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Abstract

Background and Purpose: New synthetic cannabinoid receptor agonists (SCRAs) are
associated with severe adverse effects, including unexpected psychiatric symptoms.
These compounds are mainly active through their potent agonism on the cannabinoid
receptors CB4 and CB,. Recently, evidence of the direct interaction of some SCRAs
with the serotonergic 5-HT receptors has emerged.

Experimental Approach: SCRAs were screened for in vitro 5-HT,a receptor activity
using AequoScreen® intracellular Ca?* release and inositol monophosphate (IP4) for-
mation assays. The pharmaco-toxicological effects induced by the administration of
the most effective compound in vitro (AB-5'F-BUTINACA) were investigated in male
CD-1 mice with specific focus on its interaction with CB; and 5-HT,4 receptors.

Key Results: Many SCRAs with a valinamide (AB) or tert-leucinamide (ADB) head
moiety had in vitro activity at the 5-HT,a receptor at high concentrations with AB-
5'F-BUTINACA and ADB-BUTINACA amongst the most efficacious. In vivo studies
showed that AB-5'F-BUTINACA caused neurological changes, sensorimotor alter-
ation, antinociception, hypothermia, reduction in breath rate and hypolocomotion in
mice. The neurological, sensorimotor, and thermal antinociceptive effects were medi-
ated by CB; and 5-HT,a receptors, as they were prevented by pretreatment with the
selective CB; and 5-HT,5 receptor antagonists (NESS0327 and MDL100907,
respectively).

Conclusion and Implications: This study demonstrated for the first time that SCRAs
with a valinamide or tert-leucinamide head moiety activate the 5-HT,a receptor.
Agonism of the compound AB-5'F-BUTINACA at the 5-HT,, receptors resulted in
in vivo effects. Our data revealed potential risks related to SCRA consumption that

could exacerbate unexpected psychiatric conditions.
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1 | INTRODUCTION

Synthetic cannabinoid receptor agonists (SCRAs) are a structurally
diverse class of new psychoactive substances (NPS) that are sold as
recreational drugs on unregulated markets. SCRAs mimic the intoxi-
cating effects of the main psychoactive component of cannabis, A%-
tetrahydrocannabinol (A®-THC), by acting at the same primary target,
the cannabinoid 1 (CB1) receptor. However, SCRAs are often signifi-
cantly more potent and efficacious than A°-THC at CB; receptors and
produce severe adverse effects, some of which more closely resemble
those of psychostimulants than those of cannabis (Darke et al., 2021).
In particular, increasing evidence suggests that mechanisms underly-
ing some adverse effects induced by SCRAs, including anxiety and
psychotic symptoms, are mediated by the complex and not well
understood interplay of the CB; receptor and endocannabinoid sys-
tem with the dopaminergic and serotonergic systems (Fantegrossi
et al., 2018; Ibarra-Lecue et al., 2018, 2021; Ossato et al., 2017). Pub-
lished data has already highlighted the potential of SCRAs to modu-
late the synthesis (Nakazi et al., 2000), release (Moranta et al., 2004)
and uptake (Steffens & Feuerstein, 2004) of 5-HT in different areas of
the rodent brain.

Receptors for 5-HT are primarily located in pyramidal cells of the
prefrontal cortex (PFC) and regulate various functions, including mood
and impulse control. The serotonergic system is associated with many
psychiatric disorders, including depression, schizophrenia, anxiety and
addiction, making it one of the most important neurotransmitters for
mental health (S. Lin et al,, 2014). The endocannabinoid system is
involved in many of the same physiological processes (e.g., mood and
behaviour) and functional interactions between the serotonergic
and endocannabinoid systems have therefore been subject to a broad
range of research (Haj-Dahmane & Shen, 2011; Hill et al., 2006;
Peters et al., 2021; Salaga et al., 2019). Reported psychotic adverse
effects of SCRAs have sparked interest in potential non-cannabinoid
receptor involvement, with particular interest in 5-HT,5 receptors,
the primary target of psychedelics, such as psilocin and lysergic acid
diethylamide (LSD) (Ibarra-Lecue et al., 2021). Although A’-THC does
not have affinity for the 5-HT receptors, some SCRAs, such as JWH-
018, AM-2201 or 5F-PB-22. might interact with a number of 5-HT
receptors, including 5-HT 14, 5-HT,a and 5-HTg receptors (Corli, Tirri,
et al., 2024; Wiley et al., 2016; Yano et al., 2020). This suggests that
interaction with the 5-HT receptors may contribute to the greater

adverse psychiatric effects of SCRAs, compared to those of A”-THC.

What is already known?

e Strong psychoactive (e.g., pro-psychotic) effects are
observed for synthetic cannabinoid receptor agonists
(SCRAs).

e CB1 mediation of the serotonergic system is a mechanism
for some effects of SCRAs.

What does this study add?

e Many valinamide (AB) and tert-leucinamide (ADB) SCRAs
show in vitro activity at the 5-HT,a receptor.

e AB-5'F-BUTINACA results in 5-HT,4 receptor mediated
in vivo effects in mice.

What is the clinical significance?

e Interaction with 5-HT2A receptors may underlie some of
the psychiatric adverse effects evoked by SCRAs.

In this study, a set of 15 structurally diverse SCRAs was screened
for in vitro activity at the 5-HT,a receptor using an AequoScreen®
5-HT,, intracellular Ca®* release assay. Based on these results, valina-
mide (n = 10) and tert-leucinamide (n = 18) SCRAs were screened
and those that displayed some activity were examined further. A
5-HT,a radioligand binding assay was also used to screen 23 SCRAs.
The structures of all SCRAs examined in this study can be found in
Figures S1.1-S1.3. Finally, the in vivo effects of the most efficacious
SCRA, AB-5'F-BUTINACA, was studied and its interaction with both
the selective CB; receptor antagonist NESS0327 and the 5-HToa
receptor antagonist MDL100907 was evaluated in CD-1 adult male
mice. The present pioneering investigation into the pharmacological
profile of SCRAs was aimed at clarifying whether the pro-psychotic
effects of SCRAs are related to in vitro activity on serotoninergic

receptors, establishing the first evidence of a correlation.
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21 | AequoScreen® 5-HT,, and CB; intracellular
Ca?* release assay

The AequoZen recombinant Chinese hamster ovary (CHO) K1 cell lines,
stably expressing the human 5-HT,a receptor (Revvity, Sollentuna,
Sweden; Cat# ES-313-AF; RRID: CVCL_F2AJ) or human CB; receptor
(Rewvity, Sollentuna, Sweden; Cat# ES-110-A; RRID: CVCL_F2AK) were
used. Advanced DMEM/Ham's F12, DMEM/Ham's F12 without phenol
red, 0.25% trypsin-EDTA with phenol red, foetal bovine serum (FBS),
geneticin and zeocin were purchased from Thermo Fisher (Gothenburg,
Sweden). HEPES buffer, L-glutamine, protease-free bovine serum albu-
min (BSA), digitonin, adenosine-50-triphosphate disodium salt hydrate
(ATP), methanol and dimethyl sulfoxide (DMSO) were procured from
Sigma-Aldrich (Stockholm, Sweden). The coelenterazine substrate was
from Nanolight Technology (Pinetop, AZ, USA). The structures of all
SCRAs examined in this study can be found in Figures S1.1-51.3.

The apoaequorin system (AequoScreen® assay) is an intracellular
calcium (Ca2") release assay commonly used for measuring G protein
coupled receptor (GPCR) activity. Apoaequorin is a protein that in the
presence of its substrate coelenterazine converts to the aequorin
photoprotein, which has three Ca?* binding sites. Binding of an extra-
cellular ligand to the GPCR leads to the activation of a universal G
protein subunit G,14, Which in turn triggers a series of downstream
events, such as the activation of the phospholipase C (PLC) enzyme,
that stimulates the release of intracellular Ca®* (Deng et al., 2009).
The Ca?" then binds to the aequorin photoprotein, which oxidises the
coelenterazine leading to the release of photons that can be measured
via a luminescence reader (Wouters et al., 2019).

CHO-K1 cells stably expressing the 5-HT,a receptor, the apoae-
quorin enzyme, and the Ga,¢ subunit were maintained in a humidified
atmosphere at 37°C and 5% CO, in Advanced DMEM/Ham's F12
medium supplemented with 10% heat-inactivated FBS, 2.5-uM
L-glutamine, 400-pg-ml~* geneticin and 250-pg-ml~* zeocin. CHO-K1
cells stably expressing the CB1 receptor, the apoaequorin enzyme,
and the Ga14 subunit were maintained in a humidified atmosphere at
37°C and 5% CO, in Ham's F12 medium supplemented with 10%
heat-inactivated FBS, 400-ug-ml~* geneticin and 250-ug-mL~* zeocin.
To perform the assays, cells were trypsinised (10 min, 37°C), centri-
fuged (200 x g, 5 min, room temperature), counted and resuspended
at 3 x 10° cells-ml~! in DMEM/Ham's F12 without phenol red and
supplemented with 15-mM HEPES, L-glutamine and protease-free
BSA (0.1%) (further referred to as assay medium). The coelenterazine
substrate was added to a final concentration of 2.5 uM and the sus-
pension was incubated for 3 h (room temperature, rotating at
7 RPM-min—%, protected from light). Test solutions were prepared as a
1:3 or 1:8 serial dilution in assay medium with a starting concentration
of 70 or 60 uM for the 5-HT,4 and CB, assays, respectively, and then
added to white, opaque-welled 96-well plates. For screening, only the
top concentration was tested. For the 5-HT,5 assay, LSD was
included as a reference on each plate, in line with earlier results gener-
ated using the AequoScreen® 5-HT,a assay (Astrand et al., 2020). For
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the CB; assay, JWH-018 was included as a reference on each plate, in
line with earlier results generated using the AequoScreen® CB; assay
(Astrand et al., 2020; Green et al., 2025). Digitonin (67 uM) and ATP
(6.7 uM) were included on each plate and served as positive controls
for coelenterazine loading as both are involved in the non-CB and
non-5-HT-dependent release of calcium ions. Blank assay medium
was used as a negative control. Using a TECAN Spark 10-M plate
reader (Mannedorf, Switzerland), 50 pl of the incubated cell suspen-
sion was dispensed into each well (approximately 15 x 10° cells per
well) of the 96-well plate containing the test solutions at reading cycle
#10. Luminescence was measured for 25 s (corresponding to 190 addi-
tional reading cycles). For each compound, activity was measured in
triplicate with different batches of harvested cells.

Absolute luminescence signals were corrected for intra-plate
variability in Microsoft Excel 365 using area under the curve (AUC)
values and were calculated for each concentration of the test com-
pounds. Values were then blank-corrected by subtracting AUC
values of the mean of the blank controls. Data were normalised to
the maximum of LSD for 5-HT,, receptors or JWH-018 for CB;
receptors and inter-plate variability was adjusted using the refer-
ence values. The normalised values were transferred to GraphPad
Prism (Version 10.0.2) to generate concentration-response curves
and calculate ECso and E.x values by curve fitting via nonlinear
regression (three-parameter logistic fit). Results are represented as
receptor activity of LSD (%) for 5-HT,a or receptor activity of
JWH-018 (%) for CB; derived from three independent experiments

(n = 3), run in triplicate.

2.2 | Inositol monophosphate (IP4) formation assay
5-HT hydrochloride was obtained from Merck (Buchs, Switzerland).
AB-5'F-BUTINACA and ADB-5'F-BUTINACA were provided by Lin-
képing University (Section 2.1). ADB-BUTINACA was kindly pro-
vided by the Zurich Forensic Science Institute (Zirich, Switzerland).
DMSO was purchased from Sigma-Aldrich (Saint Quentin Fallavier,
France). Activity testing at the human 5-HT,4 receptor relied on the
Cisbio IP-One Gq Kit (Cisbio Bioassays SAS, Codolet Cedex, France)
that enables the assessment of intracellular IP, accumulation upon
receptor activation, as described before (Arias et al., 2024). In brief,
NIH/3 T3 cells stably expressing the human 5-HT,, receptor (RRID:
CVCL_F2AP) were seeded at 3000 cells per well into 384-well plates
in Opti-MEM medium obtained from Gibco (Thermo Fisher, Zug,
Switzerland). Drugs were added to the plates and incubated for
90 min at 37°C and Anti-IP1-Cryptate and IP1-d2 were added and
the plate was incubated for an additional 60 min at room tempera-
ture. The stimulated formation of IP; was detected using homoge-
nous time-resolved fluorescence (HTRF) measurements, using a
BioTek Synergy H1 Multimode Reader (Agilent Technologies AG,
Basel, Switzerland). The obtained data were normalised to the maxi-
mal effect of 5-HT, which was measured in parallel. The obtained
data (mean + SEM) were analysed with GraphPad Prism software

(Version 10.0.1). Concentration-response curves were fitted via
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non-linear regression (three-parameter logistic fit) to calculate ECso

and E ., values.

23 | Invivo study

2.3.1 | Animals

All animal care and experimental protocols in the present study were
in accordance with the UK Animals (Scientific Procedures) Act of
1986 and associated guidelines and the new European Communities
Council Directive of September 2010 (2010/63/EU). Experimental
protocols were approved by the Italian Ministry of Health (licence
no. 223/2021-PR) 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 British Journal of Pharmacology (Lilley et al., 2020). All possi-
ble efforts were made to minimise the number of animals used and
minimise the pain and discomfort of the animals.

The mice used for this project represent the neurological develop-
ment model closest to that of humans, as they are a widely used model
proven to be representative of NPS effects (motor, sensory, cardiorespi-
ratory and metabolic effects in an interconnected system) visible in
humans (Bilel et al., 2020; Corli, Tirri, et al., 2024; Ossato et al., 2016;
Vigolo et al., 2015). According to epidemiological (Bush & Woodwell,
2014; Castellanos et al., 2011) and preclinical (Wiley et al., 2019) data,
males are more likely to consume SCRAs and experience intoxication
from these substances. As such, the acute pharmaco-toxicological char-
acterisation of the prophetic compound AB-5'F-BUTINACA was per-
formed on male mice to establish a foundation for future experimental
sessions involving female subjects.

Male, young adult (3-4 months old) ICR (CD-1®) mice weighing
30-35 g (Centralized Preclinical Research Laboratory, University of
Ferrara, Italy) were group housed (five mice per cage; floor area per
animal was 80 cm?; 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, Set-
timo Milanese, Milan, Italy) and water.

The overall study used 64 mice that were randomised for treat-
ment. In the analysis of the behavioural responses relative to each
treatment (vehicle and AB-5'F-BUTINACA at 0.1, 1 and 3 mgkg™?Y),
eight mice were used per treatment (total used mice: 32). In the analysis
of the interaction of the compound with NESS0327 (0.1 mg-kg™1) and
MDL100907 (0.1 mg-kg™!) and interaction of AB-5F-BUTINACA
(1 mgkeg™?) with either NESS0327 (0.1 mgkg™?) or MDL100907
(0.1 mg-kg™Y), eight mice were used per treatment (total used mice: 48).

2.3.2 | Drug preparation and dose selection

AB-5'F-BUTINACA was provided by Linkdping University (Section
2.1), while NESS0327 and MDL100907 were purchased from Tocris

(Bristol, UK). All compounds were initially dissolved in absolute etha-
nol (final concentration: 5%) and Tween 80 (final concentration: 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 the vehicle.
The CB; receptor antagonist NESS01327 (0.1 mg-kg™%; i.p.) and the
5-HT,a receptor antagonist MDL100907 (0.1 mgkg™%; ip.) were
administered 20 min before AB-5'F-BUTINACA injections. Drugs
were administered by intraperitoneal injection at a volume of 4 pl-g~*.
The agonist dosages were chosen based on interspecies dose scaling
(Nair & Jacob, 2016) and previous studies characterising the effects of
other SCRAs (Bilel et al., 2020;Corli et al., 2022; Vigolo et al., 2015)
with the aim of testing concentrations that correspond to threshold,
common, and high doses of SCRAs consumed by humans. The specific
dose chosen to evaluate the interaction between AB-5'F-BUTINACA
and antagonists was the one effective in altering sensorimotor, physi-
ological and motor parameters in mice, without inducing major neuro-
logical changes (i.e, convulsions, hyperreflexia and myoclonia)
typically observed in most of the animals injected with higher doses
of SCRAs (Corli et al, 2022; Vigolo et al, 2015). The dose of
NESS0327 was selected as it was previously determined to be ade-
quate to antagonise pharmaco-toxicological effects induced by the
exposure to high doses of SCRAs in mice (Bilel et al., 2023; Corli,
Roda, et al., 2024). Similarly, the dose chosen for MDL100907 was
reportedly adequate to antagonise sensorimotor and motor alter-
ations observed after the injection of psychedelics (Kehne
et al., 1996; Rodriguiz et al., 2021), as well as sensorimotor, antinoci-
ceptive and hypothermic effects induced by SCRAs in CD-1 mice
(Corli, Tirri, et al., 2024).

2.3.3 | Behavioural tests

In the present study, the effect induced by AB-5'F-BUTINACA was
investigated using a battery of behavioural tests widely used in studies
of ‘safety pharmacology’ and routinely adopted in our laboratory for
the preclinical characterisation of new SCRAs in rodents (Bilel
et al., 2020; Corli, Roda, et al., 2024; Corli, Tirri, et al., 2024; Vigolo
et al., 2015). To reduce the number of animals used, mice were evalu-
ated in functional observational tests carried out in a consecutive man-
ner according to the following time scheme: observation of visual
object responses (frontal and lateral view), acoustic response, tactile
response (vibrissae, corneal and pinnae reflexes) and visual placing
response, rectal temperature measurement, tail pinch and tail with-
drawal test, breath rate test and drag test. Behavioural tests were con-
ducted in a thermostatic (temperature: 20-22°C, humidity: 45%-55%)
and light (1501x) controlled room with a background noise of
40 + 4 dB. The apparatus for the visual object, acoustic, and tactile sen-
sorimotor  tests consisted of an  experimental chamber
(350 x 350 x 350 mm) with black methacrylate walls and a transparent
front door. During the week before the experiment, each mouse was
placed in the box and handled (once a day) every other day (i.e., three
times total) to get used to both the environment and the experimenter.

To avoid murine olfactory cues, cages were carefully cleaned with a 5%
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ethanol solution and rinsed with water. All experiments were performed
from 08:30-14:30 and conducted blindly by trained observers working
in pairs (Vigolo et al., 2015). The behaviour of mice was videotaped by
a camera (B/W USB Camera day&night with varifocal lens; Ugo Basile,
Italy) placed at the top or on one side of the box and analysed off-line
by a different trained operator. The physical condition of the mouse
(e.g., body condition score) was constantly monitored by trained opera-
tors who were instructed to intervene (e.g., increased monitoring or
euthanasia) and terminate, minimise or reduce pain or distress accord-
ing to predetermined and specific criteria (humane endpoints; licence
no. 223/2021-PR). At the end of the experiments, mice were humanely
killed by cervical dislocation.

Neurological changes

As described in earlier studies (Canazza et al., 2016; Ossato
et al., 2016; Vigolo et al., 2015), tail elevation, hyperreflexia, myoclo-
nus and convulsions were observed immediately after AB-5'F-
BUTINACA administration. Rapid, global contraction of all muscles on
both sides of the body (legs, torso, neck, ear and facial muscles) at the
same time followed by muscle relaxation was considered a medium-
light myoclonic convulsion. Further, a rapid contraction of all muscles
paired with a continuous and rapid ‘jump’ and overturning of the
mouse onto its back was considered a severe convulsion. While myoc-
lonus typically arises spontaneously in mice, convulsions can occur
both spontaneously and after handling following the injection of
SCRAs. Hyperreflexia was evaluated by gently stimulating the tail (one
touch) to cause a reflex typically described as the exaggerated accen-
tuation of muscle-tendon reflexes, which is manifested by an exces-
sive reaction to an external stimulus, characterised by rapid
movements (Canazza et al., 2016). Stereotypic behaviour is defined as
repeated and invariant movements without any obvious goal or func-
tion (Mason, 1991). The tail elevation was measured during the obser-
vation of the freely moving mice in a square area and scored as
follows: absence of tail elevation (score 0/4) and elevation of the tail
from the ground surface with an inclination from 0° to 15° (score
1/4), 15° to 70° (score 2/4), 70° to 90° (score 3/4) and greater than
90° (score 4/4). Further, neurological changes are expressed as fre-
quency (percent of animals that develop symptoms), duration (total
time in minutes), and latency (time in minutes of symptom onset).
Observation of neurological changes was performed at each time
point considered (0, 5, 30, 60, 120, 180, 240 and 300 min post-injec-
tion) to determine duration and latency of the effects.

Evaluation of the visual response in stationary (visual object) and
dynamic (visual placing) conditions

The visual object response test was used to evaluate the ability of the
mouse to see an object approaching from the front (frontal view) or
the side (lateral view) that typically induces the animal to shift or turn
the head and bring the forelimbs in the ‘defence’ position or retreat.
For the frontal visual response, a white horizontal bar was moved
frontally to the mouse head, and the manoeuvre was repeated three
times. For the lateral visual response, a small dentist's mirror was

moved into the mouse's field of view in a horizontal arc until the
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stimulus was between the mouse's eyes. The procedure was con-
ducted bilaterally (Ossato et al., 2016) and repeated three times. The
score assigned was 1 if there was a reflection in the mouse movement
or O if it was not present. The total value was calculated by adding the
scores obtained in the frontal and lateral visual object response tests
(overall possible score: 9). Visual object responses were evaluated at
10, 30, 60, 120, 180, 240 and 300 min post-injection.

The visual placing response test was performed using a tail suspen-
sion modified apparatus able to bring the mouse down towards the
floor at a constant speed of 10 cm-s~! (Ossato et al., 2016). Briefly,
CD-1 mice were suspended 20 cm above the floor by an adhesive
tape that was placed approximately 1 cm from the tip of the tail. The
downward movement of the mouse was videotaped by a camera
(B/W USB Camera day&night with varifocal lens) placed at the base
of the tail suspension apparatus. Movies were analysed off-line by a
trained operator who was unaware of the drug treatments adminis-
tered. The frame-by-frame analysis allowed us to evaluate the begin-
ning of the reaction of the mouse while it was approaching the floor.
The first movement of the mouse when it perceives the floor is the
extension of the front legs. When the mouse started the reaction, an
electronic ruler evaluated the perpendicular distance in millimetres
between the eyes of the mice and the floor. Untreated control mice
typically perceive the floor and prepare to contact at a distance of
about 23.6 + 4.8 mm. Visual placing responses were evaluated at
15, 40, 70, 130, 190, 250 and 310 min post-injection.

Evaluation of acoustic response

Acoustic response measures the reflex of the mouse in response to an
acoustic stimulus produced behind the animal (Bilel et al., 2020;
Ossato et al., 2016). Four acoustic stimuli of different intensity and
frequency were tested: a snap of the fingers (four snaps repeated in
1.55s), a sharp click (produced by a metal instrument; four clicks
repeated in 1.5 s), an acute sound (produced by an audiometer; fre-
quency: 5.0-5.1 kHz) and a severe sound (produced by an audiome-
ter; frequency: 125-150 Hz). Each test was repeated three times. The
score assigned was 1 if there was a response or O if it was not present,
for a total possible score of 3 for each sound. The acoustic total score
was calculated by adding the scores obtained in the four tests (overall
score: 12). The background noise (about 40 + 4 dB) and the sound
from the instruments were measured with a digital sound level meter.
Acoustic responses were evaluated at 10, 30, 60, 120, 180, 240 and
300 min post-injection.

Evaluation of tactile response

Tactile response in the mouse was verified through vibrissae, corneal,
and pinnae reflexes (Bilel et al., 2020; Ossato et al., 2016). Data are
expressed as the sum of the three above-mentioned parameters.
Vibrissae reflex was evaluated by touching vibrissae (right and left)
with a thin hypodermic needle once per side giving a value of 1 if
there was a reflex (turning of the head to the side of touch or vibrissae
movement) or O if not present (overall possible score: 2). Corneal reflex
was assessed by gently touching the cornea of the mouse with a thin

hypodermic needle and evaluating the response. The procedure was
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conducted bilaterally and the score assigned was 1 if the mouse
moved only the head, 2 if it only closed the eyelid, and 3 if it closed
the lid and moved the head (overall possible score: 6). Pinna reflex was
assessed by touching pavilions (left and right) with a thin hypodermic
needle: first the interior pavilions and then the external. This test was
repeated twice for each side, giving a score of 1 if a reflex was present
and O if it was not present (overall possible score: 4). Overall tactile
responses were evaluated at 10, 30, 60, 120, 180, 240 and 300 min

post-injection.

Evaluation of pain induced by mechanical (tail pinch) and thermal
(tail withdrawal) stimulation of the tail
The tail pinch test was used to study the acute mechanical nocicep-
tion (Vigolo et al., 2015). A special rigid probe connected to a digital
dynamometer (ZP-50N, IMADA, Japan) was gently placed on the tail
(in the distal portion) and progressive pressure was applied. When
the mouse flicked its tail, the pressure was stopped and the digital
instrument saved the maximum peak of weight supported (g/force).
A peak of 246 + 10.2 g/force was considered the basal value and a
cut-off (500 g/force) was set to avoid tissue damage. The test was
repeated three times and the final value was calculated as the aver-
age of the three obtained scores. Acute mechanical nociception was
evaluated at 35, 55, 90, 145, 205, 265, and 325 min post-injection.
The tail withdrawal test was used to study the acute thermal noci-
ception (Vigolo et al., 2015). Only during the execution of the test,
mice were restrained in a dark plastic cylinder closed at both sides
with plastic mesh, which allowed them to breathe normally. Then, half
of the tail was dipped in 48°C water and the latency (in seconds) that
the tail was left in the water was recorded. To ensure the temperature
was homogeneous, the water was mixed at a consistent, low speed
using a magnetic stir bar. 2.3 + 0.6 s was considered as basal value
and a cut-off of 15 s was set to avoid tissue damage. Acute thermal
nociception was evaluated at 35, 55, 90, 145, 205, 265 and 325 min

post-injection.

Evaluation of the rectal temperature

The rectal temperature was measured and used as an index of total
body heat. The mouse was manually restrained by a trained operator,
and the rectal temperature was evaluated by a probe (1 mm diameter).
This was gently inserted, after lubrication with liquid Vaseline, into
the rectum of the mouse (about 2 cm) and left in position until stabili-
sation of the temperature (about 10 s) (Vigolo et al., 2015). The probe
was connected to a digital thermometer (Cole Parmer model 8,402). A
rectal temperature of 38.5°C + 2.0°C was considered baseline. Rectal
temperature was measured at 15, 45, 75, 135, 195, 255 and 315 min

post-injection.

Evaluation of breath rate

For the detection of respiratory parameters, the mice were left mov-
ing freely in a cage and their respiration patterns were videotaped by
a camera (B/W USB Camera day&night with varifocal lens) placed
above the observation cage. This protocol allowed for minimal

handling monitoring of the awake animal. The breath rate was ana-
lysed by observing the ribcage expansion in 1-min recordings
(30 frames per second). A trained operator unaware of the drug treat-
ments performed analysed the movies off-line. The frame-by-frame
analysis allowed for better estimation of the number of breath rates
(brpm) of the mouse evaluated, where a count of about 257 + 11 ribc-
age expansions per minute was considered the basal value (Arfe
et al., 2021). Breath rate was evaluated at 15, 45, 75, 135, 195, 255

and 315 min post-injection.

Drag test

Motor activity alterations were evaluated using the drag test (Ossato
et al,, 2016; Vigolo et al., 2015). The drag test measures the ability of
the animal to balance their body posture with the front legs in
response to an externally dynamic stimulus. The mouse was lifted by
the tail, leaving the front paws on the table, and dragged backward at
a constant speed of about 20 cm-s~?* for a fixed distance (100 cm).
The number of steps performed by each paw (considering 24.3 + 3.5
steps as basal stepping activity) was recorded by two different
observers. For each animal, five to seven measurements were col-
lected (Vigolo et al., 2015). The stepping activity was evaluated at
45,70, 105, 160, 220, 280 and 340 min post-injection.

2.34 | Data and statistical analysis

Data are expressed in arbitrary units for the visual object response,
acoustic response, and overall tactile response and the percentage of
baseline for the visual placing response, drag test, and breath rate. Rec-
tal temperature values were expressed as the difference between con-
trol temperature (before injection) and temperature following drug
administration (A°C). Antinociception (tail pinch and tail withdrawal
tests) was calculated as the percentage of maximal effect {E., % =
[(test — control latency)/(cut off time — control)] x 100}. All data are
shown as mean + SEM of eight independent experimental replications.
Statistical analysis of the effects of each compound at different concen-
trations over time was performed by two-way ANOVA followed by
Bonferroni post hoc test for multiple comparisons. All statistical ana-
lyses were performed using the GraphPad Prism software. This study
complied with the recommendations of the British Journal of Pharma-

cology on experimental design and analysis in pharmacology.

24 | Materials

Reference standards for AB-5'Br-BUTINACA, AB-5F-BUTINACA, AB-
5'CI-BUTINACA, ADB-5Br-BUTINACA, ADB-5'F-BUTINACA, ADB-
5'CI-BUTINACA, ADB-5'Br-PINACA, ADB-4en-5'Br-PINACA, ADB-
5'Br-FUBINACA, ADB-5Br-INACA, MDMB-5F-BUTINACA, MMB-
5'F-BUTINACA, ADB-HEXINACA, AB-HEXINACA, ADB-PINACA,
ADB-4en-PINACA, AB-4en-PINACA, ADB-PropINACA (ADB-Propyl-
INACA), 30H-ADB-PropINACA, ADB-INACA, ADB-4en-PICA, ADB-
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HEXICA, ADB-ICA, (R)-AB-4en-PICA and EMB-4en-PICA were synthe-
sised in-house as described previously (Baginski et al., 2023; Green
et al,, 2025; Rautio et al., 2024).

3,5-ADB-4en-PFUPPYCA; 5F-Cumyl-Pegaclone; 5F-MDMB-
PINACA; AB-CHMINACA; AB-FUBINACA; AB-PINACA; BZO-
HEXOXIZID (MDA-19); JWH-018; and PB-22 were obtained from
Chiron AS (Trondheim, Norway). 4CN-Cumyl-BUT7AICA, 5CI-AB-
PINACA (5-chloro ABP), ACHMINACA, ADB-5Br-DECINACA, ADB-
BUTINACA, ADB-FUBIATA, CHO-4'Me-5Br-FUBOXPYRA and
MDMB-INACA reference standards were purchased from Cayman
Chemical (Ann Arbor, MI, USA). The structures of all SCRAs examined
in this study can be found in Figures $1.1-51.3.

2.5 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-
sponding entries in the IUPHAR/BPS Guide to PHARMACOLOGY
(http://www.guidetopharmacology.org) and are permanently archived
in the Concise Guide to PHARMACOLOGY 2025/26 (Alexander,
Davenport, et al., 2025) GPCR.

3 | RESULTS

3.1 | AequoScreen® 5-HT,, and CB; intracellular
Ca?* release assay

The average relative efficacy values at the 5-HT, receptor obtained
from the screening of SCRAs (normalised to LSD) are shown in Table 1.
As shown in Figure 1, the reference LSD was found to have an efficacy
of 98.5% (95% Cl: 96.7-100) and a potency (ECsg) of 4.85 nM (95% Cl:
4.10-5.73 nM). For further comparison, mescaline was included which
resulted in an efficacy of 102% (95% Cl: 101-104) and ECsg of 101 nM
(95% CI: 91.7-113). Following the initial screening of 15 structurally
diverse SCRAs, only two SCRAs showed some activity at the 5-HT,a
receptor: ADB-BUTINACA and AB-HEXINACA. As only the valinamide
and tert-leucinamide indazole- or indole-3-carboxamide SCRAs showed
activity at the 5-HT,a receptor, 10 valinamide and 18 tert-leucinamide
SCRAs were screened and those with an average relative efficacy over
1% of the LSD efficacy were examined further to try to obtain full
concentration-response curves. As there were only two to four concen-
trations showing activation on the concentration-response curves, as
can be seen in Figure 1, E,,.x and ECso values could not be calculated.
Instead, as with the screening results, the average relative efficacy
values of the top concentration (70 uM) are reported in Table 1. Based
on the concentration-response curves, the ECsq values were >10 uM
for the tested SCRAs.

A summary of the observed structure-activity relationships
(SARs) for SCRAs at 5-HT,a receptors is presented in Figure 2. Valina-
mide SCRAs showed greater activity than the tert-leucinamide SCRAs,
indicating the less bulky isopropyl moiety on the valinamide head

group produces greater activity than the tert-butyl moiety on the tert-
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leucinamide head group. SCRAs with an indazole core moiety were
found to have greater activation of the 5-HT,, receptor than the
indole core moiety. This can be seen from the three-fold reduction in
the average relative efficacy for ADB-4en-PICA with an indole core
versus ADB-4en-PINACA with an indazole core. This is opposite of
the SAR for activation of the CB4 receptor, where analogues with the
tert-leucinamide head group were typically more potent and equally
efficacious as analogues with the valinamide head group (Table 1).

The indazole core with a fluoride at the five position produced
the greatest activity for both the valinamide and tert-leucinamide
SCRAs, followed by the chlorinated and then the brominated core.
Although the non-halogenated analogue was not available for the
valinamide SCRAs, for the tert-leucinamide SCRAs, the chlorinated
and brominated analogues showed reduced efficacy from ADB-
BUTINACA, while ADB-5F-BUTINACA had greater efficacy. In
comparison, ADB-BUTINACA had similar potency and greater efficacy
than its halogenated core analogues on the CB receptor.

An examination of analogues with different tail moieties revealed
that alkyl chains produce the greatest activity, where a butyl tail has
the most activity, followed by propyl, then pentyl. Analogues with a
hexyl chain tail (ADB-HEXINACA and AB-HEXINACA) showed almost
no activity and ADB-5'Br-DECINACA with a decyl chain tail showed
no activity. The pent-4-enyl tail moiety resulted in greater activity
than the pentyl tail, whereas other substitutions on the alkyl chain tail,
such as a terminal chloride (5CI-AB-PINACA) and hydroxy (30H-
ADB-PropINACA), reduced the activity. This was also observed for
tails with a ring, as AB-CHMINACA with a cyclohexylmethyl tail
showed much greater activity than AB-FUBINACA with a fluoroben-
zyl tail. Tail-less analogues of tert-leucinamide SCRAs (ADB-5'Br-
INACA, ADB-INACA and ADB-ICA) showed no activity, which was
surprising as the tail-less SCRAs more closely resemble 5-HT and

other common 5-HT>, receptor ligands.

3.2 | IP, formation 5-HT,4 receptor
activation assay

To validate the results of the AequoScreen® assay, three of the most
efficacious SCRAs (AB-5'F-BUTINACA, ADB-5F-BUTINACA and ADB-
BUTINACA) were tested for 5-HT,4 activation using an IP, formation
assay. This assay uses 5-HT as reference with a resulting efficacy of
100% (95% Cl: 101-104) and ECsg of 21.1 nM (95% Cl: 17.9-24.9). As
shown in Figure 3, all three SCRAs also showed 5-HT,, receptor activa-
tion in this assay, comparable to the results obtained with the AequoSc-
reen® assay. AB-5'F-BUTINACA and ADB-BUTINACA had similar
potency (25.9 and 71.4 pM, respectively) and efficacy (60.0% and
61.2%). It should be noted that while nonlinear regression curves were
able to be fitted to these data, it is not clear if these compounds have
reached a plateau of maximal response, so the potency and efficacy
values should be considered with caution. Unfortunately, there was not
enough of the ADB-5'F-BUTINACA reference standard available to test
the highest concentration (1000 uM), but its efficacy at 100 uM was
29.9%. An additional set of 20 SCRAs was screened for activation of
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TABLE 1 Efficacy of SCRAs at the 5-HT,a receptor and at the CB; receptor.

CORLI ET AL.

CB,
5-HT,a
Compound Efficacy (% LSD) Efficacy (% JWH-018) [95% ClI] Potency (nM) [95% ClI]

Initial Screening ADB-BUTINACA 33.7 - -
AB-HEXINACA 1 - -
3,5-ADB-4en-PFUPPYCA 0 - -
4CN-Cumyl-BUT7AICA 0 - -
5F-Cumyl-Pegaclone 0 - -
5F-MDMB-PINACA 0 - -

ACHMINACA 0 - -
BZO-HEXOXIZID 0 - -
CHO-4'Me-5'Br-FUBOXPYRA 0 - -
JWH-018 0 - -
EMB-4en-PICA 0 - -
MDMB-5'Br-BUTINACA 0 - -
MDMB-INACA 0 - -
MMB-5'Br-BUTINACA 0 - -
PB-22 0 - -

Valinamide AB-5'F-BUTINACA 67.3 107 [105-110] 18.7 [15.7-22.2]
AB-5'CI-BUTINACA 574 112 [109-116] 57.7 [47.7-69.9]
AB-5'Br-BUTINACA 39.1 115[112-118] 44.6 [37.0-53.6]
AB-4en-PINACA 26.6 110[106-113] 20.1 [16.2-25.0]
AB-CHMINACA 211 108 [105-111] 8.98 [7.37-10.9]
AB-PINACA 16.4 111 [108-114] 10.3 [8.56-12.4]
5CI-AB-PINACA 1 111 [109-113] 34.7 [29.6-39.2]
AB-HEXINACA 1.10 145 [142-148] 139 [121-159]
AB-FUBINACA 1 108 [106-111] 8.94 [7.46-10.7]
(R)-AB-4en-PICA 0 31.1° ND

Tert-leucinamide ADB-5'F-BUTINACA 32.8 113 [109-117] 14.4[11.1-18.8]
ADB-BUTINACA 22.3 126 [123-129] 21.5[18.0-25.6]
ADB-5'CI-BUTINACA 20.1 113 [109-116] 30.1 [24.8-36.6]
ADB-PropINACA 19.0 115[113-117] 422 [37.7-47.2]
ADB-5'Br-BUTINACA 17.2 110 [108-112] 18.0 [15.5-21.0]
ADB-4en-PINACA 12.3 117 [115-120] 17.4 [14.0-21.6]
ADB-PINACA 7.67 116 [114-119] 23.4[20.0-27.3]
ADB-HEXINACA 1 117 [115-120] 39.4 [34.6-44.8]
ADB-4en-5'Br-PINACA 1 111 [109-114] 14.2 [12.2-16.6]
ADB-4en-PICA 1 117 [114-120] 28.2[23.5-33.9]
ADB-HEXICA 1 133 [129-137] 85.9 [71.7-103]
ADB-INACA 0 88.1% ND
30H-ADB-PropINACA 0 93.3[90.4-96.2] 971 [825-1140]
ADB-5'Br-INACA 0 111 [107-115] 2290 [1960-2670]
ADB-5'Br-DECINACA 0 4.89% ND
ADB-5'Br-FUBINACA 0 112 [109-116] 42.1[34.6-51.2]
ADB-ICA 0 5.89° ND
ADB-FUBIATA 0 102° 1281 [1036-1586]

Note: Average relative efficacy values at the 5-HT,a receptor (normalised to LSD, which is arbitrarily set at 100%) and relative efficacy (Emay) and potency

(ECso) values at the CB; receptor (normalised to JWH-018, which is arbitrarily set at 100%) for examined SCRAs on the AequoScreen® 5-HT,, and CB;
intracellular Ca®™ release assays. For the initial screening of 15 structurally diverse SCRAs, the efficacy from the testing of the top concentration (70 uM)

in triplicate in one experiment is reported. For the valinamide (n = 10) and tert-leucinamide (n = 18) SCRAs with >1% efficacy, the reported values for the
5-HT,a receptor are the average of the top concentration (70 uM) from three independent experiments. Compounds are organised by descending 5-HT,a
efficacy.

@Maximal activation observed at a concentration of 60 uM. Accompanying ECsg values could not be calculated accurately.

ND, not determined (values could not be calculated as saturation was not reached).
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FIGURE 1  5-HTya receptor activation profiles on the AequoScreen® 5-HT, intracellular Ca2* release assays for a panel of valinamide

(AB) and tert-leucinamide (ADB) SCRAs, where (a) shows all the SCRAs alongside lysergic acid diethylamide (LSD) and mescaline for reference,
(b) shows all valinamide synthetic cannabinoid receptor agonists (SCRAs) and (c) shows all tert-leucinamide SCRAs. All data are normalised to the
maximal response of the reference standard, LSD (in black in left chart), arbitrarily set at 100%, and each datapoint represents the mean + SEM,
obtained from a minimum of three independent experiments, run in triplicate (n = 3). Note the difference in scale between charts.

Amide requir T, activity

CORE

Indazole > Indole
5'F>H>5'Cl>5Br

TAIL

Butyl > Propyl > Pent-4en-yl > CHM > Pentyl
No activity: Hexyl, FUB, Tail-less

FIGURE 2 Summary of the structure-activity relationships
observed for synthetic cannabinoid receptor agonists (SCRAs) on the
5-HT, receptor from evaluation of their activation profiles on the
AequoScreen® 5-HT,, intracellular Ca®* release assays. It should be
noted that many of these relationships require further evaluation.

the 5-HT,4 receptor using fluorescence imaging plate reader (FLIPR)-
based calcium mobilisation and radioligand binding assays, where only
AB-FUBINACA showed some binding affinity (see Table $2.1).

3.3 | Invivoresults

None of the behavioural tests were changed in vehicle-, NESS0327-,
or MDL100907-treated mice over the observation period. Conversely,
the injection of AB-5'F-BUTINACA induced significant behavioural

and neurological changes (Table S3.1).

3.3.1 | Neurological changes

In this study, persistent circling (full 360° rotation) was observed,
which is a stereotypic behaviour (i.e., repeated, persistent behaviour)
(Campos-Ordoniez et al., 2022). Increased frequency, latency, and dura-

tion of the effect were observed at higher doses (1-3 mgkg™%). The

105
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FIGURE 3 5-HT,a receptor activation profiles on the inositol

monophosphate (IP;) formation assay for ADB-BUTINACA, ADB-5F-
BUTINACA and AB-BUTINACA in comparison to 5-HT. All data are
normalised to the maximal response of the reference standard 5-HT
(in black), arbitrarily set at 100%, and each datapoint represents the
mean + SEM obtained from a minimum of three independent
experiments.

highest dose of AB-5'F-BUTINACA (3 mg-kg™!) induced spontaneous
and handling-induced convulsions and hyperreflexia, which were not
observed at lower doses (0.1 and 1 mg-kg™?). However, both 1 and
3 mg-kg™? of the compound increased the degree of tail elevation in
66% and 50% of mice, respectively. We did not observe any head-
twitch response (typically used to measure the hallucinogenic potential
of 5-HT,a receptor agonists) following the injection of the drug. All
neurological changes were prevented by pretreatment with the selec-
tive CB4 receptor antagonist NESS0327 (1 mg-kg™2) and the selective
5-HT,a receptor antagonist MDL100907 (0.1 mg-kg~%; Table 2).

3.3.2 | Evaluation of the visual object response
Systemic administration of AB-5'F-BUTINACA (1-3 mg-kg™?) induced
a deep but transitory decrease of the visual object response
(Figure 4a). The visual object reflex was restored by pretreatment with
the CB, antagonist NESS0327 (1 mg-kg™) (Figure 4b) and the 5-HTa
antagonist MDL100907 (0.1 mg-kg ™) (Figure 4c).
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3.3.3 | Evaluation of the visual placing response

Systemic administration of AB-5F-BUTINACA (0.1-3 mg-kg™%)
induced a deep and prolonged decrease of the visual placing response
(Figure 4d). Pretreatment with the CB; antagonist NESS0327
(1 mg-kg™1) prevented the effect induced by the agonist (Figure 4e).
The visual placing reflex was partially restored by pretreatment with
the 5-HT,a antagonist MDL100907 (0.1 mg-kg™?) in AB-5F-BUTI-
NACA-treated mice at 15 min, while it was totally restored starting

from 35 min after the injection (Figure 4f).

3.34 | Evaluation of the acoustic response

Systemic administration of AB-5F-BUTINACA (0.1-3 mg-kg™%)
induced a transitory decrease of the acoustic reflex (Figure 5a). The
acoustic reflex was restored by pretreatment with the CB4 antagonist
NESS0327 (1 mg-kg™?) (Figure 5b). Similarly, pretreatment with the
5-HT,, antagonist MDL100907 (0.1 mg-kg™?) prevented the effect

on acoustic response (Figure 5c).

3.3.5 | Evaluation of the overall tactile reflex

Systemic administration of AB-5'F-BUTINACA (1-3 mg-kg™?1) induced
a transitory decrease of the overall tactile reflex (Figure 5d). The over-
all tactile responses were restored by pretreatment with the CB4

antagonist NESS0327 (1 mg-kg™Y) (Figure 5e). Similarly, pretreatment

TABLE 2

Treatment

with the 5-HT,4 antagonist MDL100907 (0.1 mg-kg™?) prevented the

effect induced on overall tactile response (Figure 5f).

336 |
stimulus

Evaluation of pain induced by a mechanical

Systemic administration of AB-5F-BUTINACA induced a transitory
(0.1-1 mg-kg™) or long-lasting (3 mg-kg™Y) increase of the latency to
the tail flick response evoked by the acute mechanical pain stimulus in
mice (Figure 6a). The antinociceptive effect provoked by the agonist was
partly prevented by pretreatment with the CB; antagonist NESS0327
(1 mg-kg™Y) at 35 min after the injection (Figure 6b), but not by pretreat-
ment with the 5-HT A antagonist MDL100907 (0.1 mg-kg™?) (Figure 6c).

337 |
stimulus

Evaluation of pain induced by a thermal

Systemic administration of AB-5'F-BUTINACA induced a long-lasting
(1-3 mg-kg™?) increase of the latency to the tail flick response evoked
by the acute thermal pain stimulus in mice (Figure 6d). The control
group did not reveal a hyperalgesia effect at various time points. The
antinociceptive effect provoked by the agonist was prevented by pre-
treatment with the CB; antagonist NESS0327 (1 mg-kg™?) up to
205 min after the injection (Figure 6e). Pretreatment with the 5-HT,p
antagonist MDL100907 (0.1 mg-kg™1) prevented the effect from
55 to 205 min (Figure 6f).

Neurological effects of AB-5'F-BUTINACA and interactions with CB, receptor antagonist and 5-HT,a receptor antagonist.

AB-5'F-BUTINACA  AB-5'F-BUTINACA

Neurological changes 0.1 mg-kg* 1mgkg*
Tail elevation  Frequency (%) - 66
Score - 1.66 +0.58
Duration (min) - 180
Latency (min) - 60
Stereotypies Frequency (%) 80 100
Duration (min) 60 120
Latency (min) 5 5

Hyperreflexia  Frequency (%) - -
Duration (min) - -
Latency (min) - -
Convulsions Frequency (%) - -
Duration (min) - -

Latency (min) - -

AB-5'F-BUTINACA  AB-5'F-BUTINACA AB-5'F-BUTINACA +
3mgkg?* + NESS0327 MDL100907

50 - -
2.33+0.58 - -
180 - -
5 - -
100 = =
180 = =
30 = =
100 - -
30 - -

100 = =
30 = =
5 - -

Note: Neurological changes were observed after the injection of AB-5'F-BUTINACA (0.1-3 mg-kg~%; i.p.) and interaction with the selective CB4 receptor
antagonist NESS0327 (1 mg-kg™%; i.p.) and the 5-HT,,4 selective receptor antagonist MDL100907 (0.1 mg-kg™2; i.p.). The injection of vehicle, NESS0327,
or MDL100907 alone did not modify the neurological functions in mice. Data are expressed as percentage (frequency of animal with neurological signs),
minutes (duration and latency of neurological signs) and score (degree of elevation connected to the elevation of the tail). The tail elevation score

assessment represents the mean + SEM of six animals for each treatment.
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Effect of AB-5'F-BUTINACA (0.1-3 mg-kg™%; i.p.) administration on the visual object (a-c) and placing (d-f) test in mice. Data are

expressed as arbitrary units (a-c) and as percentage of baseline (d-f) and represent the mean + SEM of 6 determinations for each treatment.
Interaction of AB-5'F-BUTINACA (1 mg-kg™1; i.p.) with the selective CB; receptor antagonist NESS0327 (1 mg-kg™%: i.p.) and the selective 5HT,a
receptor antagonist MDL100907 (0.1 mg-kg™%; i.p.) is reported in (b) and (e) and (c) and (f), respectively. Data with filled symbols show significant
(P < 0.05) difference from vehicle; *P < 0.05, significantly different from antagonist alone; *P < 0.05, significantly different from antagonist + AB-
5'F-BUTINACA,; two-way ANOVA followed by Bonferroni's test for multiple comparisons.

3.3.8 | Evaluation of rectal temperature

Systemic administration of AB-5'F-BUTINACA (3 mgkg™®) induced
transitory hypothermia between 30 and 50 min after the injection
(Figure 7a). The rectal temperature of AB-5'F-BUTINACA-treated mice
was not affected by pretreatment with the CB; antagonist NESS0327
(1 mg-kg™Y) (Figure 7b). On the other hand, pretreatment with the
5-HT,A antagonist MDL100907 provoked transitory hypothermia in
mice at 30 min, while the rectal temperature gradually returned to

baseline starting from 50 min after the injection (Figure 7c).

3.3.9 | Evaluation of breath rate

Systemic administration of AB-5F-BUTINACA (1-3 mg-kg™?)
promptly and deeply reduced breath rate of mice starting from
15 min after the injection and lasting up to 65 min (Figure 7d).
Reduction of breath rate induced by the agonist was not prevented
by pretreatment with the CB; antagonist NESS0327 (1 mg-kg™?)
(Figure 7€) or the 5-HT,a antagonist MDL100907 (0.1 mg-kg™?)
(Figure 7f).

3.3.10 | Evaluation of number of steps

In line with the decreased motor activity pattern observed after the
systemic administration of AB-5F-BUTINACA (1 mg-kg™1), ANOVA
analysis highlighted a brief and transitory reduction of the number of
steps at 220 min after the injection (Figure 8a). The inhibitory effect
was prevented by pretreatment with the CB; receptor antagonist
NESS0327 (1 mg-kg™?) (Figure 8b). On the other hand, pretreatment
with the 5-HT 4 receptor antagonist MDL100907 (0.1 mg-kg™?) pro-
voked a reduction in the number of steps of AB-5'F-BUTINACA-
treated mice between 45 and 220 min (Figure 8c).

4 | DISCUSSION

This study aimed to further understand the adverse effect profiles of
SCRAs that are suspected to be mediated by non-cannabinoid targets.
Interactions of SCRAs with the dopaminergic (Ossato et al., 2017) and
serotonergic systems have been proposed (Fantegrossi et al., 2018).
Our findings provide the first evidence of the involvement of 5-HT,a

receptors in the mechanisms underlying some of the acute effects and
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FIGURE 5 Effect of AB-5'F-BUTINACA (0.1-3 mg-kg™?; i.p.) administration on the acoustic (a-c) and overall tactile (d-f) response in mice.

Data are expressed as arbitrary units (a-f) and represent the mean + SEM of 6 determinations for each treatment. The interaction of AB-5'F-
BUTINACA (1 mg-kg™1; i.p.) with the selective CB4 receptor antagonist NESS0327 (1 mg-kg™1; i.p.) and the selective 5HT 4 receptor antagonist
MDL100907 (0.1 mg-kg~%; i.p.) is reported in (b) and () and (c) and (f), respectively. Data with filled symbols show significant (P < 0.05) difference
from vehicle; *P < 0.05, significantly different from antagonist alone; *P < 0.05, significantly different from antagonist + AB-5'F-BUTINACA; two-

way ANOVA followed by Bonferroni's test for multiple comparisons.

related risk of the use of newly emerging SCRAs. Previous studies
assessing dopaminergic and serotonergic involvement have been con-
ducted for earlier generation SCRAs, for example, AKB-48 (APINACA)
and JWH-018 (Corli, Tirri, et al., 2024; Ossato et al., 2017; Yano
et al., 2020). In the present study, diverse classes of earlier and newer
generation SCRAs were screened for activity at the 5-HT,4 receptor.
Some direct activation by indole and indazole SCRAs with valinamide
and tert-leucinamide head moieties was found, including activation by
the widely abused and popular SCRA ADB-BUTINACA (Kronstrand
et al., 2022; Monti et al., 2025). The greatest efficacy at 5-HT,a
receptors was exhibited by the prophetic SCRA AB-5'F-BUTINACA,
which reached 67.3% efficacy of LSD at the highest tested concentra-
tion of 70 uM in the AequoScreen® assay. These results were repro-
ducible using a second distinct bioassay for AB-5'F-BUTINACA, ADB-
BUTINACA and ADB-5'F-BUTINACA.

As only SCRAs with a valinamide or tert-leucinamide head moiety
showed activity at the 5-HT,a receptor, the amide in the head
moiety is likely to be required for activation. This is supported by the
presence of an amine group in many of the well-known potent
5-HT,a receptor agonists, including 5-HT, LSD, psilocin and mesca-
line. A change in the N,N-diethylamide moiety of LSD significantly
reduced the in vivo potency, indicating the 5-HT,a receptor has a
region accommodating the

diethylamide moiety that is

stereochemically defined and sterically constrained (Nichols, 2012).
This is supported by structure-function studies that have found the
terminal amine moiety of psychedelics is anchored in the 5-HT,a
receptor by a transmembrane helix [l aspartic acid (Asp-155)
(Kristiansen et al., 2000). In addition, in silico modelling of LSD bound
to the 5-HT, receptor showed that the amide carbonyl oxygen
accepts a hydrogen bond from a residue at the extracellular end of
transmembrane segment 6 of the 5-HT,5 receptor (Chambers &
Nichols, 2002). In silico modelling of arylpiperazine derivatives with an
amide linking group at the 5-HT,a receptor also found that the NH of
the amide group plays an important role in donating hydrogen to form
a hydrogen bond interaction with the receptor, which promotes the
potency (F. Lin et al., 2017).

Valinamide SCRAs showed greater activity than the tert-
leucinamide SCRAs. The opposite relationship was observed for the
CB; receptor, where the tert-leucinamide SCRAs were more potent,
which has also been found by other studies (Grafinger et al., 2021;
Green et al., 2025; Noble et al., 2019). On the other hand, similar to
CB; receptor activity, the indazole core analogues were more active
than the indole core analogues. This was unexpected as it was pre-
sumed that SCRAs with an indole core moiety would produce greater
activation of the 5-HT,a receptor, given that 5-HT has an indole

structure. Unfortunately, there were few indole analogues of
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FIGURE 6 Effect of AB-5F-BUTINACA (0.1-3 mg-kg™?; i.p.) administration on the tail pinch (a-c) and tail withdrawal (d-f) in mice. Data are

expressed as percentage of maximal effect (a-f) and represent the mean + SEM of 6 determinations for each treatment. The interaction of AB-
5'F-BUTINACA (1 mg-kg™%; i.p.) with the selective CB; receptor antagonist NESS0327 (1 mg-kg™%; i.p.) and the selective 5-HT,a receptor
antagonist MDL100907 (0.1 mg-kg~%; i.p.) is reported in (b) and () and (c) and (f), respectively. Data with filled symbols show significant (P < 0.05)
difference from vehicle; *P < 0.05, significantly different from antagonist alone; *P < 0.05, significantly different from antagonist + AB-5'F-
BUTINACA,; two-way ANOVA followed by Bonferroni's test for multiple comparisons.

valinamide and tert-leucinamide SCRAs available for testing, so this
relationship should be explored further with more indole analogues
with tail groups that exhibit greater activity, such as AB- and ADB-
BUTICA. Finally, for the halogenated indazole cores, the average rela-
tive efficacy decreased as the mass of the halogen increased and elec-
tronegativity decreased, except for ADB-BUTINACA which had
greater efficacy than its analogues with a chlorinated and brominated
core. As 5-HT itself has a hydroxy group at the 5-position on the
indole core, it would be interesting to test analogues of AB- and ADB-
BUTINACA with a hydroxy group at the 5-position to see how they
compare to the halogenated core.

In contrast to the detected activation in the nM range for the CB4
receptor, the tested SCRAs have ECsq values at the 5-HT,4 receptor
in the uM range (>10 uM), which suggests that the direct activation
of these SCRAs may not be pharmacologically relevant. However,
recent studies have found the involvement of 5-HT,a receptor activa-
tion in vivo, including SCRAs that showed no activation with the pre-
sented in vitro models, such as JWH-018 (Corli, Tirri, et al., 2024).
Hence, the most efficacious SCRA found in this study, AB-5'F-BUTI-
NACA, was evaluated in vivo to determine its physiological relevance.
The in vivo evaluation revealed that systemic injection of AB-5F-
BUTINACA leads to severe pharmaco-toxicological effects. The high-
est doses (1-3 mg-kg™ 1) induced notable neurological changes, as well

as sensorimotor, physiological (hypothermia and bradypnea), nocicep-
tive, and motor disruptions in mice. These findings are consistent with
previous studies evaluating the toxicity of different generations of
SCRAs in rodents (Canazza et al., 2016; Ossato et al., 2016; Vigolo
et al., 2015) and demonstrate that this compound can provoke alter-
ations attributable to the typical ‘tetrad effect’ (i.e., analgesia, hypo-
thermia, catalepsy and suppressed locomotion) (Metna-Laurent
et al., 2018).

The highest dose of AB-5'F-BUTINACA resulted in major neuro-
logical changes, including convulsions and hyperreflexia, which agree
with preclinical data (Canazza et al., 2016; Vigolo et al., 2015) but also
clinical reports chronicling seizure-like activity in humans after expo-
sure to scheduled SCRAs (Abouchedid et al, 2017; Schep
et al,, 2015). In line, the neurological effects (e.g., elevation of the tail
and stereotyped behaviour) evoked by 1 mg-kg™* of the tested com-
pound were prevented by pretreatment with the CB; receptor antag-
onist NESS0327. The prior injection of the 5-HT,a receptor
antagonist MDL100907 also prevented these changes, suggesting the
involvement of 5-HT receptor-mediated mechanisms. Further, Amo-
deo et al. have shown that micro-infusion of the same antagonist in
the dorsomedial striatum attenuated stereotyped behaviour observed
in a BTBR mouse model of autism suggesting that 5-HT receptors are

involved in stereotypies of diverse nature (Amodeo et al., 2017).
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FIGURE 7 Effect of AB-5'F-BUTINACA (0.1-3 mg-kg™?; i.p.) administration on the rectal temperature (a-c) and breath rate (d-f) in mice.
Data are expressed as A°C (a-c) and percentage of baseline (d-f) and represent the mean + SEM of 6 determinations for each treatment.
Interaction of AB-5'F-BUTINACA (1 mg-kg™%; i.p.) with the selective CB; receptor antagonist NESS0327 (1 mg-kg™?; i.p.) and the selective
5-HT, receptor antagonist MDL100907 (0.1 mg-kg™?; i.p.) is reported in (b) and (e) and (c) and (f), respectively. Data with filled symbols show
significant (P < 0.05) difference from vehicle; P < 0.05, significantly different from antagonist alone; *P < 0.05, significantly different from
antagonist + AB-5'F-BUTINACA; two-way ANOVA followed by Bonferroni's test for multiple comparisons.
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FIGURE 8 Effect of AB-5'F-BUTINACA (0.1-3 mg-kg™?; i.p.) administration on the drag test (a-c) in mice. Data are expressed as percentage
of baseline and represent the mean + SEM of 6 determinations for each treatment. The interaction of AB-5'F-BUTINACA (1 mg-kg~1; i.p.) with
the selective CB4 receptor antagonist NESS0327 (1 mg-kg™1; i.p.) and the selective 5-HT,a receptor antagonist MDL100907 (0.1 mg-kg™%; i.p.) is
reported in (c) and (d), respectively. Data with filled symbols show significant (P < 0.05) difference from vehicle; *P < 0.05, significantly different
from antagonist alone; *P < 0.05, significantly different from antagonist + AB-5'F-BUTINACA; two-way ANOVA followed by Bonferroni's test for
multiple comparisons.

Further, antagonising the CB4 and 5-HT,a receptors restored the previous study linked chronic treatment with A’-THC to the enhance-
visual, acoustic, and tactile responses in AB-5'F-BUTINACA-treated

mice. To date, evidence on the key role played by the interaction

ment of the pro-psychedelic signalling of 5-HT,a receptors in the
young mouse brain cortex (Ibarra-Lecue et al., 2018). Thus, the pre-
sent results suggest that AB-5'F-BUTINACA can induce notable dis-
ruption to sensory information processing. In the translational

between cannabinoid and 5-HT receptors in triggering SCRA-induced

sensorimotor disruption has emerged (Corli, Tirri, et al, 2024). A
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paradigm, this is consistent with the altered visual and auditory per-
ceptions associated with psychotic conditions that have been
reported in patients exposed to SCRAs (Kak et al., 2017).

AB-5'F-BUTINACA increased the threshold for acute mechanical
pain stimulus in mice. Pretreatment with the CB; antagonist
NESS0327 or the 5-HT,, antagonist MDL100907 did not prevent the
effect, except for a temporary (35 min post-injection) restoration of
the nociceptive reflex in NESS0327-pretreated mice. A previous study
of the effects of A’-THC showed that the antinociceptive effects of
cannabinoids are not modulated by heterodimeric 5-HT,,/CB; recep-
tors in the brain of rodents (Vinals et al., 2015). Moreover, Wang et al.
recently suggested the involvement of CB, receptors in altering noci-
ception in mice (Wang et al., 2020), possibly explaining this result.
Conversely, blocking CB; and 5-HT,s receptors has prevented the
increase in the threshold for the acute thermal pain stimulus. Our
results align with previous studies on the SCRA WIN55,212-2 show-
ing that thermal antinociception after systemic administration is
blocked by ketanserin (a 5-HT, receptor antagonist) and risperidone
(an antagonist of 5-HT,, and 5-HT; receptors) (Seyrek et al., 2010).
Ultimately, this evidence suggests that AB-5'F-BUTINACA influences
the nociceptive response in mice by acting on pathways different
from those involved in reacting to mechanical (Martin et al., 1996) and
thermal (Hohmann et al., 1999) pain stimuli.

The dose tested in the antagonistic study did not alter the rectal
temperature of mice and the occurrence of major neurological
changes prevented an increase in the dose. While the CB4 antagonist
NESS0327 had no influence on the rectal temperature, pretreatment
with the 5-HT,, antagonist MDL100907 induced a significant hypo-
thermic effect. Previous studies revealed that indole-based SCRAs
(e.g., AM-2201 and JWH-018) can potentiate hypothermia, typically
mediated by 5-HT14 receptors in rodents (ElImore & Baumann, 2018;
Yano et al., 2020). This indicates the involvement of other 5-HT
receptor subtypes in the mechanisms underlying temperature homeo-
stasis. Accordingly, a study investigating the complex interplay
between 5-HT,a and 5-HT, 4 receptors demonstrated that the block-
ade of 5-HT,a receptors can enhance 5-HT,a-mediated behavioural
effects (Glatfelter et al., 2024). In contrast, the hypothermic effect
provoked by exposure to SCRAs (JWH-018 and 5F-PB-22) was pre-
vented by the prior injection of MDL100907 (Corli, Tirri, et al., 2024).
Therefore, the possibility that the highest dose of AB-5'F-BUTI-
NACA-induced hypothermia could be prevented by pretreatment with
the 5-HT,A antagonist cannot be ruled out.

The respiratory patterns of mice were affected by AB-5F-
BUTINACA and were not prevented by pretreatment with NESS0327
or MDL100907. These results contradict previous research showing
reduction in breathing rate evoked by SCRAs relies on CB; receptor
activation in central (Pfitzer et al., 2004) and peripheral (Calignano
et al,, 2000) circuitries in rodents (Corli, Tirri, et al., 2024). Therefore,
these results need further investigation as the lack of antagonism by
the CB; antagonist NESS0327 may be explained by experimental fac-
tors, for example, dose of the antagonist, pharmacokinetics of the ago-
nist and antagonist or observation times. Indeed, this study did not

address the pharmacokinetic profile of these compounds, which is still
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to be elucidated. This may limit the ability to evaluate the influence of
metabolites potentially retaining activity on CB; and 5-HT,4 receptors,
thereby affecting its pharmaco-toxicological profile. Moreover, our
results raise questions about the involvement of other receptor
subtypes in the mechanisms underlying the compounds' specific
pharmaco-toxicological effects (e.g., hypothermia and bradypnea).

On the other hand, the reduction in stepping activity was
prevented by pretreatment with NESS0327 but not MDL100907,
indicating that CB, receptor-mediated mechanisms primarily underlie
the motor effects. This is in agreement with a previous study on
indole-based SCRAs (Corli, Tirri, et al., 2024). Interestingly, injection of
MDL100907 enhanced the hypo-locomotion induced by AB-5F-
BUTINACA. This is in line with a study demonstrating that the
decreased locomotor activity caused by m-chlorophenylpiperazine
(mCPP) is reduced by chronic administration of selective serotonin
reuptake inhibitors (SSRIs) (Yamauchi et al., 2006).

This study demonstrated that the responses to AB-5'F-BUTINACA
in vivo, including neurological, sensorimotor, and thermal antinocicep-
tive effects, are mediated by CB; and 5-HT,a receptors, as demon-
strated by the selective antagonism experiments at CB; and 5-HT,a
receptors. However, as the endocannabinoid system has been found to
modulate the serotonergic systems (Fantegrossi et al., 2018; Ibarra-
Lecue et al., 2018, 2021; Ossato et al., 2017), it is not possible to con-
clude if these effects are a result of the compound's direct interaction
with the 5-HT,a receptor or if they result from an indirect interplay
between the endocannabinoid and serotonergic systems. In addition,
while the 5-HT,a receptor is the primary target of psychedelic com-
pounds, other 5-HT receptors, such as 5-HT4a, 5-HTg, and 5-HT,c
receptors) may modulate their effects (Jain et al, 2025; Luethi
et al.,, 2025). For example, the co-localization of CB; with either 5-HT,g
or 5-HT3 receptors highlights potential cross-talk between the cannabi-
noid and serotonin neurotransmitter systems (Hermann et al., 2002).
Therefore, 5-HT4a/, 5-HT2p, and 5-HT3 receptors warrant further
investigation as modulators of cannabinoid signalling. Further, the
results obtained in this study confirm the effectiveness of the Safety
Pharmacology battery of tests in clarifying the pharmaco-toxicological
profile (including behavioural, neurological and physiological responses)
of emerging structurally diverse SCRAs and reducing the number of ani-
mals used (Canazza et al, 2016; Corli, Tirri, et al, 2024; Vigolo
et al., 2015). Thus, this experimental protocol could be used in future
studies aimed at investigating the pharmaco-toxicological profile of dif-
ferent valinamide (AB) or tert-leucinamide (ADB) cannabinoids.

5 | CONCLUSION

In conclusion, this study investigated the in vitro activity of various
structurally diverse SCRAs at 5-HT,, receptors, showing its activation
by some valinamide- and tert-leucinamide-containing SCRAs, of which
AB-5'F-BUTINACA and ADB-BUTINACA exhibited the highest effi-
cacy. The in vivo evaluation of AB-5'F-BUTINACA found notable neu-
rological changes, as well as sensorimotor, physiological (hypothermia

and bradypnea), nociceptive and motor disruptions in mice, which
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were prevented by pretreatment with selective CB; and 5-HT,a

receptor antagonists. However, the responses observed in this study

raised further questions on the role of an interplay between the endo-

cannabinoid and 5-HT neurotransmission systems and does not clarify

the nature of antagonism. Further studies will be performed testing
different doses of AB-5'F-BUTINACA in the presence of NESS0327
and M100907. These findings suggest that the 5-HT, receptors may
be involved in the mechanisms underlying some of the acute effects

of SCRAs in humans. Although it remains unclear whether the

effects result mostly from the direct interaction with the 5-HT,a

receptor or CB, receptor mediation of the 5-HT system, from a trans-

lational point of view, this study adds to the understanding of risks

associated with SCRA consumption, particularly the potential exacer-

bation of psychiatric symptoms mediated via 5-HT receptors.
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