respectively, of a 40-ms 120-dB pulse and of a

20-ms acoustic prepulse+80-ms delay and then a 40-ms 120-dB star-

tle pulse (100-ms onset-onset). There was an average of 15 s (range:

9–21 s) between the trials. Animals were placed in the startle cham-

bers 5 min after drug administration; the entire PPI test lasted 20 min.

Each session began with a 10-min acclimation period with a 65-dB

broadband white noise that remained present throughout the session.

The test session contained 30 trials composed by pulse-alone and
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prepulse+pulse trials (with two different prepulses of 75-dB and

85-dB) presented in a pseudorandomized order. PPI responses were

recorded at D22 (15 days of drug washout) after vehicle or JWH-018

injections and were expressed as percentage decrease in the ampli-

tude of the startle reactivity caused by the presentation of the pre-

pulse (% PPI).

2.4 | Electrophysiological studies in hippocampal
slices

2.4.1 | Tissue preparation

The hippocampal transverse slice model was used to investigate the

long-lasting effects of repeated JWH-018 administration on synaptic

excitatory transmission and plasticity at D23 washout from JWH-018

or vehicle. Six mice were used from each experimental group. Proce-

dures for tissue preparation are the same as described in Barbieri

et al., 2016. In brief, after mouse decapitation the brain was quickly

extracted, hippocampus isolated and placed in ice-cold artificial cere-

brospinal fluid (aCSF), of the following composition (in mM): NaCl,

126; KCl, 2; KH2PO4, 1.25; NaHCO3, 26; MgSO4, 2.0; CaCl2, 2.5;

D-glucose 10. All solutions were saturated with 95% O2/5% CO2.

Transverse hippocampal slices (425 μm thick) were cut with a tissue

chopper, then placed for almost 90 min in a Haas style incubation

chamber for recovery until recording.

2.4.2 | Electrophysiological recording

Before recording, CA1 and CA3 areas were surgically disconnected. A

single slice was then transferred into a submerged-type recording

chamber (3 ml total volume) and continuously superfused

(3.0 ml�min�1) with warmed (32–33�C) aCSF. WINLTP 2.10 computer

software, Bristol, UK (Anderson & Collingridge, 2007) was used for

stimulus triggering, PC recording and analysis. Synaptic responses of

CA1 pyramidal neurons were elicited by electrical stimulation of the

Schaffer collateral/commissural pathway. Single stimulation pulse

(80 μs duration; 0.05 Hz) was delivered by means of a concentric

bipolar electrode (o.d. 125 μm, FHC, USA) connected to a Grass S11

stimulator driving a PSIU6 constant current stimulus isolation unit. To

record, the fEPSPs were recorded using borosilicate glass electrodes

fabricated using a P2000 Sutter puller (Sutter Instruments) and filled

with aCSF (1.5 ± 0.5 MΩ), placed in the distal third of the stratum

radiatum. Distance between the stimulating and recording electrodes

was 200–300 μm. To achieve the maximal fEPSPs response, the

depth of the recording electrode was adjusted. Recorded potentials

were amplified (Axoclamp2A DC-coupled - Cyberamp 320, Molecular

Devices, Sunnyvale CA, USA) and filtered (5.0 kHz) prior to A/D con-

version. Once a stable synaptic response had been attained for at

least 20 min, a stimulus response curve (SRC) was generated as previ-

ously described (Zucchini et al., 2008). From SRCs were extrapolated

the fold-increase in input stimulus intensity necessary for evoking a

half-maximal response, parameter index of synaptic pathway excitabil-

ity and the stimulation intensity yielding a fEPSP �40%–45% of the

maximal achievable was set then held constant throughout the experi-

ment. To evaluate modifications of synaptic plasticity, we induced

LTP by mean of the theta-burst (TB5) stimulation paradigm. The TB5

with respect to other stimulation paradigms presents several advan-

tages, overall, a stable and non-decremental LTP and higher sensitivity

to the different experimental manipulations (Larson & Munkácsy,

2015). TB5 consists of a single train of five bursts of five stimuli

(100 Hz intraburst frequency, 5 Hz burst frequency). To allow the cor-

rect measurement of TB5-induced LTP in the same slice, a two-

pathway stimulation protocol was applied (see Section 2.9). Namely,

two independent synaptic inputs were activated in the Schaffer collat-

eral area (identified as ‘control’ and ‘test’), represented by two stimu-

lating electrodes located on opposite sites relative to the recording

electrode (Barrionuevo & Brown, 1983) (see scheme in Figure 8 for

electrode placement). Input pathways were alternately stimulated

every 15 s. At the end of the experiment (45 min after TB5), test path-

way was activated with TB10 stimulation (10 bursts of five stimuli,

100 Hz intraburst frequency and 5 Hz burst frequency) to evoke the

maximally achievable potentiation as a control for slices viability

(Barbieri et al., 2016; Morini et al., 2011). The response was followed

for 15 min, and average of values in the last 2 min was the reference

parameter to evaluate the maximal potentiation achievable. The mag-

nitude of maximal potentiation obtained with TB10 stimulation was

also used in additional analyses to calculate TB5 stimulation-induced

LTP as a fraction of maximally inducible potentiation in each slice,

thereby minimizing variability due to differences in LTP susceptibility

between preparations.

2.5 | Microdialysis

2.5.1 | Surgery and dialysate sample collection

On the day of surgery, the animals, kept under isoflurane anaesthesia

(1.5% mixture of isoflurane and air, Ugo Basile), were mounted in a

David Kopf stereotaxic frame (Tujunga, CA, USA) with the upper inci-

sor bar set at �2.5 mm below the interaural line. After exposing the

skull and drilling a burr hole, a microdialysis probe (2-mm membrane

length; cut-off 6000 Da; CMA-11, CMA/Microdialysis, Solna,

Sweden) was positioned on top of the dorsal striatum using the fol-

lowing coordinates from Bregma (AP: + 0.3, L: 2.2 mm from the mid-

line, V: �4.4 mm below the dura), according to the atlas of Franklin

and Paxinos (2008) and secured to the skull with an anchor screw and

acrylic dental cement. After surgery, the animals were housed individ-

ually in microdialysis chambers.

On the day after surgery, the probe was connected to a microper-

fusion pump (CMA 100; Carnegie Medicin, Stockholm, Sweden) set to

a speed of 1.5 μl�min�1 and perfused with Ringer solution containing

(in mM): NaCl, 144; KCl, 4.8; MgSO4, 1.2; CaCl2, 1.7; pH 6.7. Perfus-

ates were collected every 20 min and, to achieve stable dialysate glu-

tamate, collection of samples started 300 min after the onset of
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perfusion. In a first series of experiments, after three stable basal

values were obtained, the probe was perfused (10 min) with an iso-

tonic Ringer solution containing 50 mM KCl. This medium was then

replaced with the original one and further 3 samples were collected.

In a second series of experiments, after three stable basal values were

obtained, mice were gently disturbed with a spatula for 5 min and fur-

ther three samples were collected.

Following each experiment, the brain was removed from the skull,

and the position of the dialysis probe was verified using 30-μm-thick

coronal cryostat sections. Only animals in which the probe was cor-

rectly located were included in the study.

2.5.2 | Glutamate analysis

Glutamate levels in the perfused samples were measured by HPLC

with fluorimetric detection. Briefly, 25 μl were transferred into glass

microvials and placed in a temperature-controlled (4�C) Triathlon

autosampler (Spark Holland, Emmen, the Netherlands). Thirty microli-

tres of o-phthaldialdehyde/mercaptoethanol reagent were added to

each sample, and 30 μl of the mixture were injected onto a

Chromsep analytical column (3 mm inner diameter, 10 cm length;

Chrompack, Middelburg, the Netherlands). The column was eluted at

a flow rate of 0.75 ml�min�1 (Beckman125 pump; Beckman Instru-

ments, Fullerton, CA, USA) with a mobile phase containing 0.1 M

sodium acetate, 10% methanol and 2.2% tetrahydrofuran (pH 6.5).

Glutamate was detected by means of a Jasco fluorescence spectro-

photometer FP-2020 Plus (Jasco, Tokyo, Japan). The retention times

of glutamate was � 3.5 min.

2.6 | Ex vivo evaluation of striatal dopamine
content

2.6.1 | Tissue collection

Animals were killed using an anaesthetic overdose of isoflurane. The

brains were rapidly removed, and the striata were rapidly dissected

out, weighed and frozen on dry ice and stored at �80�C until the day

of the assays.

2.6.2 | UPLC-MS/MS method

The striata of each mouse was added to 250 μl of HClO4 0.3 M frozen

solution. The mixtures were sonicated in a cold ultrasonic bath

(BRANSON 1510, Bransonic, Danbury, USA) and centrifuged at

14,000 rpm, 16,464 g, for 30 min at 4�C (MPW 65R, MPW MED.

INSTRUMENTS, Warsow, Poland). The supernatant was collected

with great caution (to avoid pellet) and injected into high performance

liquid chromatography (HPLC; Gemechu et al., 2018).

The separation method was a linear gradient of 5.1 min: solvent A

(0.1% formic acid water) 95% at gradient started at 4.0 min to 5% and

remained constant for 1 min, returning to 95% at 5.10 min with a flow

rate of 0.4 ml�min�1. The Acquity column UPLC HSS C18 1.8 μm

(2.1 � 150 mm) was brought into equilibrium at the gradient start

conditions before the next injection. The acquisition was performed in

ion positive MRM mode for the parent ion 154,0843 m/z with its

fragments 91,0083 m/z (cone voltage 22 V, collision energy 24 V) and

137,0258 m/z (cone voltage 22 V, collision energy 8 V). Retention

time 0.63 min. Instrument: Acquity H-Class and Xevo TQD Waters

Mass Spectrometer (Waters Corporation, Milford, USA).

2.7 | Ex vivo evaluation of endocannabinoid levels
in the striatum

2.7.1 | Chemicals

Ultrapure water, acetonitrile, dichloromethane, isopropanol, methanol,

and hydrochloride acid were of analytical grade and purchased from

Carlo Erba (Milan, Italy). Formic acid (98%100%) was purchased from

Sigma–Aldrich (Milan, Italy).

2.7.2 | UHPLC–MS/MS analysis of
endocannabinoids and N-acylethanolamides

Anandamide and 2-arachidonoylglycerol quantification was per-

formed using a QTRAP 5500 triple quadrupole linear ion trap mass

spectrometer (Sciex, Darmstadt, Germany) coupled with an Agilent

1200 Infinity pump ultra-high pressure liquid chromatography

(UHPLC) system (Agilent Technologies, Palo Alto, CA, USA), following

recently validated methods [doi.org/10.3390/biom10091302]. Com-

pounds were separated on a Kinetex UHPLC XB-C18 column

(100 � 2.1 mm i.d., 2.6 p.s.) (Phenomenex, Torrance, CA, USA) using a

linear gradient elution of 0.1% formic acid in water (mobile phase A)

and methanol/acetonitrile (5:1; v/v) (mobile phase B). Briefly, 125 μl

of homogenized tissue was extracted following a liquid–liquid extrac-

tion procedure (4 ml of dichloromethane/isopropanol 8:2; v/v), after a

protein precipitation with cold acetonitrile (1 ml). The supernatant

was separated and dried under a gentle stream of nitrogen. The resi-

due was reconstituted in 60 μl methanol, and 3 μl aliquot was injected

into the UHPLC/MS–MS system for lipids determination. Data acqui-

sition and processing were performed using Analyst 1.6.2 and Multi-

Quant 2.1.1 Software (Sciex, Darmstadt, Germany), respectively.

2.8 | Molecular analyses

2.8.1 | Western blot analyses of BDNF-related
system, glutamate signalling and endocannabinoid-
related enzymes

The striata and hippocampi were homogenized in a glass–glass potter

using a cold buffer containing 0.32 M sucrose, 1 mM Hepes solution,
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0.1 mM EGTA, 0.1 mM PMSF, pH = 7.4, in the presence of a com-

plete set of protease inhibitors and a phosphatase inhibitor cocktail.

Crude synaptosomal fraction was prepared as previously described

(Caffino et al., 2017). The homogenized tissues were centrifuged at

1000 g for 10 min; the resulting supernatant was centrifuged at

9000 g for 15 min to obtain the pellet corresponding to the crude

synaptosomal fraction, which was re-suspended in a buffer containing

20 mM Hepes, 0.1 mM DTT, 0.1 mM EGTA, in the presence of a com-

plete set of protease inhibitors and a phosphatase inhibitor cocktail.

Total proteins were measured in the whole homogenate and in the

crude synaptosomal fraction by the Bio-Rad Protein Assay, using

bovine serum albumin as the calibration standard (Bio-Rad Laborato-

ries, Milan, Italy). The immuno-related procedures used comply with

the recommendations made by the British Journal of Pharmacology

(Alexander et al., 2018).

To evaluate the expression of glutamate-related proteins and of

the BDNF-related system, equal amounts of protein were run under

reducing conditions on the criterion TGX precast gels (Bio-Rad Labo-

ratories, Milan, Italy). To evaluate the expression of endocannabinoid-

related enzyme, equal amounts of total protein lysates (30 μg) were

run on a 10% SDS-polyacrylamide gel. Then proteins were electro-

phoretically transferred onto polyvinylidene difluoride membranes

(GE Healthcare, Milan, Italy).

Blots were blocked for 1 h at room temperature with 10% non-

fat dry milk in TBS + 0.1% Tween-20 buffer, incubated with anti-

bodies against the phosphorylated forms of the proteins and then

stripped and reprobed with the antibodies against corresponding total

proteins.

The conditions of the primary antibodies were the following:

mouse monoclonal mBDNF (1:500, Icosagen, Estonia); rabbit poly-

clonal anti phospho-trkB Y706 (1:200, Novus Biologicals, USA), rabbit

polyclonal anti total trkB (1:1000, Cell Signaling Technology, USA);

rabbit polyclonal anti phospho-Akt S473 (1:1000, Cell Signaling Tech-

nology); rabbit polyclonal anti total Akt (1:1000, Cell Signaling Tech-

nology); mouse monoclonal anti Arc/Arg3.1 (1:500, BD Transduction

Laboratories, USA), rabbit polyclonal anti GluN1 (1:1000, Invitrogen,

Carlsbad, CA, USA), rabbit polyclonal anti GluN2B (1:1000, Cell Sig-

naling Technology), rabbit polyclonal anti GluN2A (1:1000, Invitro-

gen), mouse monoclonal anti PSD-95 (1:4000, Cell Signaling

Technology), rabbit polyclonal anti-CB1 (1:1000; Cayman Chemical,

USA), rabbit polyclonal anti-FAAH (1:1000; Cayman Chemical, USA),

rabbit polyclonal anti-MAGL (1:1000; Cayman Chemical, USA), rabbit

polyclonal anti-NAPE-PLD (1:3000; Cayman Chemical, USA) and goat

polyclonal anti-DAGLα (1:1000; AbCam, UK) and mouse monoclonal

anti β-Actin (1:10,000, Sigma-Aldrich, Italy). Bound antibodies were

detected with horseradish peroxidase (HRP) conjugated secondary

anti-rabbit, anti-mouse or anti-goat antibodies (1:1000–5000; Santa

Cruz Biotechnology, USA) for 1 h at room temperature.

Expression levels of every single protein run on the same gel was

normalized using its own β-Actin loading control, which was detected

by evaluating the band density at 43 kDa. Each set of proteins (pre-

sented in Figure 9, Figure 10 and Figure 11) was run in the same WB

assay, thus only one band of β-actin was represented. To evaluate the

expression of glutamate-related proteins and of the BDNF-related sys-

tem, optic density (OD) of immunocomplexes was visualized by chemi-

luminescence using the Chemidoc MP Imaging System (Bio-Rad

Laboratories). Gels were run 2 times each and the results represent the

average from 2 different runs. We used a correction factor to average

the different gels: correction factor gel 2 = average of (OD protein of

interest/OD β-actin for each sample loaded in gel 1)/(OD protein of

interest/OD β-actin for the same sample loaded in gel 2) (Caffino

et al., 2020). To evaluate the expression of endocannabinoid-related

enzyme, bound antibodies were detected with a GBOX XT camera

(Syngene, Cambridge, UK). Optical density of the bands was quantified

using ImageJ software (NIH, Bethesda, MD, USA) and normalized to

β-actin. To allow comparison between different blots, the density of

the bands was expressed as percentage of vehicle.

2.8.2 | [3H]CP-55940 receptor autoradiographic
binding

Brains were rapidly removed after decapitation, frozen in liquid

nitrogen for 1 min and stored at �80�C until processing; 20-μm-

thick coronal sections were cut on a cryostat and thaw-mounted on

gelatin-coated slides. Slides were incubated for 2.5 h at 37�C with

10 nM [3H]CP-55940 (Perkin Elmer Life Sciences, Milan, Italy) in

binding buffer [50 mM Tris–HCl, pH 7.4, 5% bovine serum albumin

(BSA)]. Adjacent cerebral sections were incubated in parallel with

10 ml CP-55940 to assess non-specific binding. Sections were

washed for 1 h at 4�C in a buffer containing 50 mM Tris–HCl

pH 7.4, 1% BSA-buffer and rinsed for 3 h in the same conditions.

They were then dipped in 50 mM Tris–HCl buffer (pH 7.4) for

5 min and then in distilled water. Once dried, the sections were

exposed to Kodak Biomax MR films (Perkin Elmer Life Sciences,

Milan, Italy) for 14 days to generate autoradiograms. Intensity of

autoradiographic films was assessed by measuring grey levels using

Image-Pro Plus 7.0 (MediaCybernetics, Silver Spring, USA). Each

area of both sides of the brain was traced with the mouse cursor

using the Paxinos and Watson rat brain atlas as reference. Grey

level of densitometric measurements calculated after subtraction of

the film background density was determined using tritium standards

for receptor binding (3H Microscales, Amersham Pharmacia Biotech,

Braunschweig, Germany) as previously reported (Zamberletti

et al., 2012).

2.9 | Data presentation and statistical analysis

The data and statistical analysis comply with the recommendations

of the British Journal of Pharmacology on experimental design and

analysis in pharmacology (Curtis et al., 2022). All animals tested

were treated as independent values, and there were no technical

replicates.

The Kolmogorov–Smirnov test was employed to determine nor-

mality of residuals: No significant variance in homogeneity was found.
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Data are expressed in absolute values or in percent changes and are

presented as the mean ± SEM or SDM when indicated.

Statistical analysis for in vivo behavioural results was performed

on absolute data by one-way or two-way repeated measure

(RM) analysis of variance (ANOVA), as specified in figure captions.

Post-hoc tests were run only if F achieved P<0.05 and there was no

significant variance inhomogeneity, and Bonferroni post hoc tests

were performed to determine group differences.

The amount of PPI was calculated as a percentage score for each

prepulse + pulse trial type: %PPI = 100 � {[(startle response for

prepulse + pulse trial)/(startle response for pulse-alone trial)] � 100}.

Startle magnitude was calculated as the average response to all the

pulse-alone trials.

For the in vitro electrophysiological experiments, the fEPSP

amplitude was defined as the slope of the initial falling phase of the

electrical response recorded following the afferent volley, and mea-

sured by linear regression in the region between 30% and 70% of the

fEPSP. To calculate TB5 stimulation-induced synaptic potentiation in

test pathway independent of possible excitability rundown affecting

both inputs, we used the following procedure: For each experiment,

the measured fEPSP slopes recorded from both inputs were recorded

(see Section 3.4). The normalized values of control (non-potentiated)

input were then subtracted from the corresponding values of the test

(potentiated) input to obtain the net potentiation (i.e., LTP). Steady-

state values of net potentiation produced by TB5 stimulation were

obtained by averaging the values of the 11 consecutive responses

recorded over the 5 min period between 40 and 45 min after TB5

stimulation. The maximally achievable potentiation was calculated by

averaging the values of five responses over the 2 min period between

13 and 15 min after TB10 stimulation. Statistical difference was calcu-

lated by unpaired Student's t-test.

For the microdialysis data, the mean ± SEM of the three samples

collected prior to KCl perfusion or mouse-disturbing has been used to

calculate basal extracellular glutamate levels. The effects of KCl perfu-

sion or mouse gentle-disturbing were reported as the percentage of

the respective basal extracellular glutamate levels. The statistical anal-

ysis was carried out by Student's t-tests.

Ex vivo dopamine levels data are presented as the mean values of

six replicates for each sample and the calibration curve was made up

with 10 points from 1.5 to 400 ng total with six repeats also for each

standard solution.

Ex vivo molecular data (vehicle n = 5; JWH-018 n = 5) are pre-

sented as percentage of response in control mice and were analysed

by unpaired Student's t-tests.

Significance for all tests was assumed at P < 0.05. Statistical ana-

lyses were performed using GraphPad Prism 6 (GraphPad, Software

Inc., San Diego, CA).

2.10 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-

sponding entries in http://www.guidetopharmacology.org, and are

permanently archived in the Concise Guide to PHARMACOLOGY

2021/22 (Alexander, Christopoulos et al., 2021; Alexander, Fabbro,

Kelly, Mathie, Peters, Veale, Armstrong, Faccenda, Harding, Pawson,

Southan, Davies, Beuve et al., 2021, Alexander, Fabbro, Kelly, Mathie,

Peters, Veale, Armstrong, Faccenda, Harding, Pawson, Southan,

Davies, Boison et al., 2021; Alexander, Mathie et al., 2021).

3 | RESULTS

To investigate the long-lasting effects of JWH-018 exposure, mice

were injected with JWH-018 [6 mg�kg�1�day�1 i.p. for seven consecu-

tive days (D1 to D7)], or its vehicle (i.e., control group) or NESS-0327

(1 mg�kg�1) or NESS-0327 (1 mg�kg�1) + JWH-018 (6 mg�kg�1). After

15–16 days of washout (D22-D23), behavioural or biochemical stud-

ies were performed (Figure 1).

3.1 | Behavioural experiments

3.1.1 | Motor studies

The group of mice treated with JWH-018 displayed a transient facilita-

tion of spontaneous motor activity in the first 15 min when compared

with vehicle- or NESS-0327 (1 mg�kg�1)-treated mice [Figure 2a; treat-

ment (F3, 864 = 8.782, P < 0.05)]. The pre-treatment with NESS-0327

(1 mg�kg�1) prevented the motor impairment induced by JWH-018

(6 mg�kg�1). In mice treated with JWH-018, motor activation was char-

acterized by an increase in the number of entries into the central [-

Table 1; treatment (F3, 28 = 10.11, P < 0.05)] and peripheral [Table 1;

treatment (F3, 28 = 6.746, P = 0.0014)] areas of the open field arena, by

longer times of permanence in the central [Table 1; treatment

(F3, 28 = 28.92, P < 0.05)] with respect to the peripheral [Table 1; treat-

ment (F3, 28 = 6.314, P < 0.0021)] area, and by an increase in the num-

ber of rotations of animal's body [Table 1; treatment (F3, 28 = 24.13,

P < 0.05)], while no significant differences in maximum [Table&nbsp;1;

treatment (F3, 28 = 2.872, P = 0.0541)] and average speed [Table 1;

treatment (F3, 28 = 2.467, P = 0.0828)] were found between the groups.

In the drag test, the repeated administration of JWH-018 induced an

increase in the number of steps performed with the front legs of mice [-

Figure 2b; treatment (F3, 36 = 9.951, P < 0.05)]. This effect was totally

prevented by pre-treatment with NESS-01327 (1 mg�kg�1; Figure 2b). In

addition, in the accelerod test, a facilitation on the motor performance

was displayed in mice treated with JWH-018 [Figure 2c; treatment (F3,

36 = 14.51, P < 0.05)], and this effect was totally prevented by pre-

treatment with NESS-01327 (1 mg�kg�1; Figure 2c).

3.1.2 | Novel object recognition test

The group of mice treated with JWH-018 showed a significant impair-

ment in the discrimination of the novel object [Figure 3a; treatment

(F3, 28 = 29.97, P < 0.05)] and in spatial memory [Figure 3c; treatment
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(F3, 28 = 12.45, P < 0.05)] with respect to the groups of mice treated

with the vehicle or NESS-0327 (1 mg�kg�1). This effect was totally

prevented by pre-treatment with NESS-01327 (1 mg�kg�1;

Figure 3a,c). The total object exploration time was significantly

reduced in mice treated with JWH-018 in the object memory

[Figure 3b; treatment (F3, 28 = 15.15, P < 0.05)] and in the spatial

memory tests [Figure 3d; treatment (F3, 28 = 12.04, P < 0.05)]. The

impairment in the total object exploration time induced by JWH-018

(6 mg�kg�1), in object and spatial memory, was totally prevented by

pre-treatment with NESS-0327 (1 mg�kg�1; Figure 3b,d).

3.1.3 | Tail suspension and social dominance test

In the tail suspension test, a significant reduction in the immobility

time was observed in mice treated with JWH-018 with respect to

the groups of mice treated with the vehicle or NESS-0327

(1 mg�kg�1), with an increase of escaping movements and body

shaking in mice [Figure 4a; treatment (F3, 28 = 14.40, P < 0.05)].

This effect was totally prevented by pre-treatment with NESS-

01327 (1 mg�kg�1; Figure 4a). In the social dominance test, the

group of mice treated with JWH-018 abandoned the tube in

F IGURE 2 Long-term effects of repeated administration of the CB1 receptor antagonist NESS-0327 (1 mg�kg�1), the synthetic cannabinoid
JWH-018 (6 mg�kg�1) or NESS-0327 (1 mg�kg�1) + JWH-018 (6 mg�kg�1) on spontaneous and stimulated motor activity of mice. Motor response
of mice on the total distance travelled (panel a), the drag test (panel b) and the accelerod test (panel c) at day 22 (D22). Mice were treated for
7 days (from day 1 to day 7) once a day with JWH-018 (6 mg�kg�1; black) or vehicle (white). Data are expressed (see Section 2) as total distance
travelled in metres, number of steps or time on rod in seconds and represent the mean ± SEM of 10 animals for each treatment. Statistical
analysis was performed by two-way ANOVA followed by the Bonferroni's test for multiple comparisons in panel (a) and with one-way ANOVA
followed by the Bonferroni's test for multiple comparisons in panels (b) and (c). The statistical analysis was performed with Prism software
(GraphPad Prism, Boston, USA). *P < 0.05 versus vehicle; #P < 0.05 versus NESS-0327; �P < 0.05 versus NESS-0327 + JWH-018.

TABLE 1 Long-term effect of repeated administration of the CB1 receptor- antagonist NESS-0327 (1 mg�kg�1), JWH-018 (6 mg�kg�1) or
NESS-0327 (1 mg�kg�1) + JWH-018 (6 mg�kg�1) administration on spontaneous motor activity of mice.

Vehicle NESS-0327 JWH-018 NESS-0327 + JWH-018

Central area Number of entries 26.3 ± 2.6 27.6 ± 3.9 48.9 ± 4.5* 30.1 ± 1.4

Total time (s) 29.4 ± 2.9 27.5 ± 1.7 69.90 ± 5.9* 28.9 ± 3.6

Peripheral area Number of entries 26.7 ± 2.8 28.0 ± 4.1 50.3 ± 3.8* 29.1 ± 5.9

Total time (s) 872.0 ± 1.5 859.4 ± 6.6 838.6 ± 8.4* 866.3 ± 4.3

Rotation of animal's body Number of rotations 34.4 ± 2.6 30.2 ± 3.9 66.2 ± 3.4* 36.2 ± 7.5

Maximum speed (m�s�1) 0.298 ± 0.006 0.302 ± 0.007 0.312 ± 0.008 0.285 ± 0.005

Average speed (m�s�1) 0.087 ± 0.005 0.079 ± 0.006 0.098 ± 0.004 0.091 ± 0.005

Note: Motor activity measurements of mice on time spent in the central and peripheral area, entries in the central and peripheral area, rotations of animal's

body, maximum and average running speed were analysed in the first 15 min. Mice were treated for 7 days (from day 1 to day 7) once a day with the CB1

receptor- antagonist NESS-0327 (1 mg�kg�1), JWH-018 (6 mg�kg�1), vehicle or NESS-0327 (1 mg�kg�1) + JWH-018 (6 mg�kg�1) and tested at day 22.

Data are expressed (see Section 2) as time spent in the central and peripheral area (in seconds), entries in the central and peripheral area (no. of entries),

rotations of animal's body (no. of rotations), maximum and average running speed (m�s�1) and represent the mean ± SEM of 10 animals for each treatment.

Statistical analysis was performed by one-way ANOVA followed by the Bonferroni's test for multiple comparisons. The statistical analysis was performed

with the program Prism software (GraphPad Prism, USA). *P < 0.05, versus vehicle.
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greater percentage with respect to the vehicle or NESS-0327

(1 mg�kg�1) groups, highlighting more defeats at D22 [Figure 4b;

treatment (F3, 28 = 35.56, P < 0.05)].

3.1.4 | Startle amplitude and prepulse inhibition
test

Administration of JWH-018 inhibited, compared with the groups of

mice treated with vehicle or NESS-0327 1 mg�kg�1, both startle

amplitude [Figure 5a; treatment (F3, 32 = 17.46, P < 0.05)] and

prepulse inhibition test (Figure 5b) in mice at D23. Indeed, statistical

analysis detected a significant decrease of prepulse intensity with

68 dB (�19%; treatment: F3, 32 = 9.242, P < 0.05), 75 dB [�24%;

treatment (F3, 32 = 39.97, P < 0.05)] and 85 dB [�15%; treatment

(F3, 32 = 12.03, P < 0.05)], respectively. The effects induced by JWH-

018 (6 mg�kg�1) in the prepulse inhibition test were totally prevented

by pre-treatment with NESS-0327 (1 mg�kg�1; Figure 5a,b).

3.2 | In vivo microdialysis

Basal extracellular striatal glutamate levels, evaluated as the mean

of three stable dialysates, were similar in both JWH-018- and

vehicle-treated mice (Figure 6a). A 10-min pulse of high K+

(50 mM) solution significantly increased glutamate efflux in both

groups of animals. However, the K+-evoked glutamate efflux from

the striatum of mice treated with JWH-018 was significantly higher

F IGURE 3 Long-term effects of repeated administration of the CB1 receptor antagonist NESS-0327 (1 mg�kg�1), the synthetic cannabinoid
JWH-018 (6 mg�kg�1) or NESS-0327 (1 mg�kg�1) + JWH-018 (6 mg�kg�1) on recognition and spatial memory in mice. Response of mice in the
novel ‘object’ (panels a and b) and ‘spatial’ (panels c and d) memory tests at day 22 (D22). The recognition index of mice in the ‘novel object’ test
is reported in panel (a), and the total object exploration in panel (b). The recognition index of mice in the ‘spatial’ test is reported in panel (c), and
the total object exploration in panel (d). Mice were treated for 7 days (from day 1 to day 7) once a day with JWH-018 (6 mg�kg�1; black) or
vehicle (white). Data are expressed as recognition index (panels a and c; see Section 2) or as total object exploration in seconds (panels b and d)
and represent the mean ± SEM of eight animals for each treatment. Statistical analysis was performed by one-way ANOVA followed by the
Bonferroni's test for multiple comparisons. The statistical analysis was performed with the program Prism software (GraphPad Prism, USA).
*P < 0.05 versus vehicle; #P < 0.05 versus NESS-0327; �P < 0.05 versus NESS-0327 + JWH-018.
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(t = 2.404, df = 16, P = 0.0287) than the enhancement observed in

vehicle-treated animals (Figure 6b). Finally, after a 5 min disturbing

period, an increase, although not significant, in basal extracellular

striatal glutamate levels was observed in mice treated with JWH-

018, but not in vehicle-treated animals (Figure 6c).

3.3 | Ex vivo striatal dopamine content

The group of mice treated with JWH-018 showed a significant

increase of striatal dopamine content [Figure 7; treatment

(F3, 28 = 12.60, P < 0.05)] with respect to the groups of mice

treated with the vehicle or NESS-0327 (1 mg�kg�1). This effect was

totally prevented by pre-treatment with NESS-01327 (1 mg�kg�1;

Figure 7).

3.4 | In vitro electrophysiological studies

3.4.1 | Effects on synaptic excitatory transmission
and on plasticity in the CA1 hippocampal area

Once a stable synaptic response had been obtained, an SRC was

obtained as previously stated (see materials and methods). Figure 8b

F IGURE 4 Long-term effect of repeated administration of the CB1 receptor antagonist NESS-0327 (1 mg�kg�1), the synthetic cannabinoid
JWH-018 (6 mg�kg�1) or NESS-0327 (1 mg�kg�1) + JWH-018 (6 mg�kg�1) on immobility time in the tail suspension test and in the social
dominance test in mice. Response of mice in the tail suspension (panel a) and in the social dominance (panel b) test at day 22 (D22). Mice were
treated for 7 days (from day 1 to day 7) once a day with JWH-018 (6 mg�kg�1; black) or vehicle (white). Data are expressed as immobility time in
seconds (s; panel a) and % of wins (panel b) and represent the mean ± SEM of 10 (panel a) or 8 (panel b) animals for each treatment. Statistical
analysis was performed by one-way ANOVA followed by the Bonferroni's test for multiple comparisons. The statistical analysis was performed
with the program prism software (GraphPad Prism, USA). *P < 0.05 versus vehicle; #P < 0.05 versus NESS-0327; �P < 0.05 versus NESS-0327
+ JWH-018.

F IGURE 5 Long-term effect of repeated administration of the CB1 receptor antagonist NESS-0327 (1 mg�kg�1), the synthetic cannabinoid
JWH-018 (6 mg�kg�1) or NESS-0327 (1 mg�kg�1) + JWH-018 (6 mg�kg�1) in the startle amplitude and prepulse inhibition test in mice. Response
of mice in the startle amplitude (panel a) and prepulse inhibition (panel b) test in mice at day 23 (D23). Mice were treated for 7 days (from day
1 to day 7) once a day with JWH-018 (6 mg�kg�1; black) or vehicle (white). Effects on pre-pulse inhibition (PPI) are shown for the three prepulse
intensities (68, 75 and 85 dB). Data are expressed as startle amplitude in decibel (dB; panel a) and as % of prepulse inhibition (see Section 2; panel
b) and represent the mean ± SEM of nine animals for each treatment. Statistical analysis was performed by one-way ANOVA followed by the
Bonferroni's test for multiple comparisons. The statistical analysis was performed with the program Prism software (GraphPad Prism, USA).
*P < 0.05 versus vehicle; #P < 0.05 versus NESS-0327; �P < 0.05 versus NESS-0327 + JWH-018.
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compares the data fittings with the resulting normalized sigmoid curve

from which the EC50 values were extrapolated (Figure 8c). Statistical

comparison of the fits indicated a significant difference between the

two curves (P < 0.05). The EC50 parameters were also different

(1.75 ± 0.07 vs. 1.6 ± 0.07, vehicle vs. JWH-018, n = 6 both groups,

P < 0.05). These two pieces of evidence suggest a long-term effect of

JWH-018 treatment, resulting in increased hippocampal network

excitability. The EC50 was then used as a reference for stimulation

intensity for the TB5-protocol for LTP induction. Figure 8d compares

representative fEPSP recordings, superimposed from vehicle-treated

(above in the panel) and JWH-018-treated animal (below) in control

and after TB5 at steady slope amplitude. It is impressive how JWH-

018 pretreatment completely blocks the induced potentiation visible

in the control experiment. Figure 8e shows the superimposed time-

course of normalized average experimental points of LTP test experi-

ments in the two groups. TB5 induced a long lasting and stable poten-

tiation in vehicle treated mice, while JWH-018 significantly weakened

this development, impairing the formation of any consistent stable

early and late LTP, and showing a significative statistical difference

(2.22 ± 0.7 vs. 1.12 ± 0.6, fold normalized fEPSP increase vs. fEPSP

slope baseline; P < 0.05). Figure 8f summarizes peak values seen in

the previous panel, taken at 40 min after TB5, at steady fEPSP slope

for the two groups, showing a significative statistical difference (122

± 6% vs. 12 ± 7%, vehicle vs. JWH-018 pretreated; t = 12.16;

df = 10; P < 0.05, n = 6 both groups). In both groups, the TB10 satu-

rating test (see methods) was unable to induce any further potentia-

tion, confirming the strong LTP-inhibition from JWH-018 treatment

(data not shown).

To verify if the hippocampal synaptic pathway (and excitability,

by consequence) was modified between vehicle and JWH-018 D23

-treated mice, stimulation voltage necessary to evoke the 50% of

maximal fEPSP was extrapolated from SRC curves (Figure 8b).

Results were normalized as stimulation fold increase for comparison

(1.77 ± 0.4 vs. 1.58 ± 0.7, fold increase, vehicle vs. JWH-018, n = 6

per group). These data show a moderate, but nonsignificant, differ-

ence between the two groups, with JWH-018 group being slightly

more excitable. For TB5 stimulation protocol, the stimulation inten-

sity calculated from SRC was used (see Section 2) to induce synaptic

potentiation. Figure 8c shows superimposed representative record-

ings, comparing fEPSP traces from vehicle and JWH-018 D23 mice,

before and after TB5. Normalized average experimental points of the

LTP test, comparing fEPSPs slope from two groups are shown in

F IGURE 6 Long-term effect of repeated administration of the synthetic cannabinoid JWH-018 on basal and evoked extracellular glutamate

levels in mouse striatum. Mice were treated for 7 days (from day 1 to day 7) once a day with JWH-018 (6 mg�kg�1; red) or vehicle (white); basal
(panel a), K+-evoked (panel b) and disturbing (panel c) evoked striatal extracellular levels were measure by means of microdialysis in mice at day
23 (D23; i.e., 16 days after the last drug administration). For further details, see Section 2. Data are the mean ± SEM; n = 8–10 per group.
Statistical analysis was performed by Student's t-test, using the program Prism software (GraphPad Prism, USA). *P < 0.05 significantly different
from the respective vehicle group.

F IGURE 7 Long-term effect of repeated administration of the
synthetic cannabinoid JWH-018 on dopamine levels in mice striatum.
Mice were treated for 7 days (from day 1 to day 7) once a day with
vehicle, the CB1 receptor antagonist NESS-0327 (1 mg�kg�1), JWH-
018 (6 mg�kg�1) or NESS-0327 (1 mg�kg�1) + JWH-018 (6 mg�kg�1).
Basal striatal extracellular levels were measure by UPLC in mice at
day 23 (D23; i.e., 16 days after the last drugs). For further details,
Section 2. Data are the mean ± SEM; n = 8 per group. Statistical
analysis was performed by one-way ANOVA followed by the
Bonferroni's test for multiple comparisons. The statistical analysis was
performed with the program Prism software (GraphPad Prism, USA).
*P < 0.05 versus vehicle; #P < 0.05 versus NESS-0327; �P < 0.05
versus NESS-0327 + JWH-018.
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Figure 8d, plotted as a time course. Clearly, with different potentiat-

ing effect of TB5 exemplified in Figure 8c, comparison between the

LTP induced in the two groups, shows how the pretreatment with

JWH-018 reduced the development of early and late LTP (normal-

ized fEPSP increase vs. fEPSP slope baseline, 2.22 ± 0.7-fold vs. 1.12

± 0.6, vehicle vs. JWH-018 treated groups), impairing the formation

of a stable potentiation. In all tests, subsequently to stable fEPSP

after TB5, a further test using the TB10 protocol was applied and

resulting values used to calculate potentiation as indicated in the sta-

tistical methods. In all slices this saturating procedure was unable to

induce any further visible potentiation. Figure 8e compares LTP

values as % potentiation after TB5, at steady fEPSP slope, showing a

significant statistical difference between the two treatments (122

± 6% vs. 12 ± 7%, vehicle vs. JWH-018 pretreated, P < 0.05, n = 6

per group).

3.5 | Ex vivo biochemical studies

3.5.1 | BDNF expression and signalling in the
mouse hippocampus

Figure 9 shows that the mature form of BDNF (mBDNF) was signifi-

cantly reduced in the hippocampus of JWH-018-treated animals

(mBDNF: �42%, t = 3.492, df = 8, P = 0.0082; panel a), compared

with vehicle-treated animals. Interestingly, such a reduction was

observed also in BDNF-related intracellular signalling. In fact, the

expression and phosphorylation of trkB, that is, the high affinity

BDNF receptor, is significantly reduced in mice exposed to repeated

injections of JWH-018 (pTrkB: �37%, t = 2.599, df = 8, P = 0.0316;

TrkB: �34%, t = 3.164, df = 8, P = 0.0133; panel b). In line with the

reduction of BDNF–trkB mediated signalling, the BDNF-dependent

F IGURE 8 Long-term effect of repeated administration of the synthetic cannabinoid JWH-018 on LTP in mice hippocampal slices. The mice
used in this study were killed on day 23, which was 16 days after the last administration of either vehicle or JWH-018. In all panels n = 6, both
groups; hollow symbol: vehicle; red symbol: JWH-018 at D23. *P-value < 0.05. (a) Scheme for the arrangement of stimulating and recording
electrodes on a hippocampal slice. The stimulating electrodes (S1 and S2) were placed in the stratum radiatum at opposite sites relative to the
recording electrode (R) located in the dendritic region of the CA1 area (see Section 2 for more details). (b) Stimulus\response (SRC)-sigmoid curve
extrapolated from stimulus\response protocol data (see Section 2). (c) Histogram comparing the EC50 values ± SD, extrapolated from curves in
panel (b). (d) Two superimposed representative field excitatory postsynaptic potential (fEPSP) curves before (black) and after theta burst (TB5)
stimulation, recorded from vehicle (top, blue trace) and JWH-018 D23 (bottom, red trace) treated mice, at steady state LTP. (e) Time course of

recorded fEPSP slope modification upon induced LTP after TB5 tetanic stimulation (at time 0). Time values ± SEM were averaged then
normalized with pre-TB5 values. (f) Histogram summarizing the differences (as % of potentiation) as steady effect on fEPSP of TB5 (at stable
LTP), versus pre-TB5 baseline values ± SEM.
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Akt pathway was also reduced, both in terms of phosphorylation and

expression (pAkt S473: �34%, t = 3.557, df = 8, P = 0.0074; Akt:

�26%, t = 3.308, df = 8, P = 0.0107; panel c). Finally, a reduced

expression of hippocampal Arc/Arg3.1 (�31%, t = 3.641, df = 8,

P = 0.0066; panel d) was observed in JWH-018 treated mice, when

compared with vehicle-treated animals.

3.5.2 | Glutamate NMDA receptor and PSD95
expression in the mouse striatum and hippocampus

Figure 10 shows that the expression of the integral protein of the glu-

tamate synaptic PSD95 was significantly reduced specifically in the

crude synaptosomal fraction of the striatum of JWH-018-treated

mice (crude synaptosomal fraction: �21, t = 3.314, df = 8, P = 0.016;

panel g). The analysis of the expression of the NMDA receptor sub-

units revealed that the expression of the main subunit GluN1 as well

as the accessory subunits GluN2A and GluN2B were reduced in the

crude synaptosomal fraction (GluN1: �19%, t = 3.006, df = 8,

P = 0.0169, panel a; GluN2A: �20%, t = 4.289, df = 8, P = 0.0027,

panel c; GluN2B: �26%, t = 3.825, df = 8, P = 0.0051, panel e) and

not in the homogenate (GluN1: +6%, t = 1.343, df = 8, P = 0.216,

panel a; GluN2A: +12%, t = 1.522, df = 8, P = 0.1664, panel c;

GluN2B: +14%, t = 1.847, df = 8, P = 0.1019, panel e) of the stria-

tum of JWH-018-treated mice.

As shown in striatum, we found a similar reduction of PSD95 in

the crude synaptosomal fraction of the hippocampus of JWH-

018-treated mice (�24%, t = 3.314, df = 8, P = 0.0106; panel h). In

F IGURE 9 Long-term effect of repeated administration of the synthetic cannabinoid JWH-018 on BDNF and its intracellular signalling
pathway expression and activation as well as on the expression of arc/Arg3.1 in the hippocampus. (a) mBDNF protein levels in the whole
homogenate of the hippocampus of vehicle and-JWH018-treated mice. (b) the phosphorylation in Tyr706 (left side) and the total form (right side)
of the trkB receptor. (c) the phosphorylation in Ser473 (left side) and the total form (right side) of the Akt kinase, one of the major intracellular
signals activated by BDNF. (d) the expression of arc/Arg3.1 in the homogenate of hippocampus. Mice were killed 15 days after the last drug
exposure. Below each graph, representative immunoblots are shown for mBDNF (14 kDa), pTrkB Y706 (145 kDa), TrkB (145 kDa), pAkt S473
(60 kDa), Akt (60 kDa) and β-actin (43 kDa) proteins in the homogenate of mouse hippocampus. Each set of proteins was run in the same WB
assay, thus only one band of β-actin is represented. Results are expressed as percentages of vehicle-treated mice. Histograms represent the
mean ± SEM of five mice per group. *P < 0.05 versus vehicle-treated mice (unpaired Student's t-test).
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line with the results observed in striatum, we found a reduction of

GluN1 and GluN2B in the crude synaptosomal fraction (GluN1:

�19%, t = 3.581, df = 8, P = 0.0072, panel b; GluN2B: �21%,

t = 2.844, df = 8, P = 0.0217, panel f), but not in the homogenate

(GluN1: +3%, t = 0.3684, df = 8, P = 0.7221, panel b; GluN2B: �2%,

t = 0.3021, df = 8, P = 0.7703, panel f). At variance from striatum,

F IGURE 10 Long-term effects of
repeated administration of the synthetic
cannabinoid JWH-018 on the NMDA
receptor subunits and on PSD95 expression
in the striatum and the hippocampus. Mice
were killed 15 days after the last exposure
to JWH018. Protein levels of GluN1 (a),
GluN2A (c) and GluN2B (e) were measured
in the homogenate (left) and in the crude

synaptosomal fraction (right) of the
striatum. (g) the expression of PSD95 in the
crude synaptosomal fraction of the
striatum. Protein levels of GluN1 (b),
GluN2A (d) and GluN2B (f) were measured
in the homogenate (left) and in the crude
synaptosomal fraction (right) of the
hippocampus. (h) the expression of PSD95
in the crude synaptosomal fraction of the
hippocampus. Below each graph,
representative immunoblots are shown for
GluN2A (180 kDa), GluN2B (180 kDa),
GluN1 (120 kDa) and PSD95 (95 kDa)
proteins in the mouse striatum. Each set of
proteins was run in the same WB assay,
thus only one band of β-actin is
represented. Results are expressed as
percentages of vehicle-treated mice.
Histograms represent the mean ± SEM of
five mice per group. *P < 0.05 versus
vehicle-treated mice (unpaired Student's t-
test).
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we found increased expression of GluN2A in the homogenate

(GluN2A: +32%, t = 3.538, df = 8, P = 0.0076, panel d), and no sig-

nificant effects in the crude synaptosomal fraction (GluN2A: +11%,

t = 1.172, df = 8, P = 0.2749, panel d).

3.5.3 | Protein levels of the main synthetic and
degrading enzymes of anandamide (AEA) and
2-arachidonoylglycerol (2-AG)

Figure 11 represents the effect of repeated JWH-018 treatment on

protein levels of the main synthetic and degrading enzymes of AEA

(NAPE-PLD and FAAH, respectively) and 2-AG (DAGLα and MAGL,

respectively) in the striatum (a) and hippocampus (b). In the striatum,

JWH-018 administration significantly increased the expression of

FAAH (+45.7%; t = 2.362, df = 8, P = 0.0458) and MAGL (+73.6%;

t = 2.537, df = 8, P = 0.0349) without affecting protein levels of the

synthetic enzymes NAPE-PLD (t = 0.2894, df = 8, P = 0.7796) and

DAGLα (t = 1.317, df = 8, P = 0.2244). In contrast, in the hippocam-

pus no changes in protein levels of NAPE-PLD (t = 1.844, df = 8,

P = 0.1025), DAGLα (t = 0.3117, df = 8, P = 0.7632), FAAH

(t = 0.9912, df = 8, P = 0.3506) and MAGL (t = 1.215, df = 8,

P = 0.2591) were observed.

3.5.4 | CB1 receptor density in the striatum and
hippocampus

Figure 12 represents the effects of repeated JWH-018

treatment on CB1 receptor density as measured by means of

autoradiographic binding assays in the striatum (a) and hippocam-

pus (b). No changes in CB1 receptor density were observed in the

striatum (t = 1.389, df = 9, P = 0.1981). In contrast, autoradio-

graphic binding studies revealed a significant reduction of CB1

receptor density by about 23% (t = 3.473, df = 9, P = 0.0070) in

the hippocampus of JWH-018-treated mice compared with

controls.

3.5.5 | 2-AG and AEA levels in the striatum

To elucidate the impact of the alterations in protein levels of the main

endocannabinoid enzymes observed in the striatum, we evaluated in

this brain region the levels of AEA and 2-AG. As reported in

Figure 13, a significant and remarkable increase in AEA levels was pre-

sent in the striatum of JWH-018-treated mice compared with controls

(5.4 vs. 0.5 pg�μg�1 proteins, respectively; t = 54.84, df = 9,

P < 0.05), while a more modest, but still significant, elevation was

F IGURE 11 Long-term effect of repeated JWH-018 administration on protein levels of the main endocannabinoid synthetic (NAPE-PLD and
DAGLα) and degrading (FAAH and MAGL) enzymes as measured by Western blot analyses of total protein lysates obtained from the striatum
(panel a) and hippocampus (panel b). Each set of proteins was run in the same WB assay, thus only one band of β-actin is represented. Data
represent mean ± SEM of five vehicle- and five JWH-018-treated mice with each experimental value from three replicates. *P < 0.05 versus
vehicle (Student's t-test).
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observed in 2-AG (73.4 vs. 45.9 pg�μg�1 proteins, respectively;

t = 6.096, df = 9, P = 0.05).

4 | DISCUSSION

The present findings show that repeated exposure to JWH-018 alters

neuroplasticity via electrophysiological, neurochemical, and molecular

changes in mice together with social and cognitive deficits. These

findings are indicative of the development of psychotic-like symptoms

adding further concern about the detrimental effects of the abuse of

this drug in humans.

4.1 | Behavioural and electrophysiological effects
of repeated exposure to the synthetic cannabinoid
JWH-018 in mice

Analysis of locomotor activity revealed that repeated exposure to

JWH-018 causes a transient facilitation of spontaneous motor activ-

ity, an increase of body rotation behaviour and time spent in the

centre of the arena, reflecting a moderate psychomotor agitation as

we previously observed in mice acutely treated with a low dose of

JWH-018 (Ossato et al., 2017). This effect was totally prevented by

pre-treatment with the CB1 antagonist NESS-0327, revealing the

involvement of CB1 receptors in motor activity of mice as previously

reported with other CB1 antagonists (Bilel et al., 2019; Canazza

et al., 2016; Corli et al., 2022). Noteworthy, we evaluated the activ-

ity of the four groups of mice before treatment (habituation) and we

found that there were no differences between the different groups

of mice: (vehicle), NESS-0327 (1 mg�kg�1), JWH-018 (6 mg�kg�1),

(NESS-0327 + JWH-018). This suggests that the effect was induced

by JWH-018 treatment and not by the novelty of the environment.

Interestingly, the data obtained in the tail suspension test revealed a

significant reduction of the immobility time in animals repeatedly

treated with JWH-018. The analysis of mouse behaviour in the tail

suspension test revealed escaping movements with body shaking in

most of the animals that possibly reflects the psychomotor agitation

of mice in response to the tail suspension test. Beyond the beha-

vioural impairments shown above, we have also investigated social

dominance in JWH-018-treated mice, a measure of social with-

drawal, proposed as a sign of negative symptoms in animal models

of schizophrenia (Powell & Miyakawa, 2006). By employing the

social dominance tube test, we found an increase of subordinated

responses in JWH-018-treated mice indicating that vehicle-treated

mice were more dominant than mice exposed to JWH-018. We are,

however, aware that other experiments will be needed to establish

if the defects in social interaction herein shown extend to other

F IGURE 13 Long-term effect of repeated
administration of the synthetic cannabinoid JWH-
018 on endocannabinoid (AEA and 2-AG) contents
in the striatum. Data represent mean ± SEM of six
vehicle- and five JWH-018-treated mice. *P < 0.05
versus vehicle (Student's t-test).

F IGURE 12 Long-term effect of repeated
administration of the synthetic cannabinoid JWH-
018 on CB1 receptor density in the striatum
(a) and hippocampus (b) as measured by means of
autoradiographic binding assays. Data represent
mean ± SEM of 6 vehicle- and 5 JWH-018-treated
mice. *P < 0.05 versus vehicle (Student's t-test).
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social behaviours such as, for instance, aggression. These impair-

ments were blocked by pre-treatment with the CB1 antagonist

NESS-0327, which reveals that these effects were triggered by the

activation of CB1 receptors even after a long period of washout

from the drug.

We also found that repeated exposure to JWH-018 caused a

decrease in PPI of the acoustic startle reflex, an operational measure

of the sensory gating that is compromised in schizophrenic individ-

uals (Geyer & Braff, 1987; Javitt & Zukin, 1991). A disruption of the

PPI after a single administration of JWH-018 or its synthetic

halogenated derivatives (JWH-018-Cl, JWH-018-Br) has been dem-

onstrated in a previous study (Bilel et al., 2020), in line with the

well-known ability of cannabinoids to alter information processing

and sensory disturbances that may be responsible of their psychotic

effects in humans (Celofiga et al., 2014; Every-Palmer, 2010, 2011).

Interestingly, the sensorimotor gating deficits caused by repeated

administration of JWH-018 are long-lasting, being still evident

2 weeks after drug interruption. This is in apparent contrast with a

similar recent study, in which no significant effects on PPI were

observed at both 24 h and 7 days after the last drug administration

(Pintori et al., 2021). The different drug dose (0.25 mg�kg�1

vs. 6 mg�kg�1), specie of rodents (rats vs. mice) and duration of drug

withdrawal used in the two studies could, however, contribute to

explain this discrepancy. Moreover, pre-treatment with the CB1

antagonist NESS-0327 prevented the acoustic alterations observed

in mice in the PPI test after the repeated exposure to JWH-018.

This result confirms the involvement of the CB1 receptor in the

sensory-gating alterations caused by CB1-agonists (Bilel et al., 2019;

Corli et al., 2022).

We then investigated the effect of long-term withdrawal from

repeated JWH-018 exposure on cognition. We demonstrated that

JWH-018-treated mice exhibit impaired recognition memory

15 days after drug discontinuation, an effect that was not related to

an increase in total object exploration time. Because the novel

object recognition (NOR) test is considered a model of short-term

memory function (Everts & Koolhaas, 1997), these results suggest

that the treatment with JWH-018 induces a long-lasting deficit in

short-term information processing. Interestingly, spatial working

memory was impaired as well in JWH-018-treated mice, suggesting

that long-term withdrawal from JWH-018 has a wide impact on

cognition, causing behavioural alterations normally found in schizo-

phrenic patients (Zhang et al., 2012). Our in vitro electrophysiologi-

cal analysis in brain slices of mice treated with JWH-018 revealed

an impairment in LTP. Previous studies revealed that a single JWH-

018 administration induced an impairment in short- (2 h) and long-

term (24 h) working memory in mice (Barbieri et al., 2016; Barbieri

et al., 2022; Li et al., 2019), in line with preclinical studies demon-

strating amnesic properties of either natural or SCBs. These alter-

ations have been associated with CB1 receptor activation and with

the ability of the drug to disrupt hippocampal LTP (Barbieri

et al., 2016; Barbieri et al., 2022; Hoffman et al., 2017), although

treatment with JWH-018 does not substantially modify the synaptic

excitability.

4.2 | Homeostasis of the glutamate synapse

In search for neuroplastic changes that could contribute to explain, at

least partially, the dysfunctional behaviour of JWH-018-treated mice,

we investigated the homeostasis of the glutamate synapse in these

mice, focusing on glutamate striatal levels, as well as NMDA receptor

and PSD95 expression.

4.2.1 | Effect of repeated exposure to JWH-018 on
striatal glutamate levels

While no significant changes were observed in spontaneous basal

extracellular striatal glutamate levels, a significant increase in K+-

evoked glutamate efflux and an increase (although not significant) in

basal extracellular striatal glutamate levels after a 5 min disturbing

period (i.e., generating a noise on top of the grid of the cage using a

spatula) were observed 15 days after drug discontinuation, suggesting

that the drug preferentially interfered with phasic neurotransmitter

release mechanisms.

An increase in glutamate levels has been generally linked to an

improvement in neuroplasticity and cognitive tasks and in this con-

text, the present findings are in apparent contrast with the documen-

ted JWH-018-induced decrease in plasticity and cognitive

impairment. However, it has also been demonstrated that THC elicits

subjective and cognitive alterations via increased striatal dopaminergic

activity and loss of cortico-striatal connectivity, which is associated

with an increase in striatal glutamate and impairment in neurocogni-

tive function (Mason et al., 2019). Thus, it seems likely that these neu-

rochemical alterations could also underlie the JWH-018-induced

cognitive-deficit observed in the present study. This hypothesis is

supported by the increased striatal dopamine content observed in

mice treated with JWH-018 (see below).

4.2.2 | Effect of repeated exposure to JWH-018 on
the expression of the different subunits of NMDA
receptor and on PSD95

At the molecular level, we first investigated the levels of the NMDA

receptor, which is known to be altered in schizophrenic patients

(Errico et al., 2013) and animal models of the disease (Konradi &

Heckers, 2003; Oka et al., 2020; Wu et al., 2021). In striatum, we

found that the expression of the three main subunits of the NMDA

receptor, that is, the GluN1, GluN2A and GluN2B, are reduced in

the crude striatal synaptosomal fraction, but not in the whole

homogenate. In hippocampus, we observed a similar situation, with

GluN1 and GluN2B subunit expression reduced only in the crude

synaptosomal fraction, whereas the level of GluN2A subunit was

significantly enhanced in the whole homogenate and unchanged in

the crude synaptosomal fraction. With the exception of the GluN2A

subunit, these findings suggest that repeated exposure of JWH-018

does not cause any effect on NMDA receptor subunit translation
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but, rather, on their localization at synaptic level. This is strength-

ened by the evidence of the reduced expression of PSD95, a scaf-

folding protein essential for NMDA receptor membrane trafficking

and signalling (Pérez-Otaño & Ehlers, 2004), confirming the possibil-

ity that NMDA receptor membrane retention is impaired following

repeated exposure to JWH-018. Of note, because PSD95 is consid-

ered to be an index of integrity and stability of excitatory synapses

(El-Husseini et al., 2000), its reduction in the crude synaptosomal

fraction allows us to hypothesize a reduction in striatal and hippo-

campal spine density. Interestingly, a decreased striatal expression

of transcripts encoding PSD95 in psychiatric patients has been

reported (Kristiansen & Meador-Woodruff, 2005). Taken together,

we hypothesize that repeated exposure to JWH-018 caused molec-

ular and structural changes that led to a dynamic impairment of

striatal and hippocampal glutamate homeostasis in JWH-018-treated

mice, as also previously observed following long-term Δ9–THC

treatment (Fan et al., 2010).

4.3 | Effect of repeated exposure to JWH-018 on
BDNF-related cognitive deficit

Our next step was to focus our attention on the neurotrophin BDNF,

known to play a key role both in recognition (Mottarlini et al., 2020)

and spatial memory (Poulia et al., 2021) following exposure to drugs

of abuse. Our analyses revealed a significant reduction of the BDNF-

mediated intracellular pathway in the hippocampus of JWH-

018-withdrawn mice. In fact, mBDNF and the phosphorylation of its

high affinity receptor trkB, and Akt, one of the main proteins acti-

vated by the neurotrophin in drug-withdrawal state (Giannotti

et al., 2014), were reduced. Notably, we found also that the levels of

Arc/Arg3.1, a reliable index of brain activity also engaged in struc-

tural synaptic plasticity (Bramham et al., 2008), were significantly

reduced in the hippocampus of JWH-018-withdrawn mice, pointing

to hippocampal structural rearrangements as an additional effect of

repeated exposure to JWH18. The role of the BDNF system in mod-

ulating cognitive deficit is strengthened by the reduced expression of

NMDA receptors, whose contribution to recognition memory has

been previously established (Iwamura et al., 2016). Of note, available

evidence indicates that BDNF is also a major regulator of hippocam-

pal LTP (Leal et al., 2015). This is very interesting considering that, in

the current study, a full blockade of the development of early and

late LTP occurs together with impairment in BDNF levels and

signalling.

4.4 | Effects of repeated exposure to JWH-018 on
the endocannabinoid system and dopamine levels

Withdrawal from repeated exposure to JWH-018 induced significant

increases in the levels of the two main endocannabinoid ligands, anan-

damide (AEA) and 2-AG, paralleled by increased amount of their deg-

radative enzymes, in mouse striatum and a significant CB1 receptor

downregulation in the hippocampus. The evidence of an increased

neuronal excitability seen in electrophysiological studies in the hippo-

campus may be related indirectly to this CB1 downregulation. Indeed,

it has been recently demonstrated that, in neocortical neurons, the

activation of CB1 receptors inhibits voltage gated sodium channels,

reducing with high efficacy the neuronal excitability (Steiger

et al., 2023).

Prolonged activation of cannabinoid receptors has been shown

to lead to decreased endocannabinoid contents in the striatum and

decreased receptor binding in most of the CB1 receptor containing

areas (Di Marzo et al., 2000; Rubino et al., 2000). In the 2 weeks

after the last JWH-018 injection, we may hypothesize the occur-

rence of homeostatic changes in the brain that led to the recovery

of CB1 receptor levels in the striatum, but not in the hippocampus,

thus suggesting a regional selectivity for the different effects, as

already reported in Romero et al. (1998). Moreover, homeostatic

changes may also be responsible for the huge increase in striatal

AEA levels and the milder elevation in 2-AG, that the brain attempts

to deal with by increasing their degradative enzymes. Interestingly,

this picture of increased AEA levels in the striatum seems to fit well

with the behavioural and neurochemical profile present in JWH-

018-treated mice. Indeed, high levels of AEA in the striatum may

activate TRPV1 channels that, in turn, facilitate glutamatergic trans-

mission (Musella et al., 2009). Accordingly, we found a significant

increase in K+-evoked glutamate efflux in JWH-018 mice (see

above). Moreover, intracerebroventricular administration of AEA

increases locomotor activity (Murillo-Rodríguez et al., 1998) and

acute amphetamine administration (a pharmacological manipulation

known to increase dopamine in the striatum, see for example Lai

et al., 2013), induces hyperlocomotion and elevates AEA in the stria-

tum (Thiemann et al., 2008), features that are also observed in JWH-

018-treated mice. Likewise, the increase of the dopamine levels in

the striatum could underlie the impairments seen in the tail suspen-

sion test, the social dominance test, and the PPI (Bilel et al., 2019).

Yet we suggest that these behavioural impairments are triggered by

an imbalance of neurotransmitters such as dopamine that is related

to an impairment of the endocannabinoid system, and could manifest

as psychotic symptoms in human (Shrivastava et al., 2015). In fact, it

is generally accepted that excess dopamine transmission, which pri-

mary involves the striatum and limbic structures, plays a relevant

role in the pathogenesis of psychosis (Dandash et al., 2017; Howes &

Shatalina., 2022).

The CB1 receptor downregulation still present in the hippocam-

pus 15 days after the last JWH-018 injection may play a role in the

memory impairment described in the drug-treated mice. Indeed, CB1

receptor signalling in hippocampal glutamatergic neurons seems to

play a fundamental role in the enhancement of learning and memory

induced by exercise, through a pathway involving increased BDNF

production and dendritic spine density (Wang & Han, 2020). We may

hypothesize that the decrease in hippocampal CB1 receptors may be

related to the decreased BDNF production in JWH-treated mice, thus

leading to impaired memory in the novel object recognition

(NOR) test.
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5 | CONCLUSION

The present findings reveal that repeated exposure to JWH-018 fol-

lowed by long-term drug discontinuation delineates psychotic-like

symptoms accompanied by evidence of social and cognitive deficit.

These effects may be ascribed, at least partially, to defects in neuro-

plasticity that appears to be triggered by activation of CB1 recep-

tors. We are aware that a limitation of our study is that prolonged

intraperitoneal administration of an equivalent dose in humans

might be associated with severe toxic effects that will limit the

translational significance of the results of the present study. How-

ever, due to methodological difficulties including the fact that SCBs

induced bradypnea, the use of inhalation chambers might not be

suitable for repeated administration of high doses of JWH-018.

Thus, further studies will be necessary to directly translate the pre-

sent results to humans. Another limitation is undoubtedly related to

the fact that we used male mice only; this is indeed critical because

differences in the behavioural and pharmaco-toxicological responses

induced by either natural or synthetic cannabinoids in male and

female subjects have been proposed (Fattore et al., 2020; Rubino &

Parolaro, 2011; Silva et al., 2016). Despite these limitations, the

results of the present study may have broad implications that range

between drug abuse and schizophrenia and may contribute to

explain, at least partially, the comorbidity between these two

disorders.
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