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Abstract

Synthetic cannabinoids (SCs) represent a variety of psychoactive substances that
activate cannabinoid receptors, and imitate the main psychoactive substance of
Cannabis sativa, Tetrahydrocannabinol (THC). Their toxicological profiles are not
completely identified, even though a serious number of acute intoxications and
deaths have already been observed following the consumption of these substances.
The widespread recreational use of SCs globally is a major health issue, as SCs
consumption by pregnant or non-pregnant women in reproductive age may lead to
the onset of some neurodevelopment disorders in the offspring. The aim of this
work is to investigate how SCs may affect neuronal differentiation in vitro.

Neuroblastoma-glia cells (NG108-15) were exposed to some commonly reported
SCs (THJ-2201, ADB-FUBINACA and AB-CHMINACA) at a concentration range of 1pM
- 1uM, once or in multiple additions. After following neuronal differentiation with
forskolin and retinoic acid, with or without SCs, differentiation ratios (number of
neurites per total cell number) and total primary neurite length were calculated.
Also, a specific CB1 receptor (CB1R) antagonist, SR141716A was added prior to SC
addition, to assess the involvement of the inhibition of CB1 receptor in neuronal
differentiation process. The inhibitors methyl arachydonyl fluorophosphonate
(MAFP) and tetrahydrolipstatin (THL) were also added prior to SC exposure, in order
to assess the effects of the endocannabinoid synthesis inhibition.

THJ-2201, ADB-FUBINACA and AB-CHMINACA promoted NG108-15 cell
differentiation, as the differentiation ratios were similarly increased, after a single or
multiple additions of these SCs. In all the SCs tested, the presence of SR141716A
alone significantly enhanced the differentiation, in both one and three additions,
compared to the control cells. Moreover, all the cells treated with MAFP and THL
presented an abnormal morphology and reduced total neurite network, evidenced
also by the lower differentiation ratios.

Taken together these observations indicate a potential modulatory effect of
these SCs on neuronal differentiation of NG108-15 cells. Although further research is

required to clarify the mechanisms involved in these processes.
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Mepiinym

Ta ouvBeTIKA KavvaBLVoELd avTUTPOoWTEVOUV HLa TTOLKIA LA PuxodpacTIKWY
OUGCLWV TIOU EVEPYOTIOLOUV TOUG UTIOS0XELC KavvaBLvoeldwy, Kat pLHoUVTaL TNV KUpLa
Puxodpaotiki ouotd tou Cannabis sativa, tnv tetpaidpokavvaBivorn (THC). Ta
To&LKOAOYLKA TouG MPodiA ev £xouv avayvwploTel MARPwWG, TapoAo ou €XEL 6N
napatnenBet évag ocofapoc aplBuog ofeiwv dnAntnpldoswyv Kot Bavatwy PETA TNV
KOTAVAAWON AUTWV TwV ouolwv. H eupéwc dtadedopévn Puxaywytkn xprion Twv
OUVOETIKWV KavvaBLvoeldbwv og maykoouLlo eninedo anoteAel éva peillwv INtnua
vyelag, KaBwc n KATtavaAwon CUVOETIKWVY KavVaBLVOELS WV o €YKUEG I 1N EYKUEC,
o€ avarnapoywylkn NAkia yuvaikeg pmopel va odnynoet otnv epudavion opLopEVWY
VEUPOQVATTUELAKWY SLaTapaywyV 0ToUG amoyovoug. O oKomog auTr G TG EpYOOLog
glval va Slepeuvrooupe MWC To CUVOETIKA KavvaBLvoeldr pnopet va emdpacouv

oTn veupwvikn Stadopomnoinaon in vitro.

Neuroblastoma-glia kUttapa (NG-108-15) ektEBnKav € KATTOLO KOWVWG
avadepopeva ouvOetika kavvapvoeldn (THJ-2201, ADB-FUBINACA ko AB-
CHMINACA) o€ éva eUpog ouyKeEVTpwonG 1pM-1uM, pe pia i pe ToAAQTTAEC
npocBnkes. Metd and akdAoudn veupwvikn Stapopomoinon Le dpopokoAivn Kat
PETLVOIKO 0V, HE N XwpPLc ouVvBETIKA KavvaPLvoeldn, umoloyiotnkav oL Adyol
Sladopormnoinong (aptBuog veupwvwv ava oALKO aplBpd KUTTAPWY) KAl TOL CUVOALKA
HAKN TTPWTOYEVWV VEUPWVWV. Emtiong, évag el61ko¢ avtaywviotng CB1 untodoxéa
(CB1R), SR141716A mpootEBnKe mpLv armd TV MPocoOnkn Twv CUVOETIKWY
KavvoBLVoeLdwy, yla va eKTLUNBel n epmAokr) tng avaoTtoAng tou CB1 umodoxéa otn
Stadikacia veupwvikng dtadopomoinong. Ot avaotoleic methyl arachydonyl
fluorophosphonate (MAFP) kat tetrahydrolipstatin (THL) mpootéBnkav eniong mptv
arno Vv €KkBeon o€ cUVOETIKO KaVVaBLVOELSEC, TTPOKELMEVOU Va EKTLUNBOUV Ta

anmoteAEopATA TNG AVACTOANG TNG oUVOeon G evookavvaLvoeldwy.

Ta THJ-2201, ADB-FUBINACA kot AB-CHMINACA npowBnoav thv
Stadopormnoinon NG108-15 kuttdpwyv, kabwg ot Adyol Stadopomnoinong avénbnkav
TAPOUOLWG LETA Ao pia i TTOAAATAEC TTPOOONKEG AUTWV TWV CUVOETIKWV. Z€ OAa TA

OUVOETIKA TtoU e€eTAoTNKAY, N Ttapoucia Tou SR141716A avénoe oNUOVTLIKA TN



Sladopormnoinon, T000 o€ pia 600 Kol O€ TPELS TTPOOONKEG, OE CUYKPLON HE T
kUTtapa control. EmumA€ov, 6Aa ta kUTTapa mou ektEBnkav oe MAFP kat THL
mapouciacav po avwpaAn popdoAoyia Kol HELWHUEVO OALKO SIKTUO VEUPWVWY,

OTMWG ATOSELKVUETAL KOL Ao Toug XapnAdtepoug Adyouc dtadopormnoinonc.

NopBavopeveg pall QUTEC OL TTAPATNPNOELS UTTOSELKVUOUV pLa SUVNTIKA
puBULOTIKA EMiSPOON AUTWV TWV CUVOETIKWY KaVVaBLVOELS WV OTN VEUPWVLKNA
Stagopornoinon twv NG108-15 kuttdpwv. QOTOCO, AMALTETAL TIEPALTEPW EPEUVA

yla tn SLEUKPIVION TWV UNXOVIOUWY TTIOU EUMTAEKOVTOL OE QUTEG TLG SLASIKAOLEC.

NE€eic KAeldLa: YPuxpodpaoTikeg ouaieg, cuvOeTIKA KavvaBLvoeldn, utoSoxeic
KavvaBLVoeLdwy, VEUPWVLKN avamtuén, veupwvikn Stadopormoinon, Adyog
Sladpopormnoinong, andduon VEUPWVWYV, EYKULOOUVN, VEUPOOVATTTUELAKEG

Slatapayxég, Oavarol, oeiec SnAnNTNPLACELC.
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Abuse of Synthetic Cannabinoids: A crucial
problem

In recent years, the recreational use of psychoactive substances, such as
cannabinoids, has dramatically increased. After the ingestion or the inhalation of
cannabis, endogenous cannabinoid receptors are activated, leading to the observed
psychoactive effects. Nevertheless, cannabinoids may also be used in medicine (e.g.
during cancer treatment, to increase the patient’s appetite). In 2010, the medical use

of cannabis extracts was approved by ten European countries.

The large number of new psychoactive substances (NPS), namely synthetic
cannabinoids (SCs) is particularly concerning. SCs comprise a chemically diverse
group of substances that imitate the effects of A°-Tetrahydrocannabinol (A°-THC),
the main psychoactive substance in cannabis. Generally, SCs represent molecules
that contain a mixture of psychoactive compounds and they are easily accessible
(Cohen and Weinstein, 2018) and not readily detected in standard urine drug screens
(Salani and Zdanowicz, 2015). Also, due to the SCs great binding affinity to
cannabinoid receptors, they are able to activate the endogenous cannabinoid
system. SCs represent an extensive danger because they cause psychoactive and
physiological effects similar, but more intense than THC, often resulting in severe
adverse effects and medical emergencies (Castaneto et al., 2014). The most crucial
problem of the spreading use of synthetic cannabinoids, is that there is an
unawareness concerning their toxicological profiles, since they are chemically
diverse and that new types of SCs, comprising unidentified effects, are constantly

appearing (EMCDDA, 2018).

Prenatal exposure to cannabinoids, may be associated with abnormal offspring
outcomes (e.g. low birth weight) or the occurrence of neurodevelopmental disorders
such as schizophrenia and autism spectrum disorder (Brown et al., 2017). In this
sense, there is a mandatory need to identify how the endocannabinoid system
regulates neuronal development-related processes (e.g. differentiation,

proliferation, migration).
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2. Cannabinoids

Cannabinoids are diverse chemical compounds that activate endogenous
cannabinoid receptors being involved in the neurotransmitter release in the brain.
They are a group of biologically active terpenophenols derived from 2-substituted 5-
amyl resorcinol. The ligands for the receptor proteins may be endogenous
(endocannabinoids), phyto- or synthetic cannabinoids. Endocannabinoids are
produced in the animal’s body and they represent lipid neurotransmitters that react
with the endogenous cannabinoid receptors (CB1R, CB2R). Phytocannabinoids
represent a group of cannabinoids produced in cannabis or other plants. They are
more than 110 different cannabinoids isolated from cannabis, each having a variety
of effects. The main phytocannabinoids are the psychotropic tetrahydrocannabinol
(THC), and the abundant non-psychotropic cannabidiol (CBD). Synthetic
cannabinoids comprise a variety of molecules, which are manufactured artificially
and they act as agonists of cannabinoid receptors. Here, we focused on the

endogenous (section 2.3) and synthetic cannabinoids (section 3).

2.1 The Endocannabinoid System

The endocannabinoid system (ECS) is a complex cell-signalling system, which
involves three core components: the endogenous cannabinoids (ECs), the
cannabinoid receptors (e.g. CB1 and CB2), and the enzymes responsible for ECs
biosynthesis and degradation (such as fatty acid amide hydrolase or
monoacylglycerol lipase). Noteworthly, the endocannabinoid system is present from
the first stages of neuronal development, and it plays a major role in the neuronal
differentiation. The ECS further contributes to the regulation of a variety of
physiological and cognitive processes including pregnancy (Wang, Xie and Dey,
2006), pre- and postnatal development (Fride, 2004), fertility (Klein et al., 2012),
appetite, mood, pain modulation, energy metabolism and in mediating the
pharmacological effects of cannabis (Aizpurua-Olaizola et al., 2017; Donvito et al.,

2018).

13



2.2 Cannabinoid Receptors

The cannabinoid receptors are guanine-nucleotide-binding protein (G protein) —
coupled receptors (GPCR) that are activated by cannabinoids, and they exist
primarily on central and peripheral neurons, and on immune cells. In 1988 (Di Marzo,
Stella and Zimmer, 2015), the first cannabinoid receptor (CB1 receptor), which is
encoded by gene CNR1 was discovered in the brain. In 1993 (Di Marzo, Stella and
Zimmer, 2015), the second cannabinoid receptor (CB2 receptor), which exhibits 48%
homology with the CB1 receptor, was predominantly identified in immune cells (e.g.
mast cells, B-lymphocytes and macrophages) (Cabral G. A., 2009) with the greatest

density in the spleen.

These receptors (CB1,CB2) are common in animals, having been found in
mammals, fish, birds, and reptiles. They differ in their sensitivity to specific agonists
and antagonists, predicted amino acid distribution, signaling mechanisms, and tissue
distribution. CB1 receptor is the most abundant GPCR in the brain regions, like
cortex, basal ganglia, hippocampus, cerebellum, also in both male and female
reproductive systems, liver, heart, bones, lung and it is expressed in inhibitory —
GABAergic — and excitatory — glutamatergic— presynaptic terminals (Castaneto et al.,
2014)(Di Marzo, Stella and Zimmer, 2015). The binding affinity of the cannabinoids
to the CB1R and CB2R, define the effects evoked by these ligands. For instance, a
higher affinity to CB1R may induce a psychotropic effect if the density of this
receptor is higher in neuronal cells, and a higher affinity towards CB2R may result in

chronic pain reduction, but not in psychotropic effects (Anand et al., 2009).

CB1 and CB2 receptors are usually coupled to G protein type Gi,o and they
activate mitogen-activated protein kinases (MAPK), like JUN N-terminal kinases
(JNKs), p38 MAPKSs, extracellular signal-regulated kinase 1 (ERK1) and ERK2. Through
this coupling, they also inhibit adenylyl cyclase and protein kinase A (PKA). Activation
of the CB1 receptor in particular inhibits L-, N- and P/Q-type voltage-activated Ca?*
channels, and it also modulates potassium channels. As a result, there is a reduction
of neurotransmitters (e.g. GABA, acetylcholine, noradrenaline, glutamate).

Activation of the CB2 receptor, modulates immune cell migration and cytokine

14



release, within and outside the brain. They are also found in post-synaptic

localizations in neuronal cells (e.g. neurons, glia, endothelial brain cells).

Several polymorphisms in the genes that lead to the expression of CB1 (cnri1)
and CB2 (cnr2) receptors have been linked to disorders such as schizophrenia, and

depression (for CNR1) and postmenopausal osteoporosis (for CNR2).

2.3 Endogenous Cannabinoids

The endogenous cannabinoids (ECs) were discovered in 1995, shortly after the
discovery of CB1 and CB2 receptors, as a group of lipid neurotransmitters produced
intracellularly, which act as endogenous agonists of cannabinoid receptors (Fiar,
2009). They consist of derivatives of the non-oxidative metabolism of the
polyunstaturated fatty acid, arachidonic acid (Di Marzo, Stella and Zimmer, 2015).
Although there appears to be several endocannabinoids, only two of these
endogenous mediators have been studied so far: N-arachidonoyl-ethanolamine
(anandamide, AEA) and 2-arachidonoylglycerol (2-AG). Despite having similar
structures, AEA and 2-AG differ in many ways, namely regarding their localization,
biosynthesis, binding affinity and efficacy at the receptors (receptor selectivity), and

their levels in brain cells (Pertwee et al., 2010; Zou and Kumar, 2018).

Anandamide was discovered in the porcine brain, but it is present in human
brain and it has the ability to bind to the CB1R with high-affinity and low-efficacy (Di
Marzo, Stella and Zimmer, 2015). Generally, it is a partial agonist for both receptors
(CB1R, CB2R), but it has lower efficacy at CB2 receptors. It derives from the
hydrolysis of N-arachidonoyl phosphatidylethanolamine by a phospholipase D-like
enzyme (NAPE-PLD) (Di Marzo, 2008). Levels of anandamide in unstimulated brain
cells around 29 pmol/g of tissue in rat hippocampus (Felder et al., 1996), which are
much lower compared to levels of 2-AG. Of note, anandamide is a mediator that also
shows further functional flexibility because it activates non-cannabinoid receptors
such as TRPV1 channel and possibly the PPARy receptors (Di Marzo, Stella and
Zimmer, 2015).
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The endogenous 2-monoglyceride, termed 2-arachidonyl glycerol (2-AG) was
discovered in the canine gut, and it is synthesized through the action of an sn-1-
diacylglycerol lipase on sn-2-arachidonate containing diacylglycerols (Di Marzo,
2008). It is an agonist for CB1R and CB2R, with similar affinities for both receptors. In
comparison to anandamide, 2-AG elicits more significant responses at both CBRs.
Levels of 2-AG have been detected up to 4 nmol/g of brain tissue (Sugiura et al.,
1995), much higher than anandamide. Intracellularly, anandamide and 2-AG can be
rapidly degraded by enzymatic hydrolysis, via fatty acid amide hydrolase (FAAH) into
arachidonic acid and ethanolamine, and by monoacylglyerol lipase (MAGL) into
arachidonic acid and glycerol, respectively (Deutsch and Chin, 1993; Di Marzo et al.,

1994).

The discovery and the whole research on these endogenous cannabinoids
revealed their significant role on the function of the endocannabinoid system, due to
their various intracellular regulatory effects like the inhibition of the release of
excitatory (e.g. acetylcholine, glutamate) and inhibitory (e.g. GABA, glycine)
neurotransmitters in central and peripheral nervous system, rendering them as a
potential alternative targets for therapeutic use (Howlett, 2002). Endogenous
cannabinoid activity may also trigger other cellular responses such as the enhanced
release of other neurotransmitters (Waksman et al., 1999),downstream inhibition of
NO release in microglial cells when a CB1R agonist is present, enhanced NO release
from monocytes following exposure to 2-AG, or inhibition of T-helper cell activation

in a CB2R-associated way.

2.4 Enzymes responsible for Endocannabinoid Synthesis and
Degradation

Endogenous cannabinoid biosynthesis or degradation are catalyzed by specific
enzymes (Di Marzo, 2008).When intracellular Ca?* is increased, and after activation
of metabotropic Gg/i-coupled receptors or neuron depolarization, the ECs are
produced from phospholipid precursors. Generally, AEA is a low-efficacy, high-

affinity CB1 agonist, while it elicits almost no response from CB2 receptors. On the
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other hand, 2-AG is a full agonist at both CB1 and CB2 receptors, however it displays
moderate-to-low affinity for both receptors (Di Marzo, Stella and Zimmer, 2015; Zou

and Kumar, 2018).

The production of the N-acylethanolamine (NAE) anandamide occurs through
the hydrolysis of an appropriate N-acyl-phosphatidyl-ethanolamine (NAPE). In the
intracellular membranes, pre- and postsynaptically, N-acylphosphatidylethanolamine
(NAPE)-specific phospholipase D (NAPE-PLD) is able to catalyse this process in a
single step. Concerning the degradation of AEA, fatty acide amide hydrolase 1
(FAAH) is an enzyme located postsynaptically that is able to hydrolyze the eCBs that
they are taken up by cells (membrane carriers, intracellular carrier proteins or
endocytosis). FAAH cleaves anandamide into arachidonic acid and ethanolamine. It
may be also oxidized by the enzyme cyclooxygenase 2 (COX 2 — prostaglandin G/H/
synthase 2) (Di Marzo, Stella and Zimmer, 2015).

2-AG and other 2-acylglycerols are biosynthesized in a single step by the
hydrolysis of diacylglycerols (DAGs), via diacylglycerol lipases (DAGL, or DAGLg). The
degradation of 2-AG is similar to AEA’ s, but the reaction is catalysed by
monoacylglycerol lipase (MAGL), which cleaves 2-AG into arachidonic acid and
glycerol. 2-AG may be also hydrolysed by ABHD6 (a,f hydrolase 6), ABHD12 and
FAAH (Di Marzo, Stella and Zimmer, 2015).

2.5 Importance of the endocannabinoid system to the regulation of
the neuronal function (neurodevelopment)

Brain development is a highly complex process, requiring the concerted action
of morphogens and extracellular signals that regulate and orchestrate functional
neurogenesis (Galve-Roperh et al., 2009). This is achieved through a multitude of
steps, including the proliferation of progenitor neuronal cells, the differentiation and
maturation of various neuronal cell types, including the establishment of appropriate
synapses. Endocannabinoid ligands, their receptors and their downstream signaling
pathways are active during neurodevelopment at all stages (from embryonic to the
adolescent brain). Thus, cannabinoid signaling plays a major role in neuronal
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homeostasis and in modulating cellular plasticity, as well as neuronal proliferation

and apoptosis in the immature brain (Sagredo et al., 2018).

High CB1 receptor expression levels have been observed in selective areas (such
as the mesolimbic dopaminergic system) during the early developmental stages of
nervous system, as well as in the adult brain (Fernandez-Ruiz et al., 2004) (Galve-
Roperh et al.,, 2013). In embryonic rat brains, both CB1R and CB2R have been
detected around the 11™ day of gestation (Buckley et al., 1997).The endogenous
cannabinoids interact with these receptors, preventing excessive synaptic activity
(Galve-Roperh et al., 2009). During the fetal stage, concentrations of 2-AG are much
higher (almost 1000-fold) than those of the anandamide (Fernandez-Ruiz et al.,
2000).

Recent studies provided interesting insights regarding the potential of
cannabinoids and their receptors in the regulation of proliferation and pyramidal

specification of neural progenitors.

More specifically, regarding neuronal proliferation, a recent study utilizing both
selective CB1R (Arachidonyl-2'-chloroethylamide) and CB2R agonists (HU-308), as
well as a non-selective CB1R and CB2R agonist (WIN55,212-2), showed that
simultaneously activation of CB1R and CB2R increased the proliferation rate in early
postnatal Sprague-Dawley rats (Rodrigues et al., 2017). Experiments in a mouse
model showed that hippocampal CB1R activation, modulates neural progenitor cell
fate by favoring proliferation instead of neuronal differentiation, an effect that was
diminished following the exposure to a CB1R antagonist (SR141716) (Aguado, 2006;
Harkany et al., 2007; Mulder et al., 2008). Furthermore, Aguado et al. (2005)
reported that WIN-55,212-2 enhanced neuronal progenitor cell proliferation in a
CB1R-dependent way, since proliferation levels were not affected in cells lacking
CB1R (Aguado et al., 2005). The same study concluded that neuronal progenitor cell
proliferation may be regulated through the endocannabinoid system. In addition, the
endocannabinoid system may promote neuronal migration as shown by Diaz-Alonso
et al. (2016) (Diaz-Alonso et al., 2017). According to the authors, acute silencing of

CB1R impaired radial migration and altered neuronal morphology in mice.
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In another study, exposure of PC12 cells to exogenously added anandamide
inhibited neuronal differentiation in these cells, via CB1R in a Rapl1/B-Raf/ERK-
dependent way (Rueda et al.,, 2002), while the same compound also inhibited

neurogenesis in adult rats (Rueda et al., 2002).

CB2 receptors are mostly known by their ability to modulate neuroinflammation
by diminishing inflammatory cytokines, innate immunity and the infiltration of
peripheral immune cells (Turcotte et al., 2016). According to previous studies, CB2R
agonists may prevents HIV-associated inhibition of hippocampal neurogenesis in

adult transgenic mice (Avraham et al., 2014).

Cannabinoids may also affect neuronal differentiation by post-translationally
regulating a key transcription factor (Pax6), as observed following exposure to HU-
210 (Bromberg et al., 2008). This SC led to the modulation of the PI3k/Akt pathway,
thus promoting Pax6 phosphorylation in differentiating neuroblastoma cells. The
observed phosphorylation resulted in the activation of kinase signaling, thus
promoting neuronal outgrowth. Generally, via autocrine signaling, cannabinoids
contribute to the primary growth of axons and in rat brain, the axonal navigation and
the positioning can be affected by cannabinoids through phosphorylation of ERK1
and ERK2 (Berghuis et al., 2007).

Therefore, the potential of cannabinoids to modulate neurodevelopment-
related pathways has been demonstrated, shedding light on their importance in the

fine-tuning of this particularly complex neurodevelopmental process.

3. Synthetic Cannabinoids

SCs represent an heterogeneous group of molecules chemically designed to
activate cannabinoid receptors (Carroll et al., 2012). They interact with CB1 and CB2
receptors and elicit effects similar to A%-THC. The first synthetic compound, A°-THC,
was designed in 1965 by Mechoulam et al. (Mechoulam and Gaoni, 1965). Initially,
SCs represented research tools to explore the endocannabinoid system and have
also been used as potential therapeutics (Castaneto et al., 2014). SCs have been
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marketed since the early 2000s as herbal incense or “herbal smoking blends”
(Shevyrin and Morzherin, 2015). Their most common brand names were Spice, K2
and most of them had the ability to escape detection by standard screening tests
(Castaneto et al., 2014). Herbal smoking blends, or mixtures, may not contain
cannabis, but they may produce similar effects when smoked (European Monitoring
Centre for Drugs and Drug Addiction (EMCDDA), 2017). They promote much more
potent pharmacological effects than THC, such as anti-inflammatory, analgesic,
weight-loss and anti-cancer growth effects (Castaneto et al., 2014). Most of the
times, SC users smoke the dried material, but SCs can also be sold as liquids for
vaporization and inhalation (e.g. e-cigarettes), included in food (e.g. cakes) or

brewed in tea (UNODC, 2011).

The classification of SCs, varies among different authors, but they may be
generally classified as: a) classical cannabinoids, which are dibenzopyran derivatives
(e.g. isomers of THC, HU-210), b) nonclassical cannabinoids, which are synthetic
cyclohexylphenol derivatives (e.g.CP47497, CP55940), c) hybrid cannabinoids (e.g.
AM-4030), d) aminoalkylindoles, which are subdivided into naphtoylindoles (e.g.
JWH-122), phenylacetylindoles (e.g. JWH-250), benzoylindoles (e.g. AM-694), and
naphtylmethylindoles (e.g. JWH-175), e) eicosanoids (e.g. anandamide), and f) other
compounds, such as naphthoylpyrroles, diarylpyrazoles (e.g. SR144528, SR141716A)
and naphthylmethylindenes (Shevyrin and Morzherin, 2015).

Although severe SC toxicity has been reported, the daily SC use still remains at a
high level, resulting in withdrawal and dependence (Cooper, 2016). Adverse effects
related to acute intoxication and withdrawal have been reported after daily use of
SCs, and the suggested treatment was emphasized in pharmacotherapies for
managing detoxification (Cooper, 2016). Crucially alarming is the risk pertaining to
the unpredictable and severe nature of acute intoxication. Moreover, the effects of
their long-term chronic use of SCs also need to be identified through studies on their
behavioural and physiological impact (Cooper, 2016). There are also reports
indicating that SCs may be significantly more addictive than marijuana due to a
strong compulsion to re-dose and persistent cravings that last up to a week after the

consumption (Abouchedid et al., 2016). These severe effects of SCs are thought to
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stem from the fact that SCs are full agonists to the cannabinoid receptors, while THC

is only a partial agonist (Fantegrossi et al., 2014).

3.1 Health impact of SC use

Synthetic cannabinoids represent an evolving challenge to drug policies. Up to
two years ago, the substances appearing on the drug market were increasing, with
about one additional SC being reported every week in Europe (EMCDDA, 2018). In
the past two years, these numbers seem to have stabilized as a result in legislation
changes (EMCDDA, 2019). Generally, risk assessments predict whether a new
psychoactive substance is liable to similar abuse and produces similar ill effects as
the most reported drugs; whether it has the capacity to produce dependence and
stimulation of the central nervous system or depression, resulting in hallucinations
and disturbances in motor function, mood, behavior, thinking, and perception; and if
a substance has been abused so as to constitute a public health and social threat

that needed to be under international control (EMCDDA, 2010).

The adverse effects of SCs include panic attacks and cardiovascular problems like
hypertension and tachycardia (Znaleziona et al., 2015). They may also cause red
eyes, palpitations, vomiting, and nausea (Shevyrin and Morzherin, 2015;
Abouchedid et al., 2016). Between 2014 and 2015, the Centers for Disease Control
and Prevention (CDC) recorded, a tripled number of deaths from SC use (Abouchedid
et al., 2016). Of note, deaths caused by SC use are usually linked to myocardial
complications (Mir et al., 2011). The health effects resulting from the action of
synthetic cannabinoids in the human brain can be unpredictable and dangerous due
to their strong binding ability to the cell receptors. Brain effects reported after SC
use include an elevated mood, symptoms of psychosis (disordered or delusional
thinking detached from reality) and also psychotic effects such as paranoia,

hallucinations, confusion, poor coordination or extreme anxiety.

21



3.2 Cannabinoid use in pregnancy

With prenatal exposure to SCs being extremely high, there is an urgent need to
identify the impact of the use of SCs during pregnancy, and on neonatal
development (Grant et al.,, 2018). Cannabinoids, namely THC, have the ability to
cross the placenta and reach the fetus, and cannabinoid receptors have already been
identified in the fetal brain and placenta (Grant et al., 2018). As a result, prenatal
consumption of cannabinoids could potentially have a detrimental impact on fetal
development and generally on the child’s brain, by causing an imbalance in
neurotransmitter release (Castaldo et al.,, 2010; Friedrich et al., 2016). Also, in
experiments using rats, the altered migration of interneurons in early postnatal
hippocampus, induced by the prenatal stimulation of the CB1 receptor from THC, has
shown to cause the deterioration of cognitive functions (Mereu et al., 2003; Berghuis
et al., 2005). Due the complex function of the nervous system in the mature versus
developing brain, long-term effects of fetus exposure to cannabinoid are more

impactful than long-term implications to the mother (Pinky et al., 2019).

The use of cannabis during pregnancy may lead to the disruption of
developmental processes, including a risk of fetal growth restriction, adverse
obstetrical outcomes, miscarriage or low birth weight (Grant et al., 2018). Prenatal
exposure to cannabis also seems also to be associated with adverse behavioral
effects, such as deficiencies in attention, learning, memory, and executive function in
the offspring (Pinky et al.,, 2019). This can be attributed to the increased
susceptibility of the neurotransmitter systems during the developmental stage(Pinky
et al., 2019). Additionally, the expression of genes encoding for neuron-glia cell
adhesion molecules may also be affected by cannabinoids (Fernandez-Ruiz et al.,

2004).

Pre-clinical and clinical research has concluded that the use of cannabis during
pregnancy is associated to constant modifications concerning the psychological well-
being and higher-level cognition (Grant et al., 2018; Pinky et al., 2019). The use of
preclinical models is thus important to better understanding the complex mental,
cognitive, and emotional disturbances associated with the use of SCs during and/or

before pregnancy (Green, Gabrielsson and Fone, 2011).
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3.3  Effects of SCs on neuronal development

The effects of SCs on neuronal development remain largely unknown. However,
there are some studies that show that SC may modulate the pathways that take part
in the stages of the developing nervous system (e.g. differentiation, proliferation,
migration) (Tojima et al., 2000; Jiang et al., 2005). For example, Jiang et al.(Jiang et
al.,, 2005) reported that chronic treatment of cultured embryonic hippocampal
neural stem cells with the synthetic cannabinoid HU-210 promoted the embryonic
and adult neurogenesis, especially their proliferation and not differentiation, by
activating CB1 receptors, Gi,, proteins and the ERK pathway. Palazuelos et al.
(Palazueloset al., 2012) reported that HU-308 was able to stimulate neurogenesis in
ratHiB5 hippocampal progenitor cells, through the modulation of CB,R and the
PIsK/Akt/mTOR1 pathway, which is activated by the CB,;R. However, these studies
present some limitations, including the lack of reproducibility between different
studies, or the high heterogeneity of the models used, with many different cell types

at different stages of differentiation (Jiang et al., 2005; Jensen and Parmar, 2006).

The table below lists major studies based on the neurodevelopment alterations
noticed both in vivo and in vitro following treatment with different synthetic
cannabinoids (Prenderville, Kelly and Downer, 2015). Some SCs may play pivotal
roles, at least in some of the phases of neurogenesis, but further research is

required.

Table 1: Assessments concerning the in vivo and in vitro effects of synthetic cannabinoids in
neurogenesis.

Treatment Model Measurement Observation Reference
HU-210 Invivo | Cell proliferation in the Intensified (Jiang et al.,
(Rats) dentate gyrus 2005)
HU-210/AEA | Invitro | Proliferation of embryonic Intensified (Jiang et al.,
hippocampal neural 2005)
progenitor/neural stem cells
HU-308 Invivo | Hippocampal progenitor Intensified (Palazuelos et al.,
(Mice) | proliferation 2012)
HU-308 In vitro | Proliferation of HiB5 neural Intensified (Palazuelos et al.,
progenitor cells 2012)
HU-308 In vitro | Proliferation of cortical Intensified (Palazuelos et al.,
progenitors in organotypic 2012)
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cultures

AEA / ACEA In vitro | Differentiation of embryonic | Intensified | (Compagnucci et
murine neural precursors al., 2013)
that come from the cortex

WIN55,212-2 | Invivo | Dorsal hippocampal Decreased (Abboussi et al.,

(Rats) neurogenesis during 2014)

adolescence

WIN-55,212- | Invitro | Number of GFAP* cells after Intensified (Aguado, 2006)

2/URB597/ differentiation of postnatal

AEA/2-AG neuronal stem cells for 48
hours

AM1241 In vitro | Differentiation/proliferation Intensified (Avraham et al.,

of human neuronal stem cells
in presence of Gp120

2014)
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4. Aims of the experimental work

The emergence and use of synthetic cannabinoids globally represents a critical
challenge for public health. The major problem concerning these new SCs is that
their toxicological profiles are not completely identified, even though a serious
number of acute intoxications and deaths have already been observed following the
use of these substances (Trecki, Gerona and Schwartz, 2015; Shanks and Behonick,
2016). In particular, the use of SCs by pregnant or non-pregnant women in

reproductive age is also alarming.
Accordingly, the aims of this work were:

1) to assess the in vitro effects of 3 different, and commonly reported, synthetic
cannabinoids (THJ-2201, ADB-FUBINACA, and AB-CHMINACA) on neuronal
differentiation. These SCs were tested at different concentrations, in a
neuroblastoma-glioma hybrid NG108-15 cell line, and parameters like total neurite
length and differentiation ratio (number of neurites per total number of cells) were

analyzed.

2) to evaluate if such effects could be mediated by the endocannabinoid system.
For this purpose, the effects of inhibitors of CB1 receptor and inhibitors of the
synthesis of endogenous cannabinoids on neuronal development were tested in cell
differentiation conditions. Also, the expression of some neuronal differentiation-

related proteins was analyzed, by Western-Blot.
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5. Materials & Methods

5.1 Chemicals

The synthetic cannabinoid THJ-2201 ([1-(5-Fluoropentyl)-1H-indazol-3-yl](1-
naphthyl)methanone) is a naphtoylindole, structurally similar AM-2201, but
compromising an indazole group instead of the central indole ring. ADB-FUBINACA
(N-(1-Amino-3,3-dimethyl-1-oxobutan-2-yl)-1-(4-fluorobenzyl)-1H-indazole-3-
carboxamide) features a carboxamide group at the 3-indazole position, being a
specific agonist of CB1 receptor. AB-CHMINACA (N-[(2S)-1-Amino-3-methyl-1-
oxobutan-2-yl]-1-(cyclohexylmethyl)indazole-3-carboxamide) is also an indazole-
based synthetic cannabinoid, and a potent agonist of CB1 and CB2 receptor. THJ-
2201 was kindly supplied by Dr Ana Santos Carvalho (Center for Neurosciences and
Cell Biology, University of Coimbra, Portugal). The other two SCs (ADB-FUBINACA
and AB-CHMINACA) represent a kind gift from TicTac Communications Ltd. (UK).

The chemical structures and other information (e.g. binding affinities)
concerning these SCs are represented in Table 2. SR141716A (rimonabant), an
antagonist of the CB1 receptor, was acquired from Tocris Bioscience (Bristol, UK). A
10 mM stock of SR141716A was prepared in dimethylsolfoxide (DMSO). This stock
was further diluted in Hank’s Balanced Salt Solution (HBSS) before cell exposure to
attain a final inhibitor concentration of 500 nM in a final DMSO concentration below
0.5%. This DMSO concentration was previously described as being non-toxic to
NG108-15 cells. Methyl arachydonyl fluorophosphonate (MAFP) and
tetrahydrolipstatin (THL) inhibit N-acylphosphatidylethanolamine-PLD (NAPE-PLD)
and diacylglycerol lipase (DGL), respectively, which represent the enzymes that
synthesize anandamide and 2-arachidonoylglycerol, respectively. As a result, they
inhibit the endocannabinoid synthesis. MAFP was acquired from Cayman Chemicals
and THL was acquired from Sigma-Aldrich (St Louis, Missouri). The final
concentrations of MAFP and THL in the wells were 100uM and 1uM, respectively.
Heat-inactivated fetal bovine serum (FBS), phosphate buffered saline (PBS), 0.25%
trypsin/EDTA, antibiotic (10000 U/ml penicillin, 10000 pg/ml streptomycin) and

Hank’s balanced salt solution (HBSS) were purchased from Gibco Laboratories
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(Lenexa, Kansas, USA). All other reagents were purchased from Sigma Aldrich (St.

Louis, Missouri, USA), unless stated otherwise.

Table 2: Structures, chemical names, cannabinoid class and binding affinities to CB1 and CB2
receptors of the synthetic cannabinoids tested in this study.

. Ki Ki-
Name Structure Cannabinoid Class CB1 CB2
THJ-2201 ([1-(5- o O
1.34 1.32
Fluoropentyl)-1H-indazol-3- O naphtoylindoles nl\zjl nl\?;l
yll(1-naphthyl)methanone) O I:i/\/\F
ADB-FUBINACA (N-(1-Amino- .
3,3-dimethyl-1-oxobutan-2- 1-a|ky|-1H.-|ndazoIe.3-3- 0.36
carboxamides(Banister ---
yl)-1-(4-fluorobenzyl)-1H- et al., 2016) nM
indazole-3-carboxamide) Y
AB-CHMINACA  (N-[(2S)-1- ,g#(o
Amino-3-methyl-1- Oy—nn NH2 | 1-alkyl-1H-indazole-3- 0.78 0.45
oxobutan-2-yl]-1- ©f\r.\. carboxamides(Banister | :
N nM nM

(cyclohexylmethyl)indazole-
3-carboxamide)

etal., 2016)

5.2  Cell culture

The mouse neuroblastoma x rat glioma hybrid NG108-15 cell line was used as a

model for all the experiments. In an undifferentiated state, these neuronal cells are

usually flat and round, presenting a diameter between 10 to 100 uM. They represent

a well-characterized model of neurite outgrowth and synapse formation, under

stressed conditions, such as a state of limited nutrients. This cell line represents a

well-characterized model to study the morphological and adhering modifications

occurring during neuronal differentiation and has many advantages over primary

cultured neurons since they display an homogenous cell type identity, thus they are

not influenced by other cells in the culture, and they grow faster in culture medium

compared with primary cultures (Campanha, Carvalho and Schlosser, 2014). These

cells express several neuronal-related proteins and neurotransmitters, and also

express mouse and rat CB1 receptor, but not the CB2 receptors (Tojima et al.,

2000)(Ho and Zhao, 1996).
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The NG108-15 cell line was purchased from the European Collection of
Authenticated Cell Cultures (ECACC, Salisbury, United Kingdom). Cells were cultured
in 75 cm? flasks containing Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS) and a
solution of 100 U/ml penicillin and 100 pg/ml streptomycin, henceforth termed
Maintenance Medium (MM). The cells were maintained at 37°C in a humidified 5%
CO; atmosphere. Upon reaching about 80% confluence, the cells were subcultured

by trypsinization with a 0.25% trypsin/EDTA solution.

5.3 Neuronal differentiation

Differentiation of NG108-15 cells was induced, according to Chao CC et al. (Chao
et al., 2014). Cells were seeded at a density of 1.5x10* cells/ml in 96-well plates and
allowed to adhere overnight at 37°C (at 5% CO;). The Maintenance Medium was
replaced by Differentiation Medium (DM), which consisted of DMEM supplemented
with 1 % FBS and the differentiation factors 10 uM Retinoic Acid and 30 uM
forskolin. To assess the effects of SCs on neuronal differentiation, the above-
mentioned SCs, were added either once (1 single addition, performed on day 0, right
after replacing the maintenance medium), or three times (3 multiple additions,
performed at every 24h). The cells were incubated at 37°C, 5% CO;, and cell
differentiation followed up to 72h. As negative controls, cells were maintained in

DM, in the presence of no more than 0.5% DMSO.

To assess the involvement of the CB1 receptor in the SC-mediated neuronal
differentiation, NG108-15 cells were incubated with 500 nM SR141716A, a specific
CB1R antagonist, 20 min prior to SCs addition, according to the procedure described
by Silva et al. (2018) (Silva, Carmo and Carvalho, 2018). The effect of SR141716A on

cell differentiation was also considered.

Inhibition of endocannabinoid synthesis, was attained by incubating NG108-15
cells with 100 uM MAFP and 1 uM THL for 20 min, before SCs addition (Bisogno et
al., 2006). A control in which MAFP and THL were added to the cells in the absence

of SCs was also considered.
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After 72h of incubation, neurite outgrowth was imaged using bright field with
the Lionheart™ FX Automated Microscope (Bio-Tek, Winooski, Vermont, USA). Total
cell number and total primary neurite length were determined in the images taken
using the Imagel software (Image J 1.52a; Java 1.8.0_112, National Institutes of
Health, USA). The differentiation ratio was calculated by assessing the number of
newly-formed neurites per number of cells. We considered neurites as every
outgrowth extending longer than 20 uM from the soma, in accordance to Campanha

H et al. (Campanha, Carvalho and Schlosser, 2014).

5.4Western-Blot

5.4.1 Total protein extraction

NG108-15 cells were seeded at a density of 1.5x10° cells/ml, in 6-well plates and
the differentiation protocol performed as described above (Section 5c). Treatment
with specific synthetic cannabinoids was tested by adding once the cannabinoids in
1pM and 1nM concentration. After 72 h, the cell culture medium was collected into
15ml tubes placed on ice. The cells were then scrapped (with a cell scraper) in the
presence of 1 ml of HBSS, and collected into the previous tubes. The cell suspensions
were centrifuged at 1000 g for 5 min, 4°C, and the supernatants were discarded. The
pellets were rinsed with 1 ml HBSS and the suspension was centrifuged again at
1000g for 5 additional minutes. The supernatants were again discarded and the
pellets were resuspended in 100 pl of collecting buffer (20 mM HEPES/NaOH pH 7.5,
250 mM Sucrose, 10 mM KCl, 2 mM MgCL,, 1 mM EDTA pH 7.5) supplemented with
2 mM dithiothreitol (DTT), 100 uM phenylmethylsulfonyl fluoride (PMSF) and a
protease inhibitor cocktail (containing 1 ug/ml of leupeptin, chymostatin, antipain
and pepstatin A). The pellets were further disrupted by sonication with three pulses
of 10 seconds, intercalated with 30 seconds on ice. The amount of total protein in
each sample was quantified using the DC Protein Assay kit (Bio-Rad, Hercules, CA,
USA), according to the manufacturer’s instruction, and using Bovine Serum Albumin

(BSA) as standard. The samples were stored at -80°C until used.
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5.4.2 Western-Blot analysis

The expression of five proteins (Acetylcholinesterase, B3 Tubulin, PSD-95, CB1
receptor polyclonal and Synaptophysin), which are associated with the neuronal
differentiation, was determined by Western-Blot analysis on the total protein
extracts (obtained in Section 5.d.i). The samples were denatured at 90°C for 5 min,
following their dilution in 4x SDS Sample buffer (1:3 v/v). The sample loading buffer
consisted of 0.25 M Tris-HCI, 10 % SDS, 50 % glycerol, 0.2 M DTT, and 0.001%

Bromophenol Blue.

The samples, containing 50ug of protein, were then separated in 7.5%
polyacrylamide gels by SDS/PAGE electrophoresis and transferred into
polyvinylidene fluoride (PVDF) membranes (GE Healthcare, Pennsylvania, USA).
Membranes were blocked in 5% skim milk for 2 h at room temperature, washed
three times with TPBS (0.05% Tween 20 in phosphate buffered saline, pH 7.4), and
incubated overnight at 4°C, with each of the following primary antibodies: mouse
anti-AChE (A11) (1:250, Santa Cruz Biotechnology, California, USA), mouse anti-f3
Tubulin (2G10) (1:250, Santa Cruz Biotechnology, CA, USA), mouse anti-PSD-95 (6G6)
(1:250, Santa Cruz Biotechnology, CA, USA), mouse anti-SYP (4H255) (1:250, Santa
Cruz Biotechnology, CA, USA) and rabbit anti-CB1 Receptor Polyclonal (1:200,
Cayman Chemicals,Michigan, USA). To normalize the results per the amount of
protein loaded, after stripping the membranes, blots were also probed for mouse
anti-B-actin (1:5000, Sigma-Aldrich, St Louis, Missouri, USA). All the primary
antibodies were diluted in 1% BSA prepared in TPBS, and 0.05% NaNs. After the
overnight incubation with the primary antibodies, the membranes were washed
three times in TPBS and further incubated with Horseradish Peroxidase-linked anti-
mouse IgG (1:10000, GE Healthcare, USA), or in the case of the CB1 Receptor
Polyclonal Antibody, anti-rabbit IgG (1:2000, GE Healthcare, Pennsylvania, USA). The
secondary antibodies were diluted in 1% BSA prepared in TPBS. After three washes
in TPBS, immune reactive bands were detected by labeling the blots with the Clarity
Western ECL Substrate (Bio-Rad, Hercules, CA, USA) for 5min. The bands were
visualized using a molecular imager Chemi-Doc XRS system (Bio-Rad, Hercules, CA,

USA). Band intensities were quantified using Image Lab 6.0 (Bio-Rad, Berkeley, CA,

30



USA). All band intensities were normalized against the B-actin control. Results from

SC treatments were expressed as fold-change relatively to the vehicle control.

5.5 Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8.0.1 (GraphPad
Software, La Jolla, California, USA). To determinate the normality of the distributions
prior to each analysis, Dunnett’s multiple comparisons test, and Sidak’s multiple
comparison test were used, and the acceptability of skewness and kurtosis values
were also taken into account. Based on the normality tests results, One-way ANOVA,
followed by a Dunnett’'s comparison post-test, was performed. The number of
independent experiments, as well as the number of replicates performed per
experiment, if any, are detailed in the figure legends. A value of p < 0.05 was

considered to represent a statistically significant difference.
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6. Results

6.1 Modulation of Neuronal Differentiation by Synthetic
Cannabinoids

Neuronal cell differentiation was assessed in NG108-15 cells by measuring the
differentiation ratios and the total primary neurite length of cells exposed to the
different SCs (THJ-2201, ADB-FUBINACA, AB-CHMINACA). As observed in the Figure
1(a), in the control cells (DM only), the differentiation process was triggered and a
complex system of neurite outgrowth was developed following the administration of

differentiation factors.

The same figure shows that neuronal differentiation ratios increased (between
1.5 and 3.5-fold) following both a single and multiple additions of the THJ-2201,
compared to the Differentiation Medium alone. This increase was more accentuated
at the highest concentration 1uM of THIJ tested. A significant difference of 1.6-fold in
the differentiation ratio was also noticed between the two types of treatments (1
and 3 additions), with the latter displaying a higher ratio. The total neurite length
was more extensive following a single addition (compared with multiple additions) at

1 nMand 1 pM THJ-2201, as observed in the Figure 1(a).

Figure 1(a) also displays a specific trend on differentiation ratios for the cells
treated with the cannabinoid ADB-FUBINACA. In particular, increased neurite
outgrowth (about 2.6- to 3.1-fold) was observed in all the concentrations tested with
1 and 3 additions, compared to the vehicle-treated controls. Regarding the total
neurite length, no significant difference was observed between controls and the
cannabinoid-treated cells, with the exception of 3 additions of 1pM, in which a 1.9-

fold increase was evident.

Moreover, after exposure of the cells to AB-CHMINACA (either following a single
or multiple additions), significant 1.8-fold to 4.8-fold increases were noticed in the
differentiation ratios at all the tested concentrations (Figure 1a). This increase
confirmed that the synthetic cannabinoid AB-CHMINACA promoted NG108-15 cell
differentiation. Also, a rise in differentiation ratio was observed in the multiple

additions condition, compared to a single addition, at 1 pM and 1 nM. As also
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displayed in the representative images of Figure 1(b) and further represented in the
graphical representations (Figure 1(a)), the total neurite length in the cells
concerning 1 addition experiments were more complex and developed (there are
more and larger neurites) than in the cells following 3 additions. In the other
concentrations tested, the total primary neurite length was not affected by the
exposure to AB-CHMINACA, except at 1 nM multiple additions and 1 uM at single

addition, in which a 1.7-fold increase and a 1.9-fold decrease were noticed,

respectively.
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Figure 1:Effects of THJ-2201, ADB-FUBINACA and AB-CHMINACA in different dose
treatments on neuronal differentiation.

(A) Graphical representations of the differentiation ratio and total neurite length of NG108-
15 cells, which were incubated with increasing THJ-2201, ADB-FUBINACA and AB-CHMINACA
concentrations ranging from 1pM to 1uM. Neuronal differentiation was induced as
previously described, and significant changes in neurite outgrowth were observed. In all the
experiments, the synthetic cannabinoids were added once, or three times. Each bar
represents the mean * S.E.M. for four independent experiments (n=4), performed in
duplicate. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 compared to the control
(DM). # p< 0.05, ## p <0.01, ### p <0.001 compared to a single addition. (B) Representative
images of NG-108-15 cells treated with THJ-2201 (1 and 3 additions), ADB-FUBINACA (1 and
3 additions), AB-CHMINACA (1 and 3 additions).

6.2 Assessment of the Involvement of the CB1-receptor in SC-
mediated Neuronal Differentiation

The role of CB1 receptor in the enhanced differentiation mediated by the tested
SCs was assessed by incubating the cells with a CB1R inverse agonist (SR141716A),
20 minutes prior to SCs addition. Results in Figure 2(a) show that a significant
increase of the differentiation ratio is occured in cells treated with SR1417167A
alone, compared to the controls (Figure 2a). Noteworthly, this increase was similar
to the ones observed in cells treated with the SCs alone. The presence of the CB1R

inhibitor also did not affect the differentiation ratios induced by the SCs. However,
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total primary neurite length was not affected by the presence of SR141716A,
compared to the respective control. No other statistical significant results were
noticed in the length neurite network of cells treated the SCs in the presence of

SR141716A.
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Figure 2: Assessment of CB1R involvement in neuronal differentiation in the presence and
absence of SCs.

(A) Graphical representations of the differentiation ratio and total neurite length of NG108-
15 cells, which were incubated with increasing THJ-2201, ADB-FUBINACA, AB-CHMINACA
concentrations ranging from 1pM to 1uM. To ascertain a possible effect in the
endocannabinoid synthesis, NG108-15 cells were also incubated with 500nM SR141716A
(SR), which inhibits CB1 receptor, 20 min prior to THJ addition. In all the experiments, the
synthetic cannabinoids were added once, or three times. Each bar represents the mean *
S.E.M. for four independent experiments (n=4), performed in duplicate. * p < 0.05, ** p <
0.01, *** p <0.001, **** p < 0.0001, compared to the control (DM). # p< 0.05, ## p <0.01,
### p <0.001 compared to a single addition. (B) Representative images of control NG108-15
cells and cells treated in the presence of SR141716A alone.

6.3 Role of the Endocannabinoid System in SC-mediated Neuronal
Differentiation

The potential involvement of the endocannabinoids was tested by adding
methyl arachydonyl fluorophosphonate (MAFP) and tetrahydrolipstatin (THL), 20 and
15 min, respectively, prior to the SCs addition. As displayed in the representative
images of Figure 3(b), all the cells treated with these inhibitors alone present an
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abnormal morphology (i.e. they were round-shaped, seemed smaller and showed
few or no neurites) compared to the controls without the inhibitors MAFP and THL
and for all the concentrations of the cannabinoid tested, compared to the control

without inhibitors.

The results depicted in the Figure 3(a) show that there is a more than three-fold
decrease in differentiation ratios of cells treated with MAFP and THL alone,
compared to the cells without inhibitors. Cell treatment with MAFP and THL also
resulted in a decreased total primary neurite length. However, this effect seemed to

be partly reversed by multiple additions of 1uM THJ-2201.
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Figure 3: Assessment of the involvement of endocannabinoids on neuronal differentiation.
(A)Graphical representations of the differentiation ratio and total neurite length of NG108-15
cells, which were incubated with increasing THJ-2201, ADB-FUBINACA, AB-CHMINACA
concentrations ranging from 1pM to 1uM. To ascertain a possible effect in the
endocannabinoid synthesis, NG108-15 cells were also incubated with 100uM MAFP and 1uM
THL (M+T), which inhibit the endocannabinoid synthesis, for 20 and 15 min, respectively,
prior to THJ addition. In all the experiments, the synthetic cannabinoids were added once, or
three times. Each bar represents the mean * S.E.M. for four independent experiments (n=4),
performed in duplicate. * p < 0.05, ** p <0.01, *** p <0.001, **** p < 0.0001, compared to
the control (DM). # p< 0.05, ## p <0.01, ### p <0.001 compared one and three additions. (B)
Representative images of control NG108-15 cells and cells treated in the presence of M+T
alone.

6.4 Analysis of the Expression of Proteins Involved in Neuronal
Differentiation

The expression of some neuronal markers was assessed by Western Blot in
differentiating NG108-15 cells, in the presence of each of the three SCs, at two
different concentrations, 1 pM and 1 nM. Four proteins associated with neuronal
differentiation and representative of distinct differentiation stages and processes

were tested.
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The results depicted in the Figure 4 show that the levels of the proteins CB1R,
AChE, PSD-95 and SYP did not significantly change following treatment with the
synthetic cannabinoids, relatively to the vehicle-treated controls. These results
suggest that SCs are not involved in the processes in which these proteins

participate.

Interestingly, the results depicted in the Figure 4, evidence the increased [33-
tubulin expression (about 1.7-fold increase) relatively to the control (vehicle-treated

DM) following a single addition of 1 nM AB-CHMINACA.
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Figure 4: Expression of proteins involved in neuronal differentiation and SC treatment.
(A)Graphical representations of band intensities, expressed as the percentage of protein
expression relatively to the control. These proteins are present in cholinergic, immature, or
mature neurons, and their expression was assessed by Western-Blot. NG108-15 cells were
incubated with 1pM and 1nM of each synthetic cannabinoid for 72h, according to the
procedure described in Materials and Methods. SYP was identified as bands between 38-
48KDa, 63-tubulin and CB1 receptor polyclonal antibody as bands of 50 and 60KDa,
respectively. AChE was identified as bands of 68 and 71KDa, and PSD-95 as band of 60KDa.
Their expression was normalized by the amount of B-actin in each lane. Each bar represents
the mean * S.E.M. for at least four independent experiments (n=4). ** p < 0.01, compared to
the control (DM). (B) Representative protein bands following cell treatment with a single
addition of THJ-2201 (1pM, 1nM), ADB-FUCINACA (1pM, 1nM), AB-CHMINACA (1pM, 1nM).
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7. Discussion

According to the latest EMCDDA report (EMCDDA, 2019), the health-related
problems, intoxications and deaths associated with SCs consumption are increasing
and, their impact on public health is elevated. The toxicological profiles of many of
these new psychoactive substances are still unidentified. However, there have been
reports implying the disturbance of neuronal development by SCs. These problems
appear to be more profound in adolescent and generally younger populations, since
the central nervous system is not fully developed. Additionally, reproductive-aged
women (either pregnant or not) consist another high risk due to the hazardous and

adverse potential of SCs to be transferred and accumulated in the offspring.

In this experimental work, in vitro neurotoxicological evaluation of three
commonly reported SCs (THJ-2201, ADB-FUBINACA and AB-CHMINACA) was
assessed, especially concerning their potential involvement during neuronal
differentiation in NG108-15 cells. Also, the potential involvement of the

endocannabinoid system in the effects caused by the SCs was tested.

Generally, from the early stages of neuronal development, the endocannabinoid
system seems to be well established and the cannabinoids are able to modulate
various stages of neurodevelopment (Biegon and Kerman, 2001). According to our
neurodifferentiation experiments, the differentiation ratios were similarly increased
for all the SCs tested, compared to the controls without SCs, clearly indicating a
modulatory effect of SCs on neuronal differentiation of NG108-15 cells upon
exposure to 1pM, 1nM and 1uM of THJ-2201, ADB-FUBINACA and AB-CHMINACA.
Even a single dose of each SC was able to significantly increase neurite outgrowth,
although the administration of three doses (every 24h) exhibited similar effects.
Also, Alexandre et al (Alexandre et al., 2018) observed a 2-fold increased
differentiation of NG108-15 cells following a single addition of 1 pM THJ-2201. It is
worth noting that at 1pM and 1nM of AB-CHMINACA, differentiation ratios in the
multiple additions condition were higher, compared to a single addition, indicating a
dose-dependent modulation of neuronal differentiation by this SC. The total primary

neurite length was higher following three additions of 1nM THJ-2201, multiple
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additions of 1pM ADB-FUBINACA, single or multiple additions of 1uM and 1nM AB-
CHMINACA, respectively. No significant differences were observed in any of the

other conditions.

Previous studies show that some SCs are able to modulate neuronal
differentiation, and some of them do not have the ability to play a role in this
process, due to the different mechanisms that SCs may trigger as reviewed in

(Alexandre et al., 2019).

To ascertain if the effects on neuronal differentiation induced by the SCs could
be mediated by the endocannabinoid system, we also assessed the levels of cell
differentiation in the presence of an inhibitor of CB1 receptor (SR141716A) or
following exposure to inhibitors of the endocannabinoid synthesis (MAFP and THL).
Rimonabant (SR141716A) inhibits the thioesterase domain of an enzyme involved in
the proliferation of cancer cells, but not normal cells (FAS, fatty acid synthase). MAFP
and THL inhibit N-acylphosphatidylethanolamine-PLD (NAPE-PLD) and diacylglycerol

lipase (DGL), respectively, which partake in the synthesis of AEA and 2-AG.

The presence of the inhibitor SR141716A alone significantly modified the
differentiation ratios in both conditions (single and multiple conditions) tested of
THJ-2201, ADB-FUBINACA, and AB-CHMINACA, compared to the vehicle-treated
cells. In particular, there is an increase of the differentiation ratio in the presence of
the inhibitor alone, which may be explained by the suppression of a profitable effect
of ECs, by THJ-2201, ABD-FUBINACA, AB-CHMINACA and CBR antagonists. Calvey and
Williams (Calvey and Williams, 2008) mentioned that in the presence of a full
agonist, a partial agonist compete for the occupancy of the receptor and decrease its
net activation, which means that it may act as a full agonist. As a result,
endocannabinoids which are partial agonists of cannabinoid receptors may be
suppressed or act as antagonists upon binding of a full agonist SC to CBRs. Also,
regulation of ADB-FUBINACA-mediated effects on neuronal differentiation appeared
to be dependent on the activation of CB1R, as the inhibition of CB1R increased the
neurite outgrowth of ADB-FUBINACA treated cells in both single and multiple
conditions, compared to the controls. For all the SCs tested, co-incubation with

SR141716A did not induce any significant differences in the total primary neurite
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length. Interestingly, Jian et al. (Jliang et al., 2005) described that treatment of
cultured embryonic hippocampal neural stem cells with the SC HU-210 promoted
only cell proliferation in the dentate gyrus of rats, and not differentiation, by

activating the CB1 receptor.

Cells treated with MAFP and THL produced a significantly reduced neurite
network compared to the DMs without inhibitors, evidenced by the lower
differentiation ratios in the cells treated with these inhibitors, compared to the
vehicle-treated cells. Indeed, in the presence of these inhibitors, the cells displayed
abnormal morphology, being round-shaped, smaller, with fewer or no neurites,
indicating a severe negative impact of these inhibitors in the differentiation process.
Similarly, the total primary neurite length was diminished compared to the control
cells. Taken together these observations indicate a potential modulation of the
neuronal differentiation by the endocannabinoids. Nevertheless, the specific
mechanisms involved require further clarification. Also, using in vitro models,
Forlenza et al. (Forlenza et al.,, 2007) observed that inhibition, with MAFP, of
phospholipase A2, an enzyme involved in developmental processes in the early
stages of the nervous system, reduced the neurite outgrowth, as well as the
neuronal viability. Moreover, Schaeffer et al. (Schaeffer and Gattaz, 2015) also
reported that the in vivo chronic inhibition of phospholipase A2 (also by using MAFP)
in the hippocampus of adult rats, decreased the newborn and mature neurons in the

ventral dental gyrus and ultimately impaired the neuronal survival and maturation.

In addition, the expression of different neuronal markers involved in neuronal
differentiation were examined. In particular, we evaluated the expression of
different neuronal differentiation markers, including: Acetylcholinesterase (AChE),
which is a 68/71KDa protein, present in cholinergic neurons and it is responsible for
the termination of the impulse transmission at cholinergic synapses through
hydrolysis of acetylcholine and it was previously shown that it enhances neurite
outgrowth (Tojima et al., 2000); PSD-95 which is a rat synaptic protein, with a
molecular weight of 95KDa, that plays a crucial role in intracellular signal
transduction and in regulation of growth; Synaptophysin (SYP) which is a N-

glycosylated integral membrane protein detected between 38-48 KDa, that it is
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present in mature neurons and endocrine cells, it is involved in synaptic vesicle
exocytosis in differentiated cells (Tojima et al., 2000) and it is a marker for
presynaptic terminals; CB1 receptor which binds A°-tetrahydrocannabinol; and B3-
tubulin, which is a 50KDa cytoskeleton protein which is present in immature

differentiating neurons of mammalian tissues (Cao et al., 2017).

We observed that the effects of 1 nM AB-CHMINACA on neuronal differentiation
process led to an overexpression of B3-tubulin. B3-tubulin was highly expressed in
cells exposed to differentiation medium compared to the control (maintenance
medium), as expected, considering its localization in neurons of brain tissue and its
involvement in neurodevelopmental processes. This result is in line with previous
published data, which showed that PB3-tubulin’s expression correlates with the
earliest phases of neuronal differentiation from multi potent progenitors, having
been used as an early biomarker of positive neuronal identity in many research
studies (Glaser et al., 2014). In this sense, it further supports the evidence that AB-

CHMINACA enhances neuronal differentiation.

Interestingly, there were no significant fluctuations in the other neuronal
markers, following incubation of the differentiating cells with the three SCs at the
concentrations tested. Thus, further research is required to clarify the mechanisms

involved in the regulation of neuronal differentiation by the SCs.

This study presents some interesting data concerning the role of specific SCs
during neuronal differentiation process. Further research is required to clarify the
potential mechanisms and pathways that are involved in the function of SCs, since
different additions of these SCs achieved almost similar results, ruling out a dose-
dependent effect, and also considering that the expression of common neuronal
differentiation biomarkers was not affected. The study concerning the modulation of
the neuronal development by SCs is at an early stage, and it could be interesting to
further evaluate if SCs are able to interact with the endocannabinoid metabolism.
Nevertheless, the data presented in this work already provides evidence that the

endocannabinoids may play an important role during neuronal differentiation.
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As mentioned before, MAFP and THL partake in the synthesis of AEA and 2-AG.
Based on our results, in the future, it would be interesting to assess whether the
effects of MAFP and THL on cellular morphology and neurite outgrowth could be
reversed upon administration of the endocannabinoidanandamide (AEA) and/or 2-
AG. If the normal cell phenotype was rescued, this would confirm the role for

endocannabinoids in neuronal development.
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