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A-Introduction 

1 Dopamine and Dopaminergic systems 

Dopamine (DA), a biogenic amine that derives from the aminoacid tyrosine (Fig. 1), is a 

neurotransmitter that acts via G-protein-coupled receptors (GPCRs) in a typical neuromodulatory 

fashion (Missale et al., 1998) characterized by large temporal and spatial dimensions (Greengard, 

2001; Di Chiara et al., 2004). In particular, DA acts through different GPCRs named from D1 to D5 

according to their ability to stimulate or inhibit adenylyl cyclase (AdC): the D1-like family 

receptors (which includes D1 and D5 receptors) stimulate the synthesis of AdC and the D2-like 

family (D2, D3 and D4 receptors) inhibit it (Fig. 1) (Webster, 2001).  

 
Figure 1 The biosynthetic DA pathway (A) and DA receptors features (B).  

Abbreviations: TH, tyrosine hydroxylase; DCAA, aromatic L-amino acid decarboxylase. Adapted from 
Allabaran Bravo et al. (2014) and Ares-Santos et al. (2013) 
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All DA receptors are slow (response time exceeding 100ms) metabotropic receptors with the 

function to modulate other receptor systems and/or ion channels. Therefore, DA is a “pure” 

neuromodulator that exerts slow control over fast neurotransmission, in contrast to many other 

neurotransmitter systems that have both fast-acting ionotropic and slower acting GPCR-mediated 

actions (Covey et al., 2017). Consequently, DA cannot be classified as either an excitatory or an 

inhibitory neurotransmitter, which may explain why DA does not yield identical effects under all 

experimental conditions.  

Based on the anatomical and functional differences of the subgroups of DA midbrain neurons it is 

possible to identify at least three major DAergic systems of the mammalian brain (Carlsson et al., 

1962; Dahlstroem & Fuxe, 1964) (Fig. 2). The nigrostriatal or mesostriatal pathway rises from the 

cell bodies of the neurons of the substantia nigra pars compacta (SNc, lateral A9 group) which 

project primary to the dorsal striatum. This pathway plays an important role in the control of 

voluntary movement and is also related to the initiation and execution of habitual behavior. In 

particular, selective degeneration of this pathway is responsible for the motor symptoms observed in 

patients with Parkinson’s disease. On the other hand, the DA pathways that rise from cell bodies 

located in the ventral tegmental area (VTA, medial A10 group), are those implicated in reward 

processes. In particular, the VTA DA neurons project to either the Nucleus Accumbens (NAc) and 

related limbic regions, establishing mesolimbic DA pathways, or to the prefrontal cortex (PFC), 

establishing mesocortical DA pathways. Besides reward, these pathways are importantly involved 

in the regulation of cognition, emotions and have been implicated in pathological conditions such as 

depression and schizophrenia, as well as drug addiction. Although the A9 cells preferentially 

innervate the striatum, and the A10 cells mainly target the limbic and cortical regions, the 

projections of the midbrain DA cells are not restricted to these regions. For instance, many of the 

SN DA neurons give off collateral branches and ramify within more than one region. Therefore, the 

projection fields of the A9 and A10 cell groups are collectively known as the mesotelencephalic DA 

system(Elsworth & Roth, 2009)  (Fig. 2). 
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Figure 2 Schematic representation of main DA pathways: the nigrostriatal (red), mesolimbic (green) 

and mesocortical pathway (blue).  
Abbreviations: VTA, ventral tegmental area; SNc, substantia nigra pars compacta. Modified from (Arias-

Carrión et al., 2010). 
 

Regarding the activity of DA neurons, the DA cells fire in two independent but interactive releasing 

modes with distinct temporal properties, which have a marked impact on the release of DA: a 

phasic release (fast and transient) mediated primarily by bursting events (>15-20 Hz) at the level of 

the cell body that leads to a much larger DA release, which is necessary to stimulate D1 receptors 

(D1R, low-affinity receptors) in the NAc (Grace, 1991; Phillips et al., 2003; Dreyer et al., 2010). 

The second release mode is named tonic release (constant), mediated by irregular single-spike 

events (1-5 Hz) (Grace, 1991; Dreyer et al., 2010). In this mode, DA is released slowly with 

prolonged onset and the whole process takes long periods of time, from minutes to hours. Although 

DA tonic release results in lower DA increases than from phasic firing, this DA increase is 

sufficient to stimulate D2 receptors (D2R, high-affinity receptors) signaling. These different firing 

DA neurons lead to a different DA increases regulated primarily by GABAergic and glutamatergic 

afferents (either locally or through projecting neurons) that synapse with the DA neurons.  

Moreover, since DA cells are able to switch between these modes, the transition in activity is a 

mechanism for altering the impact of DA neurotransmission on receptive cells, a condition observed 
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in several neuropsychiatric diseases such as in addiction. Indeed, the bursting activity of DA 

neurons is thought to represent a key component of reward circuitry, as in reward-related learning 

processes (Grace, 1991; Gonon, 1997; Grace, 2000; Dreher & Burnod, 2002), while, alterations in 

tonic levels of DA efflux are implicated on a variety of motor, cognitive, and motivational 

processes (Elsworth & Roth, 2009). Nevertheless, as discussed in the next sections, it is difficult to 

directly correlate stimulus-bound DA activity (burst firing) and its functional activity in the 

receptive elements, due to the temporal and spatial dimensions of DA transmission (Gonon, 1997; 

Di Chiara, 2002; Di Chiara et al., 2004; Di Chiara & Bassareo, 2007).  

 

1.1 The Nucleus Accumbens  

Nucleus Accumbens (NAc) is a small nucleus ventral at the head of the caudate nucleus (Fig. 2 and 

3), and together with the ventromedial part of the caudate-putamen (CPu) and the olfactory 

tubercles comprise the anatomical complex often referred as “ventral striatum” (Nakano, 2000. NAc 

is described as an “integral, but specialized part of the striatal complex” {Heimer, 1991 #149) and 

consists mainly (90-95%) of medium spiny neurons (MSNs), which receive afferent fibers from 

interneurons, the cortex and other areas (Somogyi et al., 1979; Freund et al., 1984; Smith & Bolam, 

1990).  

In the middle of the 1980s, the studies of Groenewegen & Russchen (1984) and Zaborszky et al. 

(1985) demonstrated significant differences between the projections of the lateral and the medial 

NAc, introducing the division of the NAc into two histochemically distinct compartments: the core 

and the shell. Further anatomical (Heimer et al., 1991; Zahm & Brog, 1992; Zahm & Heimer, 

1993), histochemical(Jongen-Relo et al., 1993; Jongen-Relo et al., 1994), behavioral (Deutch & 

Cameron, 1992; Prinssen et al., 1994; Pierce & Kalivas, 1995; Corbit & Balleine, 2011) and 

neurochemical (Pontieri et al., 1995; Pontieri et al., 1996; Tanda et al., 1997; Bassareo et al., 2002) 

studies established scientifically the division of NAc in these two compartments, the ventro-medial 
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“shell” and dorsolateral “core”, which have distinct structures, properties and physiological roles 

(see section 2.1). 

 
Figure 3 Main structures of the human (A) and rodent (B) limbic system.  

The red circle indicate the position of the Nucleus Accumbens (NAc) in the human (A) and in the rat brain 
(B). Abbreviations: BNST, bed nucleus of stria terminalis; Hypo, hypothalamus; Hipp, hippocampus; MOB, 
olfactory bulbs; VTA, ventral tegmental area; PAG, periacqueductal gray; AOB, accessory olfactory bulbs. 

Adapted from Sokolowski and Corbin (2012).  
 

As mentioned above, NAc is the main target of the mesolimbic DA system, since dense DA 

innervation from the VTA project into this area. Moreover, it receives inputs from a lot of cortical 

and non-cortical areas, including the hippocampal formation, the medial prefrontal cortex (mPFC), 

the insular cortex, the amygdala and the thalamus, and is characterized as a “portal” of prefrontal 

inputs to the striatum (Nakano, 2000). At the same time, prominent projections of the NAc reach 

the pallidum, the SN and the VTA (Swanson & Cwan, 1975; Williams et al., 1977; Nauta et al., 

1978). As concerns the two distinct compartments of the nucleus, they receive afferents from and 

project to different areas of the brain. Tract-tracing methods have shown that both shell and core 

areas project to pallidal, hypothalamic and mesencephalic areas, even though core projections arrive 

more prominently to the SN while those of the shell to the VTA. In addition, shell projects also to 

the extended amygdala unlike core (Heimer et al., 1991), that explains the significant role of the 

shell rather than core division in emotional salience processing (Tan et al., 2014). In parallel, 

besides DA, several neuroactive substances such as glutamate (Glu), GABA, endocannabinoids 
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(eCBs) (AEA and 2-AG), acetylcholine (Ach), serotonin (5-HT), noradrenaline (NA), somatostatin 

(SOM), substance P (SP), neurotensin, Leu-enkephalin, Met-enkephalin, cholecystokinin (CCK), 

melatonin, histamine, galanine and neuropeptide Y, which might modulate the activity of NAc have 

been identified (Voorn et al., 1989; Selden et al., 1994; Parent et al., 1995).  

As explained below (see section 2.1), the NAc is considered to be an interface between limbic and 

motor functions (Mogenson et al., 1980; Mogenson & Yang, 1991) and to be involved, primarily 

through DA activity, in several aspects of behavior such as motivation, reward, water and food 

intake, sexual behavior, emotions and cognitive functions, playing a major role in drug dependence 

(Wise, 1987; Alexander & Crutcher, 1990; Smith & Bolam, 1990; Di Chiara, 2002; Di Chiara et al., 

2004; Di Chiara & Bassareo, 2007; Anselme, 2009; Bimpisidis et al., 2013; De Luca, 2014). In 

particular, it has been suggested that the shell of the NAc has more limbic functions (a more 

specific role in emotion and motivation) while the core compartment is involved mainly in the 

motor expression of motivated behaviors (Zahm & Brog, 1992; Bassareo & Di Chiara, 1999; Brauer 

et al., 2000; Bimpisidis et al., 2013; De Luca, 2014). 

 

1.2 Prefrontal Cortex and medial Prefrontal Cortex 

The prefrontal cortex (PFC) represents part of the frontal cortex located in its anterior part. 

Although the PFC shows considerable variation across species, Jersey Rose and Clinton Woolsey in 

the late 1950s, nominated the area of the frontal lobes of mammals of all species that has strong 

reciprocal projections with the mediodorsal thalamic nucleus (MD) as “prefrontal cortex” 

(Groenewegen et al., 1990; Steketee, 2003; 2005).  

In humans, PFC is divided into three main regions: the dorsolateral PFC (Broadmann areas 9 & 46), 

the inferior ventral PFC (areas 11, 12, 13 & 14 – also known as orbitofrontal cortex, OCF) and the 

medial prefrontal cortex (mPFC) which is considered part of the anterior cingulate (AC) area (Kolb 

& Whishaw, 2003) (Fig. 4).  
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Figure 4 Schematic representation of the prefrontal cortex (PFC) and its subdivisions in the human 

brain. 
Image from www.focus.psychiatryonline.org 

 

Focusing on mPFC, it is located along the medial wall of the brain hemispheres anterior and dorsal 

to the genu of the corpus callosum (Heidbreder & Groenewegen, 2003), and in rats can be divided 

into infralimbic (IL), prelimbic (PL) (also called Cg3 of the anterior cingulate), dorsal and ventral 

anterior cingulate (Cg1 & Cg2) (Krettek & Price, 1977; Van Eden & Uylings, 1985; Groenewegen 

et al., 1990; Ray & Price, 1992; Van Eden et al., 1992; Steketee, 2003; 2005) (Fig. 5). 

 

 

 
Figure 5 Schematic representation of mPFC and its subdivision in the rat brain.  

The black line in panel (A) shows the approximate plane of the section for the coronal view that is shown in 
panel (B), which illustrates the subdivisions of mPFC (in grey). Abbreviations: Cg, anterior cingulate cortex; 

PL, prelimbic cortex; IL, infralimbic cortex; OFC, orbitofrontal cortex. Adapted from Bizon et al., 2012. 
 

The mPFC receives the most prominent cortical afferents from the contralateral mPFC and the most 

prominent subcortical afferents from the MD, as mentioned above. Both of these afferent 

connections are glutamatergic, along with the inputs that arrive to mPFC from the hippocampus and 

A B 
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the amygdala (Conde et al., 1990; Groenewegen et al., 1990; Ray & Price, 1992; Kuroda et al., 

1993; Conde et al., 1995). Furthermore, the mPFC receives NA projections from the locus 

coeruleus (LC) and, as already mentioned, DA projections from the VTA (Thierry et al., 1973; 

Bjorklund et al., 1978; Foote et al., 1983). Besides the most prominent connections of mPFC with 

the MD (with a direct feedback loop) (Kuroda et al., 1993), heavy innervation to subcortical areas 

like the NAc and the VTA has been described (Thierry et al., 1983; Christie et al., 1985a; Sesack et 

al., 1989; Sesack & Pickel, 1992). Each subarea of the mPFC appears to have distinct afferent and 

efferent connections, which might also suggest different functional roles. For instance, regarding 

their efferent connections, these mPFC subareas show topographical organization: dorsal parts 

(Cg1-2 and dorsal PL cortices) project to the striatum and dorsal parts of the NAc (core), while the 

ventral mPFC subareas (ventral PL and IL cortices) send fibers to ventral aspects of the NAc (shell) 

(Sesack et al., 1989; Berendse et al., 1992). More specifically, Cg1 and Cg2 project mainly to the 

dorsal striatum, the caudal MD and to other neocortical and brainstem areas; PL projects to the NAc 

core (as mentioned above), rostral MD and basolateral amygdala among other forebrain structures, 

while the IL cortex efferents principally target the NAc shell but also the rostral MD, the 

hypothalamus, and the amygdala; in addition, pyramidal neurons send glutamatergic efferents to the 

VTA (Taber et al., 1995). As concerns the mPFC afferents, the IL cortex receives inputs from the 

hippocampus and the VTA but not from the MD, while the PL cortex receives inputs from the MD, 

the hippocampus and the VTA. Notably, the PL cortex receives the densest DAergic input among 

the other mPFC subareas and it also has the strongest projection to the VTA. The anterior cingulate 

subareas (Cg1 and Cg2) receive inputs from the caudal MD thalamus, from other neocortical areas 

and from the VTA (Thierry et al., 1973; Lindvall et al., 1978; Beckstead, 1979; Sesack et al., 1989; 

Groenewegen et al., 1990) (Hurley et al., 1991; Berendse et al., 1992) (Tzschentke, 2001)  

Overall, the DAergic innervation of the mPFC is less dense than that of the NAc or the striatum and 

the basal extracellular and tissue levels of DA are much lower in this area (Garris et al., 1993; 

Ihalainen et al., 1999; Tzschentke, 2001). The distribution of DA per se and of the other elements of 
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the DAergic system (i.e DAT) also differs along the ventrodorsal axis of the mPFC. The DAT is 

more densely distributed in the AC than in the PL cortex (Sesack et al., 1998), while DA terminals 

are denser in the PL than the other subregions of the mPFC (Thierry et al., 1973; Van Eden & 

Uylings, 1985), which innervate from VTA the deep layers of mPFC pyramidal cells (Berger et al., 

1991; Dreher & Burnod, 2002) and synapse also with GABAergic interneurons, modulating their 

function (Penit-Soria et al., 1987; Pirot et al., 1992).  

Besides DA, Glu and NA, other neuroactive substances like GABA (mostly from interneurons), 

endogenous opioids and endocannabinoids (eCB), 5-HT and neurotensin are also present in the 

mPFC (Mansour et al., 1994; Moldrich & Wenger, 2000; Tzschentke, 2001). 

DA in the mPFC serves as an inhibitory neuromodulator either directly on the pyramidal neurons or 

indirectly by modulating the GABAergic interneuron activity, which synapse with the pyramidal 

neurons (Ferron et al., 1984; Godbout et al., 1991; Pirot et al., 1992; Sesack et al., 1995). Indeed, it 

has been shown that, either DA agonists administered locally in the VTA or chemical/electrical 

stimulation of the VTA induces a release of DA in the mPFC that leads to an inhibition of the 

mPFC pyramidal cells (Bernardi et al., 1982; Ferron et al., 1984; Thierry et al., 1986; Peterson et 

al., 1987; Mantz et al., 1988; Yang & Mogenson, 1990; Karreman & Moghaddam, 1996). Despite 

this clear evidence of an inhibitory role of DA in the mPFC, the data in the literature suggest a more 

complex role of DA in this area and, overall in the PFC. Indeed, being a heterogeneous area, PFC 

has been reported to be involved in a great variety of functions-behavior, such as planning of 

voluntary movement, adjustment of behavior in relation to space, arousal and attention, temporal 

sequencing of actions, planning of forthcoming behavior based on previously acquired information, 

response selection and response inhibition, stress responses, mood, spatial and associative learning, 

memory retrieval and working memory (Tzschentke, 2001; Curtis & D'Esposito, 2003; Ramnani & 

Owen, 2004; Surmeier, 2007). Disturbances in the structure and function of mPFC have been 

reported to exist in several neuropsychiatric disorders, such as schizophrenia, depression, bipolar 

disorder and also addiction. It has been suggested that decreased mPFC DA activity is responsible 
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for the negative symptoms that occur in schizophrenia while in depression its reduced activity is 

correlated with disturbances in memory and attention (Blumberg et al., 1999; Webster, 2001). 

Regarding substance abuse disorders (see next sections), it has been suggested that long-term abuse 

of substances might induce changes in important cognitive/executive functions such as decision 

making and correct judgment. Therefore, the mPFC seems to be implicated in many functions, in 

particular in “higher order cognitive functions” such as attentional processes, working memory and 

behavioral flexibility (Heidbreder & Groenewegen, 2003).  
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2 Dopamine and reward 

2.1 The Role of NAc DA  

The role of DA in the mesolimbic and mesocortical circuitries has been discussed for almost 40 

years. It is generally accepted that DA in these areas plays a critical role in the response of the 

mesocorticolimbic system to conventional and drug reward stimuli, but the exact nature of this role 

is still unclear.  

Ungerstedt (1971) was one of the first that linked DA to motivation by conventional rewards, 

showing that lesions of the nigrostriatal DA system by 6-hydroxydopamine (6-OHDA) induced 

severe aphagia and adipsia in rats. Afterwards, based on experiments by DA receptor antagonists, 

the “anhedonia hypothesis” was theorized, where DA is considered the substrate of the 

hedonic/pleasant effects of all rewards, from natural stimuli, such as sex and food, to drugs of abuse 

(Yokel & Wise, 1975; Wise, 1980; Wise, 1982). For a long time, this theory has remained 

influential among scientists, including Koob and Le Moal (1997, 2001), who speculated that drug 

exposure changes the “reward set point” of the organism, that leads to reduced DA transmission 

during withdrawal in addicted individuals and in a state of anhedonia. However, the “anhedonia 

hypothesis” was not able to explain the evidence that pharmacological blockade of DA receptors 

does not suppress hedonic responses estimated by the taste reactivity paradigm (Pecina et al., 1997; 

Berridge & Robinson, 1998; Di Chiara et al., 2004). 

Indeed, it has been demonstrated that food reward is independent of DA transmission (Salamone et 

al., 1997; Berridge & Robinson, 1998) and DA is also released by aversive events and stress 

(McCullough & Salamone, 1992; Salamone, 1994; Kalivas & Duffy, 1995). In line with this 

evidence, as discussed in the next section, microdialysis and in vivo voltammetry studies have 

shown that DA transmission can be activated whether in anticipation of the consumption of drug or 

food rewards or by presentation of reward-conditioned stimuli (Blackburn et al., 1989; Phillips et 

al., 1993; Bassareo et al., 2007). Thus, Berridge and colleagues proposed another theory, in which 
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the DA play a pivotal role, attributing incentive salience to conditioned stimuli, rather than 

mediating the hedonic properties of rewards. In this theory, they distinguish two components of 

rewarding stimuli: “liking”, “the unconscious hedonic evaluation of a stimulus”, and “wanting”, 

“the underlying core process that instigates goal-directed behavior, attraction to the stimulus, and 

consumption of the goal object” (Berridge & Robinson, 1998). Consistent with this theory, DA 

participates in “wanting” and not in ''liking'' (Berridge et al., 1989; Robinson & Berridge, 1993; 

Berridge, 1996; Berridge & Robinson, 1998). Moreover, according to Salamone and colleagues 

“wanting” can be distinguished into two separate components: “directional” and “activational”, 

where directional aspects can be appetitive in nature, while activational aspects include “the 

initiation and sustaining of instrumental actions or the tendency to work for food”; and “the 

tendency to work for motivational stimulus, and overcome response constraints” (Salamone & 

Correa, 2002). Consistent with these views, DA in the NAc is involved in instrumental action and in 

tasks with a high degree of “work-related response costs” (Salamone et al., 2001; Salamone & 

Correa, 2002). 

However, it has been discussed by Di Chiara and colleagues (2002) that DA, acting during the 

preparatory phase of feeding behavior, is the substrate of the appetitive properties of food-

conditioned incentive stimuli, even though it is not the substrate of the hedonia associated to food 

consumption. This kind of hedonia, called “incentive arousal” (Di Chiara, 2002), characterized by 

euphoria and behavioral arousal, is also mimicked by psychostimulants like cocaine and 

amphetamine and it might be related to stimulation of DA transmission in the NAc shell (Di Chiara, 

2002). On this basis, two kinds of hedonia have been distinguished: a preparatory or state-hedonia 

DA-dependent, associated with the incentive arousal state of food search and approach, and a 

consummatory or stimulus-bound hedonia DA-independent, such as that associated with food taste. 

These two kinds of hedonia correspond to distinct phases of motivated behavior, 

appetitive/preparatory and consummatory, due to distinct stimuli, distal (visual, acoustic, olfactory) 

and proximal (tactile, proprioceptive, taste) respectively. Moreover, they are associated with distinct 
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behavioral response patterns of search; exploration and approach independent of the specific reward 

(appetitive behavior), while reward specific motor responses is associated with consummatory 

responses (Di Chiara, 2002).  

Another popular theory of the role of DA is the “reward-prediction error hypothesis” of Schultz 

and colleagues, based on evidence obtained from extracellular recording of VTA DA neurons in the 

monkey. These studies showed that when a monkey receives a reward (apple), DA neurons increase 

their firing rate but not when the light that signals the reward is turned on. After training, DA 

neurons increase their activity when the animal sees the light (conditioning stimulus) and not when 

it receives the actual reward (apple). However, if after the light the reward is not presented, DA 

neurons decrease their firing activity. Thus, these studies indicate that DA neurons are sensitive to 

both like (reward) and dislike (absence of an ‘‘expected’’ reward). The increase in firing observed 

after learning upon turning on the light suggests that the ‘‘reward value’’ is now attributed (by the 

animal) to the light that signals the forthcoming ‘‘real’’ reward. Therefore, according to the 

“reward-prediction error hypothesis”, DA codes for the occurrence of an unpredicted reward and 

for the omission of a predicted one (Schultz et al., 1993; Schultz et al., 1997; Schultz, 2007), and 

DA released as a result of an error in the prediction of reward, might act as a teaching signal in 

associative and learning functions. 

Nevertheless, this hypothesis does not necessarily apply to the action of DA on its receptive 

neurons. In fact, although this theory can account for the phasic activity of DA neurons in response 

to rewards and their conditioned stimuli, the temporal and spatial properties of DA mediated signals 

are quite different from those of a fast transmitter acting via ionotropic receptors (Di Chiara & 

Bassareo, 2007). Thus, from the time DA is released to the time it reaches and activates its 

receptors, the phasic response of DA neurons is transformed into a tonic influence on a widely 

distributed range of DA sensitive neural elements. Therefore, the computational properties that are 

attributed to DA by the Schultz theory do not fit with those of a neuromodulator like DA but with 

those of a fast, ionotropic excitatory transmitter acting like glutamate instead. As a matter of fact, 



24 
 

recent evidence has shown that glutamate is a co-transmitter of DA in mesolimbic neurons (Lavin et 

al., 2005).  

Finally, an “anticipatory dynamics model” (and its “uncertainty processing theory of motivation” 

revised form) for the role of DA in motivation and reward has recently been proposed. According to 

this theory, phasic DA release is induced by events that comprise “uncertainty with respect to the 

stimulus arrival”. DA in limbic and cortical areas facilitates anticipation, which is necessary for the 

organism to deal with uncertainty. The NAc (the core compartment in particular) is the region 

where signals from other corticolimbic areas regarding anticipation converge. Due to its 

connections with motor areas, it can fast reduce uncertainty by adopting appropriate motor 

responses to environmental challenges. This theory also includes another important role of DA: the 

facilitation of task related attention which serves for motivational specificity (towards a particular 

reward) to take place (Anselme, 2009; 2010). 
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2.2 The role of mPFC DA  

Based on a nonspecific function, DA in the mPFC might play the same role in all the processes 

mentioned already for the NAc (Anselme, 2009). Today it is widely accepted that DA in the mPFC 

has a modulatory role and changes of DA transmission in this area do not produce a clear 

behavioral output. Indeed, although much evidence shows an inhibitory role of DA in the mPFC, 

the literature suggest a more complex role of DA in this area. 

Besides the fact that the mesocortical DA system shows a higher responsiveness to stress, both 

acute and chronic, compared to the other DA pathways (Thierry et al., 1976; Blanc et al., 1980; 

Deutch et al., 1985; Jedema & Moghaddam, 1994; Cuadra et al., 1999), DA in the mPFC is also 

increased by other salient stimuli, such as novelty, food and conditioned to food stimuli (Feenstra & 

Botterblom, 1996; Bassareo & Di Chiara, 1997; Bassareo et al., 2002; 2007). Similarly to DA in the 

NAc, mPFC DA seems to play a role in reward processes, even though its role is not yet clear. 

Indeed, it has been demonstrated that an increase of DA in the mPFC doesn’t seem to be induced by 

the consumption of a reward per se, but seems to be associated with “novelty, excitement, 

expectancy, operant and classical conditioned responses” and “to code for generic motivational 

value” (Bassareo & Di Chiara, 1997; Tzschentke, 2001; Bassareo et al., 2002). As suggested by Di 

Chiara and colleagues (1997) , differently from DA in the NAc (shell in particular), DA in the 

mPFC is not (mainly) related to the ability of some drugs to induce abusive behaviors. This view is 

supported by evidence that drugs that increase DA (or NA) preferentially in the mPFC are not 

abused by humans or they have low abuse potential (Tanda et al., 1994; Bassareo et al., 1996). 

As in the case of NAc DA in reward processes, several theories have tried to explain the exact role 

and function of mesocortical DAergic projections. Briefly, Cohen and collegues (Servan-Schreiber 

et al., 1990; Cohen & Servan-Schreiber, 1992; Braver et al., 1999)proposed a model of mPFC DA 

function, in which DA serves ” to increase signal-to-noise ratio to facilitate inputs, both excitatory 

and inhibitory”. Thus, the role of DA is to regulate access of information to active memory (i.e. to 
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provide the updating of useful, task-relevant information), but also as a protection mechanism from 

irrelevant information interference. These effects occur in the synapses through “transient 

potentiation of both excitatory afferent and local inhibitory input”. Consistent with this theory, 

cognitive deficits in disorders characterized by a cortical hypodopaminergic state, as with 

schizophrenia, result from a failure in “regulating” incoming information, from an increase in 

“noise”. This “noise” results in “disturbances in updating and maintaining important and context 

relevant information in the active working memory, characteristics of vital importance for cognitive 

control” (Braver et al., 1999).  

In order to correlate reward processes and higher order cognitive functions like working memory 

and decision making, Durstewitz and colleagues proposed a different model (Durstewitz et al., 

1999; Durstewitz & Seamans, 2002) where mPFC DA serves to increase “the robustness of 

representations encoding goal-related information” by reducing the impact of intervening stimuli.  

Nevertheless, limited behavioral data exist regarding the role of DA in each subarea of the mPFC. 

One of these studies (Hitchcott et al., 2007), showed that DA in the ventral parts of the mPFC (i.e. 

the IL cortex) is necessary for adjustment of behavior in relation to outcome expectancy. The 

authors discussed the possibility that DA in the IL part of the mPFC played an important role in 

attentional processes, and this in turn had major impact in the behavioral manifestations observed 

during their experiments (Hitchcott et al., 2007). In another recent study, Naneix and colleagues 

(2009) made specific DA lesions in IL and PL cortices of adult rats to understand their specific role. 

Using behavioral paradigms they showed that DA dennervation within each area is not necessary 

for the acquisition of an instrumental response to receive a reward. However, animals with DA 

lesions in the PL cortex showed deficits to adapt their instrumental behavior to contingency changes 

between behavior expression and reward delivery. Thus, DA in the mPFC might also be related to 

the role of DA in behavioral flexibility (Naneix et al., 2009). Further studies are necessary to clarify 

the role of DA in each subregion of the mPFC on several aspects of behavior.  



27 
 

In conclusion, although these data support the hypothesis of a non-specific role of mPFC DA, it is 

suggested that DA can serve in all three major functions where it is supposed to be involved (motor, 

reward, cognitive) to help the organism to “learn about, predict and respond appropriately to events 

that lead to reward” (Braver et al., 1999). 
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2.3 Food-reward vs. drug-reward: the differential role of DA  

Regarding the role of DA in reward processes and its meaning, it is important to underlie the 

different pattern of DA activation in response to natural rewarding stimuli, such as food and sex, 

and to drug of abuse. Indeed, in these years, several studies have tried to understand, other than the 

role of DA transmission in these processes, how the drugs of abuse influence the DA systems and 

how these effects on mesocorticolimbic DA transmission are implicated in the ability of drugs to 

elicit addiction (Bassareo & Di Chiara, 1999; Bassareo et al., 2002; Di Chiara et al., 2004; Kalivas 

& Volkow, 2005; Goldstein & Volkow, 2011; De Luca, 2014). 

 

2.3.1 DA response to food reward 

Considering the DA response to natural rewarding stimuli, such as taste stimuli, Di Chiara and 

colleagues (Bassareo & Di Chiara, 1997; 1999; Bassareo et al., 2002), through in vivo brain 

microdialysis experiments, showed that exposure to unfamiliar taste stimuli increases DA in the 

NAc core and in the mPFC without delay and independent of positive (appetitive) or negative 

(aversive) valence. Differently, aversive and appetitive stimuli differentially affect DA of the NAc 

shell. Indeed, whether NAc shell DA rapidly increases in response to an appetitive unfamiliar taste 

(i.e. sweet chocolate, FonziesÒ) is unaffected by long-lasting (10 min application of aversive tastes 

(quinine; saturated NaCl solutions) (Bassareo et al., 2002). On the other hand, a shorter-lasting (5 

min, 1 ml) application of aversive stimuli, either gustatory (quinine) or olfactory (red fox urine), 

elicits a delayed and transitory activation of DA transmission in the NAc shell (Bassareo et al., 

2002). Thus, this observation suggests that, although necessary “positive valence is not sufficient 

for short-latency activation of DA transmission in the NAc shell by motivational stimuli” (Bassareo 

et al., 2002). Hence, this might explain why intraoral 20% sucrose solution, despite being no less 

effective in eliciting hedonic taste reactions than sweet chocolate, fails to stimulate DA transmission 

in the NAc shell (Bassareo & Di Chiara, 1997; 1999; Bassareo et al., 2002. Therefore, besides the 
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positive valence of stimuli, relative novelty is also necessary for stimulation of NAc shell DA 

transmission. This role of novelty in the NAc shell DA response has been supported by the evidence 

that unfamiliar palatable food stimulates DA release in the NAc shell, NAc core, and in the mPFC 

but only in the NAc shell does this effect undergo habituation following repeated exposure (Table 

1) {Bassareo, 1997 #268; De Luca, 2014). Moreover, this habituation of DA response in the NAc 

shell to natural rewards is taste specific, and it is reversed by food deprivation and modified by the 

presentation of cues associated with the stimulus (Bassareo & Di Chiara, 1997). Therefore, this 

property has been related to a role of DA in associative learning mediated by food reward. 

According to this view, DA release in the NAc shell by food taste would be necessary to 

consolidate the memory trace of taste stimulus, in turn, allowing association with its post-ingestive 

consequences, as observed in a taste aversion paradigm(Fenu et al., 2001; Bassareo et al., 2007). 

With novelty being a prerequisite of stimulation of DA release in the NAc shell but not of 

behavioral hedonic reactions, release of DA in the NAc shell is likely to be a consequence rather 

than the cause of the appetitive properties of taste stimuli, according to the idea that taste-hedonia 

does not depend on DA (Berridge & Robinson, 1998). 

This and other evidence supports the “incentive learning” hypothesis (Di Chiara, 1998), in which 

DA, specifically in the NAc shell, “is involved in the acquisition of incentive-motivational 

properties by stimuli conditioned to rewards” (Di Chiara et al., 2004; Di Chiara & Bassareo, 2007). 

Moreover, the influence of NAc shell DA on incentive learning is retrograde, affecting the 

association of stimuli that precede or are coincident with reward. On the other hand, the properties 

of DA transmission in the NAc core and in the mPFC are more consistent with a role in the 

expression of motivation, in agreement with the notion of the NAc as an interface between 

motivation and action (Mogenson & Yang, 1991). 

Thus, this evidence shows a different role, as well as meaning, of DA in the mPFC and in the NAc 

in the salience attribution processes of rewarding stimuli. In order to better understand this 

reciprocal relationship between mPFC and NAc DA responsiveness to rewading stimuli, De Luca 
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and colleagues studied the DA response to unfamiliar appetitive stimuli under different 

pharmacological and anatomical manipulation (Table 1) (De Luca et al., 2011; Bimpisidis et al., 

2013; De Luca, 2014). In one of these studies, following the paradigm used by Bassareo et al. 

(2002), it was demonstrated that opiate sensitization (morphine) induces differential adaptive 

changes to the response of DA transmission with repeated exposure to natural rewarding stimuli. In 

particular, morphine sensitization was able to induce an increased and delayed DA response in the 

NAc core to the first chocolate exposure, while an immediate increase of NAc core DA was 

observed in pre-exposed rats. Moreover, this study showed an opposite change of DA transmission 

in the NAc shell and mPFC to repeated chocolate exposure: indeed, the unexpected appearance of 

habituation in mPFC DA responsiveness to taste stimuli was accompanied by a loss of habituation 

in the NAc shell of morphine sensitized animals (De Luca et al., 2011). Meanwhile, no changes in 

behavioral taste reactivity have been observed, although sensitization to morphine is associated with 

long-term changes in mesocorticolimbic DA responsiveness to taste stimuli. The latter evidence 

supports the hypothesis that taste-hedonia does not depend on DA (Berridge & Robinson, 1998). 

Thus, these long term changes in DA response of different terminal areas were proposed to have 

implications in motivational processes and probably to result in increased incentive arousal and 

learning (De Luca et al., 2011). Indeed, since the habituation of mPFC DA response to chocolate 

releases NAc shell DA from inhibition, abolishing the single-trial habituation of DA might facilitate 

repeated approaches toward a motivational stimulus (De Luca et al., 2011). Moreover, this lack of 

NAc DA habituation may be considered per se as a marker of drug dependence and its liability (De 

Luca, 2014). 

According to this hypothesis, several studies showed an inhibitory role of mPFC DA on DA 

subcortical areas in reward and motivational processes. Indeed, it has been demonstrated that 

increasing DA levels in the mPFC corresponds to a decrease of DA in the NAc, while DA 

antagonists have the opposite effect (Louilot et al., 1989; Jaskiw et al., 1991; Vezina et al., 1991; 

Kolachana et al., 1995; Lacroix et al., 2000). This top-down control of mPFC on subcortical areas 
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has been confirmed by results obtained studying the effect of mPFC 6-OHDA lesions on DA 

responsiveness to repeated chocolate exposure (Bimpisidis et al., 2013). It has been shown that 6-

OHDA bilateral infusions in the mPFC were able to change the responsiveness of NAc DA to 

gustatory stimuli administered by an intraoral catheter (Table 1). In particular, while sham and 

mPFC lesioned rats showed a similar DA increase in the NAc shell after the first exposure to 

chocolate, lesions of mPFC DA terminals abolished the habituation of NAc shell DA response to 

sweet taste. Similar to morphine sensitization, lesions of mPFC DA terminals produced an elevated, 

delayed, and prolonged increase of DA in the NAc core in response to the first exposure to 

appetitive taste stimulus, while differently, did not affect NAc core DA responsiveness of pre-

exposure animals to chocolate. Meanwhile, DA terminal lesions, were ineffective neither on 

hedonic taste score nor on motor activity (Bimpisidis et al., 2013). These observations might 

suggest that mPFC DA inhibitory control of DA responsiveness of subcortical striatal areas is 

different depending on the ventral striatum sub-region studied. In fact, as described in the previous 

section (section 1.2) different sub-regions within the mPFC (i.e PL, IL) have different projections to 

different compartments of the NAc, leading to a different role and DA response to discrete stimuli 

and conditions (Di Chiara et al., 2004; Di Chiara & Bassareo, 2007; Aragona et al., 2009; Corbit & 

Balleine, 2011; Cacciapaglia et al., 2012). 

Altogether these studies, in agreement with the literature (described above), confirm the crucial role 

of mesocorticolimbic DA pathways in the evaluation of motivational value of natural rewarding 

stimuli, and showed the inhibitory role of mPFC DA on subcortical areas involved in these 

processes. Moreover, the results described above, might help to explain, the reason why 

mesocorticolimbic DA dysregulations have been identified as critical features in different 

neuropsychiatric disorders, such as schizophrenia and in drug addiction (Kalivas & Volkow, 2005; 

Jensen et al., 2008; Goldstein & Volkow, 2011; Deserno et al., 2013; De Luca, 2014). 
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Table 1 Schematic representation of results of DA response to unfamiliar appetitive taste stimulus 
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2.3.2 DA response to drug of abuse: involvement in addiction  

All the drugs of abuse, independent of their pharmacological mechanisms, increase DA 

preferentially in the NAc shell (Imperato & Di Chiara, 1986; Di Chiara & Imperato, 1988a; b; 

Carboni et al., 1989). Moreover, differently from what has been observed with natural rewarding 

stimuli, habituation of NAc shell DA response is not present after repeated exposure to drugs of 

abuse (i.e., nicotine, opiates, psychostimulants, cannabinoids) (Pontieri et al., 1995; Pontieri et al., 

1996; Tanda et al., 1997).  

Consistent with this property of addictive drugs on NAc shell DA, as well with the role of NAc DA 

in motivational processes, is the idea that drug addiction is a condition of disturbed motivation 

related to drug-induced stimulation of NAc DA (Di Chiara, 1998). Based on this idea, Di Chiara 

proposed the theory of an “abnormal Pavlovian incentive learning hypothesis of drug addiction” to 

correlate the disturbance of motivation to the DA stimulant action in the NAc shell of addictive 

drugs (Di Chiara, 1998; 2002). In this view, the motivational abnormality of drug addiction is 

considered as “the result of the excessive strengthening of Pavlovian stimulus-drug associations due 

to repeated drug-induced stimulation of DA transmission in the NAc”. These abnormal associations 

would lead to the lack of adaptive proprieties of DA responsiveness observed with natural 

rewarding stimuli (i.e food), such as single-trial habituation and inhibition by exposure to 

conditioned stimuli (Bassareo & Di Chiara, 1997; 1999; Bassareo et al., 2002; 2007; Bassareo et 

al., 2011). As a consequence, the excessive activation of these processes by drugs of abuse (and by 

their associated stimuli), that induce a dysadaptive stimulation of DA transmission in the NAc shell, 

might lead to compulsively focused motivation on drugs and drug-related stimuli typical of drug 

addiction (Volkow et al., 2003; Di Chiara et al., 2004; Volkow & Morales, 2015). 

In this subcortical dysfunction, which may occur in different stages of drug addiction, the mPFC 

seems to play a crucial role. As matter of fact, several studies showed the direct involvement of 

mPFC, in particular mPFC DA in drug addiction, drug seeking, craving and relapse, which are 



34 
 

related to drugs taken either by humans or animals (Schenk et al., 1991; Weissenborn et al., 1997; 

Bolla et al., 2003; Kalivas & Volkow, 2005). In accordance with the evidence, as described above, 

the habituation usually present in the NAc shell is ruled by intact DA transmission within the mPFC 

(Bimpisidis et al., 2013; De Luca, 2014). In this respect, the appearance of habituation in the mPFC 

observed in sensitized to morphine animals (De Luca et al., 2011) could be considered as a marker 

of mPFC dysfunction in its ability to inhibit crucial subcortical functions. Thus, mPFC dysfunction 

may lead to excessive motivation for inappropriate actions originating from a clear loss of impulse 

control (De Luca, 2014).  

Consistent with dysregulation of the DA system in drug addiction, it has been demonstrated that 

repeated exposure to different drugs of abuse is associated with down-regulation of D2Rs in the 

striatum (Thanos et al., 2001; Volkow et al., 2001; Nader et al., 2006). In particular, studies in 

rodents and non-human primates have shown reduced levels of D2Rs in the striatum, including in 

the NAc, upon chronic drug exposures (Everitt et al., 2008). In rodents, low levels of D2Rs in this 

brain area are associated with impulsivity and compulsive administration of cocaine (Everitt et al., 

2008) since low levels of D2Rs in the striatum result in reduced DA inhibition of the indirect 

pathway. Indeed, D2Rs have a high affinity for DA, so they are stimulated by the relatively low DA 

levels achieved through tonic DA cell firing. Thus, a reduction of D2R-mediated DA inhibition of 

the indirect pathway may lead to reduced thalamo-cortical stimulation and consequently reduced 

activity in PFC brain regions (Volkow & Morales, 2015). Clinical studies have confirmed that 

striatal D2R reduction (dorsal and ventral) in drug abusers is associated with decreased activity in 

the PFC, which is necessary for self-control and for processing salience attribution, and its 

disruption is associated with impulsive and compulsive behaviors (Volkow & Fowler, 2000).  

Glutamatergic pathways seem to be involved in this reduction of PFC activity, as well in DA 

dysregulation observed in drug addiction. Since the main sources of glutamatergic inputs to the 

VTA arise from the PFC (Thierry et al., 1983; Christie et al., 1985b; Sesack & Pickel, 1992; Taber 

et al., 1995; Smith et al., 1996; Carr & Sesack, 2000), glutamate is thought to regulate the 
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spontaneous activity of VTA DA cells in vivo (Grenhoff et al., 1988; Svensson & Tung, 1989; 

Charlety et al., 1991) through activation of ionotropic (Chergui et al., 1993; Wang & French, 

1993a; b; 1995) and metabotropic receptors (Mercuri et al., 1993; Shen & Johnson, 1997). Growing 

evidence suggests that glutamatergic transmission in the VTA plays an important role in the actions 

of many drugs of abuse and addiction (Kalivas & Stewart, 1991; Pulvirenti & Diana, 2001; Kauer, 

2004). Besides glutamatergic control, VTA DA cells possess an additional self-regulatory 

mechanism that involves the endocannabinoid (eCB) system, through retrograde messengers 

(Piomelli, 2003). In fact, VTA DA cells release eCBs in an activity-dependent manner, which 

depresses glutamatergic afferents on mesolimbic DA cells (Melis et al., 2004b) and ultimately their 

own firing activity and pattern (Melis et al., 2004a). 

Both in the human condition as well as in animal models of drug addiction, mesolimbic DA 

transmission appears to be drastically reduced in its activity, in particular after chronic drug intake 

and withdrawal, partly due to the reduction of cortical functions, as well as D2R down-regulation in 

the striatum (Melis et al., 2005). Indeed, as imaging studies have shown, if acute drug 

administration increases DA neurotransmission, chronic exposure to the drug results in a marked 

decrease in DA activity that persist months after detoxification and which is associated with the 

dysregulation of frontal brain regions (Volkow et al., 2003)(Volkow et al., 2002, 2003). In 

particular, VTA DA neurons seem to be able to adapt to the presence of drugs of abuse without 

necessarily changing their own responsiveness to the drug itself. However, as observed in DA 

terminal areas, VTA DA neurons undergo adaptive changes that might be unmasked during 

withdrawal from addictive drugs (Melis et al., 2005). For instance, morphine withdrawal causes a 

profound reduction of firing rate and bursting activity of VTA DA cells (Diana et al., 1995), which 

persists long after the behavioral signs of withdrawal have ceased (Diana et al., 1999). Similarly 

effects on VTA DA neuronal activity have been observed during ethanol(Diana et al., 1993; Diana 

et al., 1996; Pulvirenti & Diana, 2001) and Δ9-THC withdrawal (Diana et al., 1998). Interestingly, 

regarding cannabinoid (CB) withdrawal, a reduction in VTA DA neuronal function is also observed 
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when somatic signs of withdrawal are not detectable (Diana et al., 1998). Meanwhile, changes in 

VTA DA cell morphology after repeated addictive drugs exposure have been also reported. In fact, 

it has been shown that morphine-dependent animals undergoing acute withdrawal experience a 

dramatic reduction (about 25%) in the size of VTA DA cells (Sklair-Tavron et al., 1996). Similarly, 

by using confocal microscopy, it has been demonstrated that during acute withdrawal from chronic 

morphine the morphological features (e.g., circularity, area, and perimeter) of VTA DA neurons are 

profoundly reduced (Spiga et al., 2003). VTA DA cells are reduced in their size also during acute 

withdrawal from chronic ethanol (Diana et al., 2003), and from Δ9-THC (Spiga et al., 2003; Spiga 

et al., 2010). This reduction in area, perimeter, and circularity, might represent an additional plastic 

change leading to the neurons being more excitable, to overcome a hypodopaminergic state. Thus, 

these changes in the structural and functional properties of neurons, drug-induced within the 

mesolimbic DA system, might be implicated in long-term behavioral changes observed during drug 

addiction (Nestler, 1996; 2001; 2004). Collectively, such evidence supports the concept of a 

“hypodopaminergic state” at both a presynaptic and postsynaptic level, which might lead to an 

impoverishment of already defective DA transmission (Melis et al., 2005).  

Considering this and other evidence from imaging studies, Volkow and colleagues (2003) proposed 

a model (Fig. 6) in which, “the saliency value of the drug of abuse and its associated cues in 

addicted subjects is enhanced in the reward and motivation/drive circuits, while that of other 

reinforcers is markedly decreased”. According to this theory, during addiction, the enhanced value 

of the drug in reward, motivation, and memory circuits overcomes the inhibitory control exerted by 

the PFC, thereby favoring a positive-feedback loop initiated by the consumption of the drug and 

protracted by the enhanced activation of motivation/drive and memory circuits (Fig.6). This 

enhanced saliency value of addictive compounds is initiated partly by the higher intrinsic DA 

rewarding properties of drugs of abuse rather than those of natural reinforcers (Wise, 2002; Di 

Chiara et al., 2004). As mentioned above, the lack of habituation of DA response to drugs of abuse 

might represent another important cause of enhanced saliency (Bassareo & Di Chiara, 1997; 1999; 
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Bassareo et al., 2002). Thus, it has been postulated that the high reward value of drugs leads to a 

resetting of reward thresholds, which then results in decreased sensitivity to the reinforcing 

properties of naturally occurring stimuli (Koob & Le Moal, 2001).  

In conclusion, although addiction is a disorder that involves complex interactions between different 

biological and environmental variables (Leshner, 1997), altogether the evidence confirms the 

predominance of the mesocorticolimbic DA system and its disregulation in all phases of drug 

addiction, even though many aspects of this neuropsychatric disorder are still unknown.  

 

 

 

Figure 6 Model proposing a network of four circuits involved with addiction: reward, 
motivation/drive, memory, and control.  

Adapted from Volkow et al. (2003). 
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3 The endocannabinoid system  

The endocannabinoid (eCB) is a receptor-based signaling system composed of three core elements: 

cannabinoid receptors (CBRs), endogenous ligands, and several proteins responsible for their 

synthesis and degradation (Maldonado et al., 2006; Lu & Mackie, 2016) (Fig. 7). Two subtypes of 

CBRs, CB1 and CB2, have been well characterized and cloned, even though it has recently been 

shown that eCBs also act on other receptors, such as on transient receptor potential vanilloid 1 

(TRPV1) and peroxisome proliferator activated receptors (PPARs). CB1Rs represent one of the 

most abundant G-protein-coupled receptors in the CNS (Fig. 8), particularly in the cortex, basal 

ganglia, hippocampus, and cerebellum (Mackie, 2005), and mostly on axon terminals and 

preterminal axon segments (Nyiri et al., 2005). Although CB1Rs have been detected on many 

neurons, CB1R expression in glial elements (Rodriguez et al., 2001; Molina-Holgado et al., 2002; 

Han et al., 2012), as well as in perhipheral tissues (Herkenham et al., 1991) has also been reported. 

The CB2Rs are mainly located in peripheral and brain immune cells(Galiegue et al., 1995; Nunez et 

al., 2004), but recently have also been identified in neurons (brainstem, cortex and cerebellum 

neurons) (Van Sickle et al., 2005) and in glial cells (see section 4) (Gong et al., 2006; Xi et al., 

2011), although they are less widely expressed in the CNS compared to CB1Rs, as well as showing  

much lower levels of expression (Atwood & Mackie, 2010).  

 



39 
 

 
Figure 7 Simplified representation of eCBs synthesis and degradation pathway.  

Abbreviations:NAT, arylamine N-acetyltransferase; NAPE-PLD, N-arachidonyl-phosphatidylethanolamine 
phospholipase- D; FAAH, fatty acid amide hydrolase; MAGL, monoacylglycerol lipase; 2-AG, 2-

arachidonoyl glycerol; DAGL, diacylglycerol-lipase. Adapted from Scotchie et al. (2014) 
 

Regarding the endogenous ligands, anandamide (AEA) (a partial agonist of CB1Rs) and 2-

arachidonoylglycerol (2-AG) (a full agonist of both CB1Rs and CB2Rs) have been isolated from 

brain tissue and characterized (Devane et al., 1992; Mechoulam et al., 1995). Although other eCBs 

have been identified, AEA and 2-AG remain the most well-studied and characterized. These 

endogenous ligands are synthesized by neurons “on-demand” and, acting as retrograde messengers 

in the CNS (Wilson & Nicoll, 2002) they behave as neuromodulators in many physiological 

processes. Accordingly, eCBs released from postsynaptic neurons upon depolarization activate 

presynaptic CB1Rs, resulting in inhibition of the release of both excitatory and inhibitory 

neurotransmitters. Following release, AEA and 2-AG signaling is quickly terminated through 

cellular reuptake and hydrolysis by the fatty acid amide hydrolase (FAAH) enzyme and 

monoacylglycerol lipase (MAGL), respectively (FAAH can also hydrolyze 2-AG) (Fig.7).  

Several studies have demonstrated that eCBs exert retrograde control after synaptic activation of 

group I metabotropic glutamate receptors (mGlutR1) (Jung et al., 2005) and D2R, supporting the 

view that the eCB system represents a new candidate for the control of drug rewarding properties 

(Maldonado et al., 2006) (see next section). Indeed, CB1Rs, as described in Fig. 8, are widely 
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expressed in the brain reward circuitries and participate in the addictive properties induced by 

different drugs of abuse. As discussed above, the DA neurons of the mesocorticolimbic pathway are 

controlled by excitatory and inhibitory inputs that are modulated by CB1Rs. Thus, eCBs can be 

released in the NAc, following depolarization (Robbe et al., 2002), and from DA neurons in the 

VTA (Melis et al., 2004b; Riegel & Lupica, 2004), modulating glutamatergic and GABAergic 

afferents by acting as retrograde messengers on CB1Rs. The presence of CB1Rs in other structures 

related to motivation and reward, such as the basolateral amygdala and the hippocampus, also 

contributes to this function of the eCB system (Katona et al., 2001), which also participate in 

synaptic plasticity in the mesolimbic system. In fact, the long-term depression (LTD) of NAc 

glutamatergic synapses due to stimulation of prelimbic (PL) cortex afferents is mediated by eCBs 

release and presynaptic CB1Rs (Gerdeman et al., 2002; Robbe et al., 2002). Endocannabinoids also 

produce LTD of inhibitory synaptic transmission and are implicated in long-term potentiation (LTP) 

of synaptic transmission (Chevaleyre & Castillo, 2004), which contributes to the plasticity 

mechanisms reported in the learning processes related to addictive behavior. 

 
Figure 8 Schematic representation of the distribution (indicated by circle shapes) and expression 

(indicated by grayscale) of CB1R in the rat brain.  
Abbreviations: Amb, ambiguous nucleus; BLA, basolateral amygdala; CeA, central amygdala; CPu, caudate 

putamen; DB, diagonal band; DRN, dorsal raphe nucleus; GP, globus pallidus; Hyp, hypothalamus; LC, 
locus coeruleus; LHb, lateral habenular nucleus; mHb, medial habenular nucleus; NAc, nucleus accumbens; 

OB, olfactory bulb; PAG, periaqueductal gray; SNr, substantia nigra pars reticulate; Sol, nucleus of the 
solitary tract; STh, subthalamic nucleus (ventral thalamus); Th, dorsal thalamus; Tu, olfactory tubercle; 

VTA, ventral tegmental area. Adapted from Beford, 2015. 
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3.1 The endocannabinoid system and reward: involvement in addiction 

The eCB system is certainly the primary site of action for the rewarding and pharmacological 

responses induced by CBs (Ledent et al., 1999; Lichtman & Martin, 2005). However, this system 

plays an overall modulatory effect on the reward circuitry and also participates in the rewarding and 

addictive properties of all drugs of abuse (Gardner, 2005; Maldonado et al., 2006). 

As mentioned above (Fig. 9), CB1Rs are present in the different regions of the brain reward 

circuitry, including the VTA, the NAc, and in their projecting areas, such as the PFC, the central 

amygdala and the hippocampus (Gardner, 2005). The eCBs, acting as a retrograde messenger, 

modulate the glutamatergic excitatory and GABAergic inhibitory synaptic inputs into the VTA and 

the glutamate transmission in the NAc (Maldonado et al., 2006). Thus, the activation of CB1Rs 

present on axon terminals of GABAergic neurons in the VTA would inhibit GABA transmission, 

removing this inhibitory input on DA neurons (Riegel & Lupica, 2004; Lupica & Riegel, 2005). 

Similarly, the activation of CB1Rs, is able to modulate glutamate synaptic transmission from 

neurons of the PFC in the VTA and NAc (Robbe et al., 2001; Melis et al., 2004b). The resulting 

effect on the modulation of VTA DA activity by eCBs would depend on the functional balance 

between these inhibitory GABAergic and excitatory glutamatergic inputs, which are both inhibited 

by eCBs under different physiological conditions. Therefore, the modulatory role of the eCB system 

on the primary rewarding effects of drugs of abuse might depend on eCBs release in the VTA 

(Lupica & Riegel, 2005).  

The eCB system seems to be involved in the rewarding effects of CBs, opioids, nicotine and 

alcohol, since these drugs increase DA neuron firing rates through the release of eCBs in the VTA. 

However, chronic treatment with Δ9-THC, nicotine or alcohol increases eCBs levels in the limbic 

areas, while chronic cocaine reduces 2-AG content in these brain structures, indicating that different 

classes of drugs of abuse could regulate eCB transmission differently (Gonzalez et al., 2002). The 

CB1Rs are widely present in the PFC, a brain area which represents a nexus for sensory integration, 
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emotional processing and hedonic experience. As widely discussed in the previous sections, this 

brain area is an important component in the addictive phenomenon because it processes the reward 

to become a “hedonic experience” (Kringelbach, 2005). Thus, eCBs could be involved in the 

motivation to obtain the drug by linking the reward to a “hedonic experience” in the PFC. In 

particular, the mechanisms underlying the role of the eCB system in relapse to drug-seeking 

behaviour (produced by drug-related stimuli and drug re-exposure) seem related to the modulation 

of reward-related memory processes. Indeed, since eCBs mediate LTP and/or LTD of synaptic 

transmission in several addiction and memory-related brain areas, including the NAc, PFC, 

amygdala and hippocampus (De Vries & Schoffelmeer, 2005), this eCB-mediated synaptic 

plasticity might consolidate the reward-driven behaviour required to establish the addictive 

processes.  

In line with evidence that supports the important contribution of CB1Rs in the mPFC activity, a 

recent study (den Boon et al., 2015), besides confirming the presence of functional presynaptic 

CB1Rs and their ability to modulate both excitatory and inhibitory inputs to layer II/III pyramidal 

neurons of the PL area of the mPFC, demonstrated in vitro that exposure to CB agonists (WIN 

55,212-2 and CP-55940) modulates the balance between excitation and inhibition (E/I balance) of 

these pyramidal neurons. In particular, this treatment caused a significant shift of the E/I balance 

towards excitation, from 18/82 % to 25/75 % (WIN) and from 17/83% to 30/70 % (CP). 

Importantly, this result was confirmed in vivo, since rats injected with these synthetic cannabinoids 

receptor agonists (SCRA), showed a shift of the E/I balance (measured in vitro) towards excitation 

1 h after WIN (24/76 %) or after CP injection (30/70 %) compared to vehicle-injected rats (18/82 

%) (den Boon et al., 2015). 

The recent identification of CB2Rs in the CNS presents other sites of action for eCBs (Van Sickle 

et al., 2005), which might be involved in CB-induced central effects, that have previously been 

attributed to CB1Rs. In fact, several groups have produced data demonstrating the presence of 

CB2Rs in different neural tissues and have shown that CB2R knock-out (KO) animals displayed not 
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only altered electrophysiological responses (Garcia-Gutierrez et al., 2013) but also behavioral 

memory deficits (Li & Kim, 2016). In the CNS, CB2R expression is detected mostly in microglia 

cells, even though it is lower than in peripheral immune cells and tissues (Galiegue et al., 1995). 

However, as discussed in the paragraph 4, several studies have provided strong evidence that 

CB2Rs are up-regulated primarily on microglial cells upon activation in response to various insults 

and stimuli (Cabral & Griffin-Thomas, 2009). Furthermore, microglial cells have been shown to 

produce eCBs at higher levels than neurons in vitro (Walter et al., 2003), suggesting that eCB 

production by activated microglial cells could play a pivotal role during neuroinflammation 

processes. These processes, as recently highlighted (Cutando et al., 2013; Lacagnina et al., 2017; 

Melis et al., 2017) could be implicated also in the effects of drug abuse.  

Therefore, all of this evidence supports the hypothesis that the eCB system represents a key 

component in the common neurobiological substrate of drug addiction, even though further studies 

are necessary to understand its exact role (Maldonado et al., 2006; Wenzel & Cheer, 2018).   
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4 Glial cells  

Glial cells, also called neuroglia or simply glia, are non-neuronal cells (astrocytes, microglia and 

oligodendrocytes) identified in the CNS. In 1864, Virchow was the first to propose the existence of 

non-neuronal tissue in the CNS. He named it ‘neuroglia’ (neural putty), because it appeared to stick 

the neurons together. Afterwards, Deiters (1865) and Golgi (1885) identified glial cells and 

distinguished them from neurons. Nowadays, glial cells can be divided into several categories 

depending on their anatomical position, origin and role. Considering the CNS, there are roughly 

twice as many glial cells as there are neurons (Hammond et al., 2015), occupying the space between 

neurons, neuronal processes and separate neurons from blood vessels (Fig. 9). Once viewed as 

passive support elements for neurons, it is now clear that both microglia and astrocytes can actively 

regulate many aspects of neuronal function, including neurotransmitter release, gene regulation, 

electrophysiology, dendritic morphology, synaptic connectivity, and cell viability (Eroglu & Barres, 

2010; Kettenmann et al., 2013; Araque et al., 2014; Salter & Beggs, 2014). Moreover, as 

immunocompetent sentinels of the CNS, they also show to have a critical role in the development 

and protection of the CNS, including neural development, cell migration, programmed cell death, 

and regulation of synapse maturation and elimination (Hanisch & Kettenmann, 2007; Bilbo & 

Schwarz, 2012; Schafer & Stevens, 2013; Chung et al., 2015). 

Interestingly, as described in the section 4.3, recent studies have demonstrated that glial cells 

(microglia and astrocytes), are also influenced by exposure to abused drugs, and their responses are 

likely to contribute to the behavioral outcomes associated with substance abuse (Miguel-Hidalgo, 

2009; Coller & Hutchinson, 2012; Lacagnina et al., 2017; Melis et al., 2017). 
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Figure 9 Schematic representation of glial cells in the CNS.  
Adapted from: https://opentextbc.ca/biology/chapter/16-1-neurons-and-glial-cells/ 

 

4.1 Astrocytes  

Astrocytes have traditionally been characterized as supportive cells in the brain for their roles in 

maintaining neuron homeostasis and survival. They represent the preponderant glial component of 

the CNS and occupy 20 to 50% of entire brain volume. Astrocytes can be identified histologically 

since they express the intermediate filament glial fibrillary acidic protein (GFAP).  

Astrocytes are essential to the mammalian nervous system; since genetic elimination of astrocyte 

precursors is lethal to pups within 2 weeks of birth, which coincides with the period of exuberant 

synaptic outgrowth in the rodent cerebral cortex (Li et al., 2012). Similar to microglia, in the 

healthy brain, astrocytes extend a network of cellular processes. In fact, a single astrocyte can make 

contact with a large number of synapses emerging from a single neuron as well as across a 

population of neurons, ranging from hundreds of synaptic contacts per astrocyte in the cortex to tens 

of thousands of synapses in the hippocampus (Bushong et al., 2002; Halassa et al., 2007). Thus, 

astrocytes are well-positioned to integrate signals from a great number of synapses, which may have 

implications for higher-order information processing. At the synaptic cleft the role of astrocytes is 
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multiple and involves reuptake of neurotransmitters, buffering of extracellular ion concentrations, 

and release of many diffusible signaling molecules (Araque et al., 2014; Fields et al., 2015). Thus, 

from numerous studies the concept of the ‘tripartite synapse’, proposing that astrocytes are 

functional components of synapses (Hammond et al., 2015), has emerged. 

Indeed, astrocytes are required for the synthesis of Glu and GABA. In particular, they have been 

shown to be essential for Glu regulation between neurons, since in vitro, inhibition of astrocyte 

proliferation leads to profound sensitivity to glutamate toxicity (Rosenberg & Aizenman, 1989), 

while in vivo disruption of astrocyte potassium channel activity results in impaired synaptic Glu 

clearance with devastating effects to survival (Djukic et al., 2007). Indeed, Glu is primarily uptaken 

by astrocytes through the glutamate transporters: the Glutamate Aspartate Transporter (GLAST), 

the Glutamate Transporter-1.(GLT-1), and the Excitatory Amino Acid Transporter-2 (EAAT-2), 

which are highly expressed in these cells and are critical for clearing synaptic Glu (Fig 10). This 

was confirmed by intracerebroventricular delivery of antisense oligonucleotides against GLAST or 

GLT-1, which results in excessive Glu release, striatal neurotoxicity, and progressive motor deficits 

(Rothstein et al., 2005). 

 

Figure 10 Schematic representation of glutamate uptake by astrocytes. Adapted from 
www.guwsmedical.info/schwann-cells/regulation-of-extracellular-glutamate-concentration.html 

 

Although the immunoregulatory properties of microglia are more appreciated than those of 

astrocytes, they can also participate in inflammatory signaling within the CNS as well as regulating 
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immune cell trafficking at the blood vessels (Tian et al., 2012). As a matter of fact, in response to 

injury or other insults astrocytes can secrete a variety of neuroimmune signaling molecules, 

including Interleukin-1α (IL-1α), Interleukin-6 (IL-6), Tumor Necrosis Factor α (TNFα), and 

Interferon γ (IFNγ) (Lau & Yu, 2001). The release of immune-related molecules from astrocytes 

can regulate glial cell function as well as modulate synaptic function (Lacagnina et al., 2017). 

Much evidence strongly associates a range of changes in astrocyte structure and function (i.e 

changes in the expression of GFAP) with neuropsychiatric diseases including major depressive 

disorder, schizophrenia, and addiction (Kim et al., 2018). These changes observed both in human 

and in animal models can range from astrocytopathy (i.e. degeneration and loss of function) to 

astrogliosis, which can be either adaptive or maladaptive. In particular, in response to different 

drugs of abuse, either astrocytopathy or astrogliosis has been observed varying across drug classes, 

route of administration and length of withdrawal (Kim et al., 2018). Specifically, astrogliosis as 

well as an atrophy of astrocytes were reported in post-mortem human material from different types 

of addiction (Suarez et al., 2000; Miguel-Hidalgo, 2009). Preclinical studies have shown that 

treatment of animals with several drugs of abuse, including cocaine (Fattore et al., 2002; Bowers & 

Kalivas, 2003), methamphetamine (Friend & Keefe, 2013; Castelli et al., 2014) and morphine 

(Song & Zhao, 2001), resulted in up-regulation of GFAP expression and reactive astrogliosis. 

  



48 
 

4.2 Microglia 

Microglia have long been considered the resident immune cells of the brain and spinal cord, sharing 

many functional characteristics with macrophages of myeloid origin (del Río-Hortega, 1932; 

Thomas, 1992). Microglia cells are distributed in all brain regions with different densities, showing 

the highest concentration in the SN, basal ganglia, and hippocampus (Lawson et al., 1990). Each 

microglia cell has numerous ramified processes that extend throughout the surrounding neuropil, 

without overlapping with those of a neighboring microglial cell (Kierdorf & Prinz, 2013).  

Similar to astrocytes, this spatial organization in the CNS demonstrates how microglia are active 

surveyors of their brain area (microenvironment), sensing the location of other microglia and 

receiving regulatory signals from surrounding neurons that influence their location (Fig. 9). 

Microglia cells, exceptional sensors of their microenvironment, respond to different insults by 

undergoing remarkable changes in morphology and gene expression (Aguzzi et al., 2013). During 

pathological insults, activated microglial cells thicken and retract their processes, extend filopodia, 

proliferate and migrate. Microglia cells express a great diversity of receptors for stimulus-specific 

responses against a variety of potential threats to tissue homeostasis (Hanisch & Kettenmann, 2007; 

Lucin & Wyss-Coray, 2009; Ransohoff & Perry, 2009; Saijo & Glass, 2011). This includes an 

extensive number of exogenous factors, such as infections, microbes, toxins, and other foreign 

substances (i.e. xenobiotics), as well as noxious endogenous compounds released from dead or 

dying cells due to traumatic brain injury, ischemia, or neurodegeneration (Xanthos & Sandkuhler, 

2014). In turn, microglia responses with several actions, such as phagocytosis and lysosomal 

degradation; and secretion of cytokines, chemokines, or growth factors that can affect neuronal 

function, recruit additional immune cells, to induce either tissue repair or apoptosis (Kierdorf & 

Prinz, 2013).  

Considering their morphology, it was traditionally assumed that microglia, under healthy 

conditions, remained in a “resting or quiescent state” before rapid activation, that represented a 
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stimulus-specific response to various signals of injury or danger (Kreutzberg, 1996). Microglia 

activation lead to alterations in cell morphology, in which resting microglia retracted their highly 

ramified processes and adopted an “amoeboid” shape distinguished by high motility (Stence et al., 

2001). However, the notion of microglia “resting” in the healthy CNS and “amoeboid” after 

insults was upended by different studies (Davalos et al., 2005; Nimmerjahn et al., 2005), which 

revealed that, in physiological conditions, the soma of cortical microglia remain relatively 

stationary, but in contrast, their ramified processes are highly mobile, retracting and extending 

protrusions throughout the parenchyma and surveying the entire brain every few hours 

(Nimmerjahn et al., 2005). Therefore, this surveillance allows the microglia to dynamically respond 

to signs of injury, which rapidly extend their processes toward sites injured (Davalos et al., 2005).  

These results indicate that microglia are not simply “reactive” immune cells that mobilize following 

infection or injury but are active sentinels that are constantly surveying the healthy CNS. Based on 

these observations, several groups have hypothesized that microglia might have an essential role in 

monitoring synaptic activity (Graeber, 2010; Bilbo & Schwarz, 2012; Kettenmann et al., 2013; 

Schafer & Stevens, 2013). This hypothesis has been supported by ultrastructural analysis in mice 

that revealed that microglial processes make direct contact not only with axon terminals and 

dendritic spines but also astrocytes and their perisynaptic processes (Tremblay et al., 2010). 

Similarly, simultaneous in vivo two-photon imaging of fluorescently labeled neurons and microglia 

confirmed that microglial processes make frequent but brief contact with dendritic spines (Wake et 

al., 2009). Interestingly, the frequency of this contact is regulated by neuronal activity. Indeed, it is 

decreased by sensorial deprivation, pharmacological block of action potential, as well as a decrease 

in body temperature. Thus, microglial cells can sense and react to neuronal activity. In turn, they 

can locally influence neuronal excitability by releasing several factors such as cytokines, 

neurotrophic factors, and neurotransmitters (Lacagnina et al., 2017). 
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4.3 Glial cells and the eCB system: interplay and involvement in drug addiction  

The majority of the preclinical and clinical research on addiction have focused on understanding 

neuronal adaptations due to exposure to drugs of abuse, considerably improving our knowledge 

about this neuropsychiatric disorder. However, the underlying mechanisms of addiction behaviors, 

such as drug-seeking, drug-taking, and relapse behavior following periods of abstinence, remain 

unsolved.  

Although drug-induced alterations in neuronal activity play a pivotal role in drug addiction (Koob 

& Volkow, 2010), accumulating evidence suggests that neurons are not the only cells impacted by 

drugs of abuse. Indeed, glial cells are markedly influenced by exposure to substances of abuse, 

including opioids, alcohol, psychostimulants, and cannabinoids (Lacagnina et al., 2017; Melis et al., 

2017; Kim et al., 2018). In addition, much evidence strongly supports the hypothesis that drug-

induced alterations in glial cells within brain regions critically involved in addiction mechanisms, 

such as the PFC, NAc, VTA, amygdala and hippocampus, might contribute to the vulnerability and 

persistence of addictive behaviors (Scofield & Kalivas, 2014; Scofield et al., 2016; Lacagnina et al., 

2017).  

Indeed, the ability of microglia and astrocytes to monitor, regulate, create and eliminate synapses, 

allow the hypothesis that glia-mediated synaptic remodeling may occur under the conditions of drug 

exposure and abuse and could contribute to the persistent behavioral effects characteristic of drug 

addiction (Miguel-Hidalgo, 2009; Coller & Hutchinson, 2012). In particular, drugs of abuse could 

influence glia, either directly through interactions at surface receptors, or indirectly through their 

effects on neighboring neurons surveyed by microglia or astrocytes. These effects include changes 

in neurotransmitter release or synthesis, protein trafficking, patterns of action potentials, and release 

of cytokines, chemokines, or other immune signaling molecules (Lacagnina et al., 2017). 

Meanwhile, glial responses to drugs of abuse could influence neuronal function directly through 

physical remodeling of structural components (Corty & Freeman, 2013; Brown & Neher, 2014), or 
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indirectly through a variety of released compounds (Block et al., 2007), which can be both anti-

inflammatory and neuroprotective [i.e., Iinterleukin-10 (IL-10), Transforming Growth Factor- β 

(TGF-β), and Brain Brain-Derived Neurotrophic Factor (BDNF)] or pro- inflammatory and 

neurotoxic (i.e. IL-1β, and TNFα). In particular, considering drug-induced glial alterations and their 

role in drug addiction,  important involvement of the eCB system has been suggested. In this 

respect, it has been observed that microglial cells in resting homeostatic condition express low 

levels of both CB1Rs and CB2Rs. CB2Rs expression rises following microglia cell activation 

(Carlisle et al., 2002; Walter et al., 2003; Stella, 2010), suggesting that the eCB system could be 

sensitive to alterations in glia cell physiology. In particular, several studies reported strong evidence 

that CB2Rs are up-regulated primarily on microglial cells upon activation in response to various 

insults and stimuli (Cabral & Griffin-Thomas, 2009). In addition, an in vitro study showed that 

microglial cells produce eCBs at higher levels than neurons (Walter et al., 2003), suggesting that 

eCBs production by activated microglial cells could play a pivotal role during neuroinflammation 

processes. Consistently eCBs like AEA, 2-AG and Palmitoylethanolamide (PEA) affect immune 

function mostly through CB2Rs (Cabral et al., 2015). Considering astrocytes, several in vitro and in 

vivo studies have showed that astrocytes functionally express CB1Rs (Navarrete & Araque, 2008; 

Han et al., 2012; Bosier et al., 2013). Similar to microglia, astrocytes can produce eCBs (Stella, 

2010) and recent data indicate that astroglial CBRs might control eCB turnover in the brain 

(Belluomo et al., 2015). 

Therefore, the crucial role of the eCB system on glial cell function has been suggested, since it is 

able to modulate both inflammation and synaptic transmission (Rossi et al., 2015). Thereby, it has 

been proposed as a key modulator of the synaptic effects of inflammation. In fact, increasing 

evidence suggests the involvement of the eCB system in cytokine modulation of synaptic 

transmission and recently bidirectional interplay between inflammation (i.e. pro-inflammatory 

cytokines) and the eCB system has been demonstrated. Indeed, it has been reported that IL-1β 

abrogates the sensitivity of CB1Rs, regulating both glutamate and GABA transmission through 
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different mechanisms. For instance, the depressant effect of CB1R agonists on sEPSC and sIPSC 

frequency was completely abolished in the presence of IL-1β (Rossi et al., 2012; De Chiara et al., 

2013). Moreover, the interaction between IL-1β and CB1Rs has been suggested as a plausible 

synaptic mechanism at the basis of anxiety associated with an inflammatory response, such as in 

depression disorders and schizophrenia (Rossi et al., 2008; Rossi et al., 2012). Thus, the eCB 

system is a crucial modulator of cytokine-dependent synaptic alterations, reciprocally, inflammation 

can directly alter the activity of eCB system on synaptic transmission. Consistently, growing 

evidence suggests that inflammatory cytokines are involved in molecular mechanisms of brain 

plasticity and in complex affective, motivational and cognitive processes, which are altered in drug 

addiction disorder (Beattie et al., 2002; Ross et al., 2003; Yirmiya & Goshen, 2011; Rossi et al., 

2012; Marin & Kipnis, 2013). 

Based on this evidence, besides neurons, chronic CB administration, both natural and synthetic, 

might affect glial cells, likely inducing an abnormal interaction between these two cell populations, 

which in turn could be implicated in CB-induced behavioral effects (Melis et al., 2017). However, 

there is a lack of information on the possible contribution of glial cells in effects induced by 

repeated CB exposure, especially in adulthood, while there are a limited number of studies 

regarding the effects of adolescent Δ9-THC exposure on glial cells (Zamberletti et al., 2014; 

Zamberletti et al., 2015; Zamberletti et al., 2016). 

In this respect, Cutando and colleagues (2013) reported initial evidence for the contribution of 

microglial cells in the effect of sub-chronic Δ9-THC administration in adulthood. In particular, they 

demonstrated the involvement of microglial cells in cerebellar conditioned learning (evaluated in 

the delayed eye-blink conditioning test) and motor coordination deficits induced by sub-chronic Δ9-

THC administration in adult male mice. Δ9-THC-induced impairments in the learning paradigm was 

associated with alterations in microglial morphology, mainly in the molecular layer of the 

cerebellum, and with enhanced mRNA expression of specific pro-inflammatory molecules, such as 

IL-1b. Moreover, expression of CB2R and IL1b mRNA was increased under neuroinflammatory 
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conditions in activated CD11b-positive microglial cells. Notably, microglia activation was also 

associated with cerebellar CB1R down-regulation, showing a similar neuroinflammatory phenotype 

that was observed in the cerebellum of CB1R KO mice. Furthermore, all these alterations were 

region-specific since no changes were present in the hippocampus, striatum or PFC (Cutando et al., 

2013). Interestingly, all of these deficits, observed both in sub-chronically Δ9-THC-treated mice and 

in CB1R-KO mice, were prevented by pharmacological blockade of microglial activation or IL-1 

receptor signaling, thus providing a functional association between THC-induced microglia 

activation and cerebellar-dependent associative learning, as well as motor impairments. These 

results reveal the critical role of microglia-mediated signaling in cerebellar dysfunctions triggered 

by CB1R down-regulation (Cutando et al., 2013). In line with Cutando's results, Zamberletti et al. 

(2015), demonstrated that adolescent Δ9-THC treatment is associated with long-term microglia 

activation specifically within the PFC of adult female rats showing cognitive impairment and 

depressive-like behaviors. The neuroinflammatory phenotype state in the PFC was characterized by 

altered microglia morphology, increased expression of the pro-inflammatory cytokines such as 

TNF-α, inducible Nitric Oxide Synthase (iNOS) and Cyclooxygenase-2 (COX-2), and a reduction 

of the anti- inflammatory cytokine, IL-10. As reported by Cutando (2013), THC-induced microglia 

activation was region-specific since no alterations were detected in the NAc, hippocampus and 

amygdala. Moreover, the neuroinflammatory phenotype induced by adolescent Δ9-THC treatment 

was associated with a down-regulation of CB1Rs on neuronal cells and a concomitant up-regulation 

of CB2Rs on microglial cells within the PFC. Interestingly, pharmacological inhibition of glia 

activation during Δ9-THC exposure attenuated short-term memory impairment present in adult rats, 

and prevented increases in TNF-α , iNOS, and COX-2 levels, as well as the up-regulation of CB2Rs 

on microglial cells (Zamberletti et al., 2015).  

Similar to microglial cells, only few papers have reported the consequences of prolonged CB 

exposure on astrocytes. One of these studies, showed that adolescent Δ9-THC treatment induces an 
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increase in the levels of GFAP in the hilus of the dentate gyrus of both male and female rats 

(Lopez-Rodriguez et al., 2014). More recently, Zamberletti and colleagues (2016), using the same 

treatment protocol applied to females (Zamberletti et al., 2015), demonstrated that the behavioral 

effects induced by Δ9-THC treatment in adolescent male rats overlaps only partially with those 

observed in females. In fact, although male rats showed poorer memory performance and psychotic-

like behaviors, differently from female, in male rats no alterations in the emotional component were 

observed. Thus, these studies demonstrated sex-differences in terms of the brain region affected and 

the profile of pro-neuroinflammatory biomarkers. In line with previous studies, an alteration in 

astrocyte reactivity has also been reported, since an increase of GFAP levels in the hippocampus 

after adolescent Δ9-THC treatment has been observed. Moreover, astrocyte activation was 

associated with increased protein expression of TNF-α and iNOS, together with a concomitant 

reduction of the anti-inflammatory cytokine IL-10. Parallel to these alterations, a significant 

increase in the expression of the NMDA and AMPA receptor sub-units, as well as the pre-synaptic 

marker Synaptophysin and the post-synaptic marker PSD95 (Zamberletti et al., 2016) has been 

observed.  

The coexistence of synapse and astrocyte alterations in the same brain region is very interesting, 

supporting the idea that astrocytes are crucially involved in the control of surrounding synapses. 

Indeed, as already discussed, since astrocytes sense neuronal and synaptic activity, the evidence 

suggests that activated astrocytes, by promoting a pro-inflammatory phenotype, might contribute to 

the alterations in glutamatergic synapses induced by adolescent Δ9-THC exposure (Zamberletti et 

al., 2015; Zamberletti et al., 2016). However, since the effects of CB exposure-induced on glial 

cells appears sex- , region-dependent, as well as age/period of drug-exposure dependent (Cutando et 

al., 2013; Zamberletti et al., 2015; Zamberletti et al., 2016), understanding the exact contribution of 

glial cells still appears hard. 
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Collectively, available data on the effects of chronic Δ9-THC exposure on microglia and astrocytes 

suggest an important role played by these cells in response to chronic activation of CBRs, 

supporting the hypothesis that both cell populations might have an essential role in monitoring 

synaptic activity (Graeber, 2010; Bilbo & Schwarz, 2012; Kettenmann et al., 2013; Schafer & 

Stevens, 2013). In particular, these data allow speculation that excess glutamate in the synaptic cleft 

resulting from reduced inhibitory control exerted by CB1Rs at glutamatergic terminals might 

activate microglia and/or astrocytes (brain region- and sex-dependent) that in turn trigger an 

inflammatory response (Melis et al., 2017). Meanwhile, it has also been suggested that CB1Rs 

activity on GABAergic terminals might regulate the homeostatic balance between pro-and anti-

inflammatory processes, since an increase in neuroinflammatory markers has been found in CB1R 

deficient mice and is dependent on CB1Rs in GABAergic neurons (Albayram et al., 2011). 

Moreover, several mediators of this response (i.e., IL-1b, TNF-a, iNOS) might affect neuronal 

functionality, leading to the learning deficits observed after repeated Δ9-THC exposure (Cutando et 

al., 2013; Zamberletti et al., 2015). 

Altogether, these data suggest an important contribution of glial cells in the effects observed after 

chronic CBs exposure, most likely due to the interaction between the eCB system and inflammation 

processes. Unfortunately, in the literature there is no evidence regarding the effects of SCRA 

exposure on astrocytes and microglia. Therefore, specific studies are needed in order to understand 

how a possible alteration of eCB signaling and glial cell activity could contribute to 

neuroinflammation processes associated with chronic CBs exposure. 
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5 Synthetic cannabinoid receptor agonist (SCRA) and the “Spice drugs 

phenomenon” 

Synthetic cannabinoid receptor agonists (SCRAs), such as JWH-018, represent a wide class of 

potent and efficacious full agonists at CB1R and CB2R. As matter of fact, SCRAs have been 

developed for pharmaceutical purposes either to understand the pharmacology of the eCB systems 

or as therapeutic agents for treatment of different human pathological conditions (i.e. epilepsy, 

spasticity, inflammation, eating disorders, certain types of pain, and cancer) (De Luca & Fattore, 

2018). JWH-018 belongs to the so-called “first generation” SCRAs since it was synthesized in 1994 

by John W. Huffman (Clemson University) as a compound with structure-activity relationships and 

good affinity for the CB2R but weak affinity for the CB1R. Although in vitro studies demonstrated 

that JWH-018 shows nanomolar affinity for both receptors (Ki: CB1R=approximately 9 nM, CB2R 

approximately 3 nM) (Huffman & Padgett, 2005), in vivo this compound appeared no selective for 

CB2Rs, since it didn’t show a preponderant action on CB2R (De Luca & Fattore, 2018). Thus, 

despite it being synthetized for scientific purposes, during the last decade, JWH-018 has appeared 

on the global drug market in herbal preparations proposed as marijuana-like mixtures (Fattore & 

Fratta, 2011; Pintori et al., 2017; De Luca & Fattore, 2018); in the meantime globally, underground 

chemists have also used the scientific literature to create and market new illicit SCRAs referred to 

as the “second and third” generation SCRAs (Rosenbaum et al., 2012; Seely et al., 2012b; 

Castaneto et al., 2014; Miliano et al., 2016; De Luca & Fattore, 2018).  

From 2004, Spice drugs (known also as “K2 drugs” in the USA) appeared on websites and in 

specialized shops (i.e. smart shops) as novel recreational drugs (Dresen et al., 2010) and were sold 

as mild hallucinogens with prominent cannabis-like effects. They soon became popular in Central 

European countries, consequently attracting the attention of the European Monitoring Centre for 

Drugs and Drug Addiction (EMCDDA) and the Early Warning System on new drugs (EMCDDA, 

2009). However, only at the end of 2008 were two SCRAs identified for the first-time as the main 
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active, although not declared, ingredients of a herbal blend called “Spice”: CP-47,497-C8, the C8 

homolog of the non-classical cannabinoid CP-47,497, and JWH-018 a cannabimimetic 

aminoalkylindole (Auwarter et al., 2009; Uchiyama et al., 2011). Differently from Δ9-THC, the 

SCRAs contained in Spice drugs are able to induce more adverse reactions, long-term effects and 

psychiatric consequences (Papanti et al., 2014; Schifano et al., 2015), several withdrawal 

symptoms, and present more prevalence of dependence after their chronic use (see next sections). 

Most likely these effects are due to their higher potency/efficacy and affinity for CBRs (full 

agonist) compared with Δ9-THC (partial agonist) (Pintori et al., 2017). Safety data information and 

active pharmacological agents are not usually described in the packages (EMCDDA, 2009), 

whereas composition and dosages can vary considerably among different products (Table 2), posing 

a significant health risk to users (Brents & Prather, 2014; Castaneto et al., 2014). 

 
Table 2 Spice drug street names and related SCRAs. Adapted from Pintori et al. (2017) 
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5.1 SCRA classification 

Considering their chemical structures, SCRAs have been classified into four different groups: the 

“JWH group” synthesized in the 80s by Huffman, including JWH-018; the “CP group” 

(cycloexylphenols) synthesized in the 70s by Pfizer, including CP-47,497; the “HU group” or 

“classical cannabinoid class”, synthesized in the 60s by Mechoulam with the parent compound HU-

210; and finally, the “benzoyl-indole group”, which includes AM-694 and RCS-4.  

Although these SCRAs have been developed as pharmaceutical/scientific tools, they can also be 

classified based on their appearance in the market as “Spice drugs”. Indeed, as already mentioned 

above, new SCRAs have been synthesized introducing slight modifications to the parent compound 

structures to avoid legal consequences, resulting in the emergence of at least three consecutive 

generations of SCRAs (Fig. 11): the first one includes JWH-018, CP-47,497 and HU-210; the 

second one includes alkyl derivatives (AM-2201, MAM-2201, AM-694), N-methylpiperidines 

(AM-2233 and AM-1220) and benzoylindoles (AM679, RCS-4 and derivatives); the third includes 

molecules where the indole ring is replaced with an indazole or a benzimidazole group (AKB-48, 

5F-AKB-48, FUBIMINA) or molecules where the carbonyl group is replaced with the carboxylic or 

the carboxy-amide functional group (APICA, SDB005) and quinolones [PB-22 (QUPIC), 5F- PB-

22, BB-22 (QUCHIC)] with secondary cyclic structures (ABDICA, AB-PINACA, 5F-AB-

PINACA) and new nitrogen groups (AB-FUBINACA, AB-FUBICA) (Fattore & Fratta, 2011; 

Miliano et al., 2016; Pintori et al., 2017). The continuous evolution of SCRAs in their chemical 

composition, apart from attempting to avoid legal issues, leads to higher potency and abuse 

potential of these compounds generation after generation.  
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Figure 11 Classification of SCRAs contained in Spice drugs. Adapted from Pintori et al., 2017. 
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5.2 The widespread growing Spice phenomenon  

The increasing success of Spice drugs is due to several reasons. Besides their great psychoactive 

effects, their marketing via the internet, with several dedicated websites, in a totally anonymous 

way represents an important factor for the increase in their popularity. Moreover, these Spice drugs 

have an affordable price (27–36 EUR/sachet, 9–12 EUR/g of mixture) compared to “classical” 

drugs. Another important reason is that most of the SCRAs sprayed on the Spice drugs are very 

difficult to detect with commonly used drug-screening procedures (immunoassays of body fluids). 

This has important consequences, because it encourages not only cannabis users but also curious 

people with no previous experience of illicit drugs, to use these cannabis-like drugs without legal 

prosecution. Furthermore, wherever drug screening is routinely performed (i.e. hospital or 

institutions, forensic psychiatric centers), people may be motivated to substitute cannabis with Spice 

products (Fattore & Fratta, 2011). Moreover, every effort made to improve toxicological screening 

procedures, becomes useless due to the continuous evolution of the chemical (i.e. structure) 

composition of these compounds. Indeed, the Spice drugs market, as well as for all classes of NPS, 

is “resilient”: in fact, when one of these compounds become illegal, the “drug dealers” change its 

structure or substitute it with a new and legal compound, avoiding detection and legal problems. 

Finally, another factor implicated in the Spice phenomenon is the poor perception of the risk 

associated with their use, most likely due to a lack of safety information and commercial 

advertisements that describe Spice as “natural herbs” or “harmless incense blends”. For all these 

reasons, since 2008 SCRAs have represented the widest class of NPS monitored by the EMCDDA. 

In fact, 160 different SCRAs have been detected in different types of products so far. In 2014, 

SCRAs represented 60% of the total NPS-related seizures detected in Europe, while in 2015, 98 

new substances were reported to the Early Warning System of the EU for the first time, with 24% 

of these being classified as SCRAs. It has been shown that SCRAs currently available on the market 

are able to induce severe peripheral and central effects, including drug dependence and psychosis.  
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5.3 SCRA vs Δ9-THC  

5.3.1 Pharmacodynamics 

Although SCRAs have been designed to “mimic” the pharmacological actions of Δ9-THC, this class 

of compounds includes full agonists with a higher affinity at the CB1Rs and the CB2Rs and higher 

dose-dependent efficacy compared to the partial agonist Δ9-THC (Fattore & Fratta, 2011; Miliano et 

al., 2016), leading to them being considered as “super CBR agonists” (Miliano et al., 2016; Pintori 

et al., 2017).  

In fact, if the Ki of Δ9-THC has been reported to range from 3.87 (Hess, 2016) to 41 nM (Showalter 

et al., 1996)  depending on the specific assay conditions; by contrast, SCRAs contained in seized 

K2/Spice products exhibit CBR1 affinity in a nanomolar range of concentration such as JWH-018 

(Brents et al., 2011), AB-PINACA (Wiley et al., 2015), JWH- 250 (Wiley et al., 2012), STS-135 

(De Luca et al., 2016), but also subnanomolar CB1R affinity [i.e., 5F-PB-22, AK-B48 (De Luca et 

al., 2016), AB- FUBINACA, ADB-FUBINACA (Banister et al., 2015), JWH-210 (Huffman & 

Padgett, 2005), JWH-122 (Huffman et al., 2003)]. In particular, in vitro JWH-018 (Ki = 9 nM), CP-

47,497 (Ki = 2.2 nM) and HU-210 (Ki = 0.06 nM) showed respectively 4.5-fold, 8.6-fold and 55-

fold higher affinity at CB1R compared to Δ9-THC(Ki= 40 nM) (Brents et al., 2011; Fattore & 

Fratta, 2011; Spaderna et al., 2013; Schifano et al., 2015).  

Moreover, SCRAs modulate intracellular signaling pathways via CBRs with high potency and full 

efficacy when compared with Δ9-THC. In fact, most studies quantified the intrinsic activity of 

SCRAs by measuring the potency (i.e. EC50/IC50) and efficacy (i.e. Emax/Imax) of these 

compounds to activate G proteins (i.e. GTPgS assay), and/or to inhibit AdC activity in brain 

homogenates or in whole cells expressing native or transfected CB1R, respectively. Activation of 

CB1Rs by Δ9-THC results in activation of G proteins [EC50 values from 81 nM (Breivogel et al., 

2001) to 167 nM (Brents et al., 2011)], but only as a partial agonist. On the contrary, examined 

SCRAs act as full CB1Rs [ie, JWH-018 (Brents et al., 2011), 5F-PB-22, STS-135 (De Luca et al., 
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2016), MAM-2201 (Costain et al., 2016), JWH- 250 (Wiley et al., 2012), XLR-11 (Wiley et al., 

2013)]. Moreover, Δ9-THC also potently inhibits AdC activity via CB1Rs [i.e., IC50 values ranging 

from 5.0 (Bonhaus et al., 1998) to 44 nM (Canazza et al., 2016)], but exhibits reduced efficacy 

indicative of a partial agonist. In marked contrast, almost all SCRAs, acting as full agonists, inhibit 

AdC activity with high potency (nM range) and high efficacy [ie, 5F-PB-22, PB-22, AK-B48, STS-

135 (De Luca et al., 2016), AB-PINACA, EAM-2201, MAM-2201 (Costain et al., 2016), JWH-

250, and XLR-11(Wiley et al., 2012; Wiley et al., 2013)]. Similar full agonist activity for SCRAs at 

CB1Rs has been demonstrated by fluorometric assay to measure membrane potential (Banister et 

al., 2015) and in primary hippocampal neurons by quantifying calcium transients (Costain et al., 

2016).  

Consistently, these SCRAs can stimulate in vivo DA transmission in the NAc shell at doses 

consistent with their in vitro affinity at the CB1Rs (De Luca et al., 2016). For instance, JWH-018 

increases DA transmission in the NAc shell at doses 4-fold lower than Δ9-THC (De Luca et al., 

2015); while SCRAs of the third generation, like BB-22 do so at doses 10-fold lower than JHW-018 

(De Luca et al., 2016). Altogether, these data demonstrate the higher efficacy and potency of 

SCRAs that, besides having greater acute effects and toxicity than Δ9-THC, might also enhance 

chronic effects, thereby leading to tolerance and dependence, as well as harmful effects. 

 

5.3.2 Behavioral effects: In vivo Cannabinoid efficacy 

Over the years, the behavioral effects induced by SCRAs have been extensively investigated in 

animal models by performing tests used in preclinical characterization of CB1 ligands, (Wiley et 

al., 1998; Fantegrossi et al., 2014; Canazza et al., 2016; Ossato et al., 2016). In particular, these 

studies have been focused on a characteristic cluster of effects, such as tetrad effects, neurological 

alterations and sensorimotor changes induced by acute exposure to SCRAs, that could be 
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considered a consequence, as well as a reliable indicator/marker of cannabinoid in vitro efficacy 

(Table 3). 

Tetrad effect 

In vivo animal studies showed that SCRAs elicit the typical “cannabinoid tetrad” observed with Δ9-

THC, which includes hypothermia, analgesia, hypolocomotion, and catalepsy (Table 3) (Wiley et 

al., 1998; Fantegrossi et al., 2014). 

SCRA-induced hypothermia has been observed throughout all the generations of SCRAs (Wiley et 

al., 2012; Rajasekaran et al., 2013; Vigolo et al., 2015; Canazza et al., 2016; Ossato et al., 2016). In 

this respect, administrations of JWH-250 and JWH-073 (0.01-15 mg/kg, ip) are effective in 

reducing both rectal and surface temperatures in mice similar to Δ9-THC but with shorter duration 

compared with JWH-018 (0.01-6 mg/kg, ip). However, the extent of the decreased rectal 

temperature in mice produced by the following generations of SCRAs such as AKB-48 and 5F-

AKB-48 (3 and 6 mg/kg, ip) is greater than that induced by Δ9-THC and similar to that produced by 

JWH-018 (Canazza et al., 2016). In addition, 5F-AKB-48 and JWH-018 (3 and 6 mg/kg, ip) seem 

to be more powerful than AKB-48 in decreasing surface temperature. 

Moreover, it has been shown that SCRAs induce analgesia, since mechanical and thermal pain 

thresholds are increased after their administration. In particular, JWH-250 and JWH-073 (0.01-15 

mg/kg, ip) elicit a less powerful mechanical and thermal nociception in mice compared with JWH-

018 in the tail-pinch and tail-withdrawal tests, respectively (Vigolo et al., 2015; Ossato et al., 

2016). In addition, AKB-48 (6 mg/kg, ip) and 5F-AKB-48 (0.01-6 mg/kg, ip) induce an increase in 

the acute mechanical pain threshold in mice. Interestingly, this experiment showed that 5F-AKB-48 

is more potent than AKB-48, since even the lowest doses produce significant analgesia (Canazza et 

al., 2016). However, AKB-48 and 5F-AKB-48 (0.01–6 mg/kg, ip) elicit an increased threshold to 

an acute thermal pain stimulus in mice (tail-withdrawal test), with the latter drug producing a more 

persistent elevation (≤5 h) at the highest dose tested (6 mg/kg, ip) compared with that produced by 
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AKB-48 (145 min) at the same dose. Overall, the highest doses tested induce an analgesic effect 

similar to that induced by the same dose of Δ9-THC. 

Moreover, considering locomotor activity, JWH-250 and JWH-073 (0.01-15 mg/kg, ip) induce 

motor impairment in mice similar to that induced by Δ9-THC but less powerful than that elicited by 

JWH-018 (Ossato et al., 2016). In addition, 5F-AKB-48 (3 and 6 mg/kg, ip) induces a more 

persistent and significant impairment in stimulated locomotion compared with AKB-48 (6 mg/kg, 

ip) and both are less effective than JWH-018 (6 mg/kg, ip). However, it has been shown in mice 

that AKB-48 and 5F- AKB-48 can reduce the total distance travelled (6 mg/ kg, ip) and increase 

immobility time also at the dose of 1 mg/kg. Notably, only AKB-48 induces a transient facilitation 

of locomotor activity at low doses (1 mg/kg, ip) similar to Δ9-THC (Canazza et al., 2016).  

Finally, SCRAs induce catalepsy, as shown by an augmentation of catalepsy in the bar test 

(Canazza et al., 2016; Ossato et al., 2016). In particular, JWH-250 and JWH-073 induces altered 

motor activity at the higher dose tested (6 and 15 mg/kg, ip), showing a stronger effect than that 

observed with Δ9-THC and less potent than that elicited by JWH-018. In addition, 5F-AKB-48 (3 

and 6 mg/kg, ip) is more powerful in catalepsy induction compared with AKB-48, JWH-018 and 

Δ9-THC at the same doses (Canazza et al., 2016). All Cannabinoid-tetrad effects are prevented by 

pretreatment with AM-251 (6 mg/kg, ip), which does not affect body temperature, pain threshold, 

locomotor activity and does not induce akinesia and catalepsy when administered alone (Vigolo et 

al., 2015; Canazza et al., 2016; Ossato et al., 2016). 

Neurological alteration 

Besides typical tetrad effects, SCRAs also induce neurological alterations, especially at high doses, 

such as myoclonia, tail elevation, seizures and hyper-reflexia, that have been reported immediately 

after their administration (Table 4) (Vigolo et al., 2015; Canazza et al., 2016; Ossato et al., 2016). 

Indeed, high doses of JWH-250 and JWH-073 (6 and 15 mg/kg, ip) induce convulsions, 

hyperreflexia, myoclonias and aggressive responses in mice, which are not usually observed after 
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the administration of Δ9-THC (Ossato et al., 2016). In addition, 5F-AKB-48 (6 mg/kg, ip) induces 

myoclonias with longer latency and duration than those produced by AKB-48 and JWH-018 (6 

mg/kg, ip). Moreover, 5F-AKB-48 (6 mg/kg, ip) induces tail elevation with higher latency, duration 

and frequency compared with AKB-48 and JWH-018 (3 mg/kg, ip), and seizures with longer 

duration, but the same latency as observed after administration of AKB-48 and JWH-018 at 6 

mg/kg, ip. However, regarding hyper-reflexia, AKB-48, 5F-AKB-48 and JWH-018 (6 mg/kg, ip) 

induce it showing the same latency and longer duration (Canazza et al., 2016). In addition, 

consistent with clinical studies, SCRAs cause significant alterations in visual, acoustic and tactile 

sensorimotor reflexes and induce aggressive behavior in mice (Canazza et al., 2016; Ossato et al., 

2016). In this respect, JWH-250 (0.01-15 mg/kg, ip) and JWH-073 (0.01-15 mg/kg, ip) inhibit the 

visual object and acoustic response in a less potent way compared with JWH-018 and Δ9-THC. 

Moreover, 5F-AKB-48 is more potent than AKB-48 in inhibiting the responses of mice to tactile 

and acoustic stimuli, with tactile activity being similar to that induced by JWH-018 at the same 

doses (3 and 6 mg/kg, ip). However, AKB-48 and 5F-AKB-48 inhibit the visual placing response, 

with the latter drug being more effective than the former, acting similarly to Δ9-THC (Canazza et 

al., 2016). In terms of the aggressive behavioral aspect, JWH-250 and JWH-073 (15 mg/kg, ip) 

promote aggressive behaviour in mice (Ossato et al., 2016). Moreover, 5F-AKB-48 (6 mg/kg, ip) is 

more effective than AKB-48 in inducing aggressiveness, showing a comparable effect and duration 

compared to JWH-018. As observed for tetrad effects, all neurological changes are prevented by 

pretreatment with AM-251 (6 mg/kg, ip), which does not produce any alterations when 

administered alone (Canazza et al., 2016; Ossato et al., 2016). 

Overall, these behavioral studies, along with in vitro receptor binding and in vivo neurochemical 

studies, confirm the higher potency of SCRAs as compared to Δ9-THC, and suggest that SCRA 

effects are mostly mediated by CB1Rs since they can be prevented by pretreatment with the CB1R 

antagonist/inverse agonist AM-251. Altogether the evidence obtained from animal studies confirms 
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the harmful effects induced by the human consumption of SCRAs, even though the knowledge of 

their effects are not still enough, especially as concerns the consequences of their chronic use.  

 
Table 3 Studies related to the behavioral effects of SCRAs. Adapted from Pintori et al. (2017) 

 

5.3.3 Pharmacokinetics and metabolism  

Another important tool in order to understand the differences between Δ9-THC and SCRA and 

thereby their effects on the brain/body, is to study their pharmacokinetics. Focusing on JWH-018 

(the reference compound used in our study), the studies on its pharmacokinetics are limited and 

reported with equal conditions are small, therefore, the comparison of the different studies is 

difficult. Another point to be made is that different routes of administration, for instance, inhalation 

might have a faster pharmacokinetic effect than intraperitoneal injection. Moreover, since much 

clinical evidence indicates that SCRAs can cause severe and persistent, as well as adverse responses 

in users (Table 4), consistent with preclinical studies, it seems reasonable to hypothesize that this 

longer duration and severity compared to Δ9-THC effects, may be due to differences in blood-brain 
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permeability or the intracerebral distribution of these compounds (Dhawan et al., 2006; Wiebelhaus 

et al., 2012). 

As a matter of fact, Wiebelhaus and collegues (2012) studying the pharmacokinetics of Δ9-THC and 

JWH-018 inhalation and their correlation with tetrad effects, reported that 50 mg Buzz (unknown 

material containing 2.7 mg JWH-018) and 200 mg marijuana (containing 14.8 mg Δ9-THC) 

produce antinociception and hypothermia that are similar in magnitude and duration. However, 

concentrations of JWH-018 (83 ± 42.8 ng/g) in the brain after inhalation of 50 mg of incinerated 

Buzz were lower than brain concentrations of Δ9-THC (433 ± 66 ng/g) following 200 mg of 

incinerated marijuana inhalation (Wilson et al., 2006) indicating that Buzz, and specifically JWH-

018, is a potent intoxicant (Wiebelhaus et al., 2012), consistent with its higher potency and efficacy 

as compared to Δ9-THC (Atwood et al., 2010; Brents et al., 2011). Moreover, evaluating the tissue 

concentrations of JWH-018 in the blood and different organs (brain, heart, kidney, liver, lung, and 

spleen) a dose-dependent relationship between JWH-018 tissue concentration and the quantity of 

Buzz burned was observed. Although lower concentrations of JWH-018 were found in the blood 

compared to all organs, JWH-018 was widely distributed throughout all tissues assessed, which is 

likely due to the lipophilic nature of the compound. Interestingly, the highest concentrations of 

JWH-018 were found in the tissues associated with absorption (lung), metabolism (liver), and 

elimination (kidney) (Wiebelhaus et al., 2012). 

As matter of fact, Δ9-THC metabolism has been well studied in the last decades. On the contrary, 

data about SCRA metabolism and its potential involvement in the pharmacological and 

toxicological effects of these novel compounds are still lacking. Δ9-THC is extensively metabolized 

by cytochrome P450 enzymes CYP2C9 and CYP3A4, but only to a single major active metabolite 

(11-OH- Δ9-THC), which shows equivalent CB1Rs affinity (Compton et al., 1993) and slightly 

higher potency in antinociceptive assays (Ford et al., 1977) as compared to Δ9-THC. Afterwards, 

11-OH- Δ9-THC is subsequently oxidized to an inactive intermediate 11-nor-9-carboxy- Δ9-THC 

that is conjugated to form the O-ester glucuronide, the major metabolite detected in urine (Mazur et 
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al., 2009). In marked contrast, it has been reported that several hydroxylated metabolites of the 

SCRAs JWH-073, JWH-018, and AM-2201 bind to CB1Rs and CB2Rs, showing a similar affinity 

compared to the parent compound, as well as biological activity in both in vitro and in vivo assays 

(Brents et al., 2012; Chimalakonda et al., 2012; Rajasekaran et al., 2013). Moreover, several of the 

hydroxylated compounds detected following administration of different SCRAs, such as JWH-018, 

AM-2201, JWH-122, JWH-210, PB-22, MAM-2201, EAM-2201, and 5F-PB-22 represent the 

major Phase I metabolites formed (Chimalakonda et al., 2012; Rajasekaran et al., 2013; Cannaert et 

al., 2016), and importantly retain higher in vitro affinity and activity than Δ9-THC. Focusing on 

JWH-018, used in our study as a reference SCRA compound, although a major glucuronide 

conjugate of this compound [JWH-018-N-(5-hydroxypentyl) β-D-glucuronide (also known as 018-

gluc)] exhibits reduced affinity for CB1Rs, this metabolite still binds to CB1Rs (in high nM range) 

and acts as a competitive CB1R antagonist (Seely et al., 2012a). Therefore, these active CB1R 

metabolites (i.e. hydroxylated JWH-018 metabolites) may contribute to increased half-life, efficacy, 

and toxicity of SCRAs compared to Δ9-THC (Weinstein et al., 2017), while competitive CB1R 

antagonist metabolites (i.e., 018-gluc) could lead to increased SCRA consumption in an attempt to 

overcome blunted psychoactive effects (Seely et al., 2012a; Ford et al., 2017). Considering JWH 

metabolites, a recent study evaluating the pharmacokinetics of JWH-018 in mice, reported the 

presence of at least 3 metabolites in the serum after acute JWH-018 (2.5 mg/kg ip) administration 

(Malyshevskaya et al., 2017). Besides JWH-018, JWH-018 N-(4-hydroxypentyl), [JWH-018 N-(4-

OH)], JWH-018 N-pentanoic acid metabolites [JWH-018 N-COOH], and JWH-018 5-

hydroxyindole [JWH- 018 5-OH indole] metabolites were detected. Regarding their 

pharmacokinetics, serum JWH-018 concentration reached 45.5 ng/ml 5 min aſter administration, 

with a peak serum concentration of 87.8 ng/ml at 15 min post-injection (Malyshevskaya et al., 

2017), consistent with the effects observed in vivo after acute JWH-018 administration (De Luca et 

al., 2015). After 1 h the serum concentration still remained at 55.2 ng/ml and aſter 3 h the level of 

JWH-018 persisted at 35.7 ng/ml, which was still >40% of the peak concentration. Interestingly, 
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JWH-018 N-(4-OH) metabolite increased in the serum concentration with a time profile similar to 

JWH-018, reaching its peak of 9.1 ng/ml at 15 min and slowly decaying to 6.4 ng/ml aſter 1 h and at 

2.5 ng/ml at 3 h. On the contrary, the JWH-018-N-pentanoic acid metabolite (JWH-018 N-COOH) 

displayed a much slower increase in concentration, with the highest measured concentration of 4.9 

ng/ ml detected at 3 h aſter JWH-018 administration. JWH-018 5-OH indole metabolite increased in 

the serum at a much lower range of concentrations, with a peak at 0.8 ng/ml 15 min aſter 

administration (Malyshevskaya et al., 2017). Although these JWH-018 metabolites, as well as the 

overall SCRA metabolites, might be important since they could exert synergistic effects and 

reinforce SCRA toxicity, their activity is still unknown. Among JWH-018 metabolites, the JWH-

018 N-(4-OH) metabolite exhibited the highest concentration and mimicked the time/concentration 

curve of JWH-018 (Malyshevskaya et al., 2017). Notably, if in humans the JWH-018-N-pentanoic 

acid metabolite usually shows the highest concentration among metabolites (Toennes et al., 2017), 

in mice Malyshevskaya and collegues (2017) observed that its concentration slowly begins to rise 

aſter 15 min. Therefore, this discrepancy may reflect a species difference for JWH-018 metabolism 

and thereby different toxicity. Moreover, as discussed above, different routes of administration 

represent another important factor that complicates the comparison between different results.  

In conclusion, since many SCRA metabolites (but not Δ9-THC) retain biological activity, defining 

the metabolic processing of SCRAs is required to fully understand their pharmacokinetic and 

pharmacodynamic properties, as well the effect/consequences induced by chronic SCRA exposure. 

 

5.3.4 Abuse liability  

In these years, the DA rewarding properties of JHW-018 have been studied widely in rodents. In 

vivo microdialysis, studies in rats showed an increase in DA release in the NAc shell at 0.25 mg/kg 

(i.p.) (De Luca et al., 2015). Interestingly, lower (0.125 mg/kg, i.p.) and higher doses (0.5 mg/kg, 

i.p.) were ineffective on DA release, suggesting a dose-dependent effect of JHW-018 with a very 
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narrow dose range (De Luca et al., 2015). A similar effect was experimentally observed with the 

compound BB-22, confirming that this peculiar characteristic is also preserved in the subsequent 

generations of SCRAs. Overall, all generations of SCRAs that share common properties with Δ9-

THC (Tanda et al., 1997) and similarly to other drugs of abuse, are able to stimulate extracellular 

release of DA selectively in the NAc shell compared with the NAc core (Di Chiara et al., 2004). 

Moreover, to evaluate drug abuse liability and reinforcing properties in experimental animals the 

intravenous self-administration (IVSA) procedure has been considered one of the best validated and 

most reliable behavioral models for the study of drug dependence (Mansbach et al., 1994; Fattore et 

al., 2001). Although Δ9-THC has not been reported to maintain reliable self-administration behavior 

in rodents, the SCRA WIN 55,212 and JWH-018 have been reported to maintain intravenous self-

administration behavior in mice and rats (Martellotta et al., 1998; Fattore et al., 2001; De Luca et 

al., 2015), suggesting that other high efficacy SCRAs, such as those present in Spice products, 

might also display reinforcing effects in self-administration procedures. In particular, these studies 

showed that WIN-55,212-2 (0.5 and 0.1 mg/ kg/injection through the lateral tail vein in mice and 

6.25 to 50 µg/kg/injection through the jugular vein in rats) is dose dependently self-administered in 

rodents according to a concentration-dependent bell-shaped curve, producing either positive and 

aversive effects depending on the dose administered. In addition, under proper experimental 

conditions, adult rats and mice intravenously self-administer JWH-018 (30 and 20 µg/kg/infusion, 

respectively, through the jugular vein) (De Luca et al., 2015). The reinforcing effects of these 

SCRAs are significantly reversed by the administration of the CB1R antagonist/inverse agonist 

Rimonabant (Martellotta et al., 1998; Fattore et al., 2001; De Luca et al., 2015), suggesting an 

involvement of CB1R in SCRA dependence. 

These observations are consistent with results obtained using the conditioned place preference 

(CPP) paradigm, which is widely used to evaluate the motivational effects of drugs in animals 

(Tzschentke, 2007). Studies carried out in rodents treated with the JWH-073, JWH-081, JWH-210 

and HU-210 show that low doses of JWH-073, JWH-081 and JWH-210 (from 0.005 to 0.5mg/kg, 
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i.p.) elicit CPP whereas higher doses (0.5-1mg/ kg, i.p.) produce conditioned place aversion (CPA) 

in mice (Brents & Prather, 2014; Cha et al., 2014). However, the potent CBR agonist HU-210 

produces CPA in rats starting from low doses (20 and 60 µg/kg, i.p). Notably, CPA produced by 

SCRAs is consistent with the aversive motivational states induced by these drugs (Cheer et al., 

2000). Finally, as described below, repeated CB exposure, both natural and synthetic, induces 

tolerance to some behavioral effects and withdrawal symptoms, which represent two other 

important features of drug addiction (Volkow & Morales, 2015). 

 

5.3.5 Tolerance 

A well-characterized consequence of chronic marijuana exposure is tolerance to its behavioral 

effects (Maldonado & Rodriguez de Fonseca, 2002). Indeed, repeated exposure to cannabinoid 

agonists, including SCRAs, promotes rapid tolerance to the neurophysiological effects of these 

drugs, both in animals (Abood & Martin, 1992; Maldonado & Rodriguez de Fonseca, 2002; Tai et 

al., 2015; Elmore & Baumann, 2018) and in humans (Benowitz & Jones, 1975; Hunt & Jones, 

1980; Jones et al., 1981; Hollister, 1986; Ramaekers et al., 2011; Gorelick et al., 2013). 

Considering the natural cannabinoid, rats exposed to Δ9-THC for 14 consecutive days exhibit less 

Δ9-THC-induced hypothermia, catalepsy, and hypolocomotion, and this behavioral desensitization 

is associated with a reduced ability of Δ9-THC to increase DA cell firing rate (Wu & French, 2000). 

As is well known, all drugs of abuse induce an alteration of eCB-dependent mesolimbic plasticity, 

which could support some behavioral aspects that support addiction (Childress et al., 1993; Hyman 

et al., 2006). In this respect, similarly to cocaine, sub-chronic (7 day) Δ9-THC exposure (10mg/kg) 

can block the eCB-LTD of glutamatergic synapses in the NAc (Huffman et al., 2003). However, 

unlike cocaine, which did not alter CB1 receptor function, loss of Δ9-THC-induced eCB-LTD was 

associated with CB1R desensitization, that has been observed also with a lower dose (3mg/kg) 

(Mato et al., 2005). 



72 
 

As a matter of fact, it has been demonstrated that long-term Δ9-THC administration produces 

region-dependent CB1R desensitization and down-regulation, contributing to the development of 

CB tolerance (Oviedo et al., 1993; Rodriguez de Fonseca et al., 1994; Ameri, 1999). Moreover, 

since the CB1R is critically involved in normal NAc signaling, such as in the mediation of food and 

drug reward (Oleson & Cheer, 2012), its functional disruption by Δ9-THC exposure is likely to have 

widespread behavioral implications beyond an altered sensitivity to Δ9-THC. Clinical studies 

confirm this evidence, since in the striatum and midbrain of regular marijuana users, CB1R binding 

capacity was reduced compared with non-users in postmortem human brains (Villares, 2007). As 

suggested for DA transmission, it is possible that the internalization of CB1Rs is one of the early 

pharmacodynamic adaptive mechanisms that lead to reduced responsiveness and tolerance in the 

case of prolonged activation (Martin et al., 2004). 

Considering SCRA-induced behavioral tolerance, Sim-Selley and colleague (2002) reported that 

chronic administration of considerably higher doses (from 3 to 48 mg/kg, sc, twice daily for 15 

days) of WIN55,212-2 in mice produces tolerance to cannabinoid-mediated hypoactivity. 

Moreover, a recent study showed that rats exposed daily for 7 days to JWH-018 (1 mg/kg sc) 

develop profound tolerance to its hypothermic and cataleptic effects (Elmore & Baumann, 2018). 

However, if different studies showed a similar tolerance to hypothermic effects of Δ9-THC, CP-

55,940 and WIN 55,212-2 following a Δ9-THC pretreatment (Pertwee et al., 1993), others showed 

that these SCRAs partially surmount Δ9-THC-induced tolerance to locomotor suppression, 

hypothermia, and antinociception (Fan et al., 1994). Therefore, further studies are required to better 

understand this phenomenon.  

Moreover, as observed after repeated Δ9-THC exposure, animal studies have demonstrated 

widespread desensitization and down-regulation of CB1Rs after long-term, but not acute, 

administration of SCRAs, such as WIN55,212-2 and CP55,940 (Sim-Selley & Martin, 2002; Sim-

Selley et al., 2006), while a reduction of CB1R mRNA levels have also been reported in the 

striatum of animals treated with CP55,940 (Rubino et al., 1994). Consistently, repeated JWH-018 
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exposure in mice (3mg/kg ip, daily for 4 days) induces region-specific down regulation and 

desensitization of CB1Rs, together with long-lasting tolerance to some in vivo effects (Tai et al., 

2015). Moreover, in vitro JWH-018 potently induces rapid and robust CB1R internalization 

(Atwood et al., 2010). 

Consistently, in parallel with long-lasting alterations in mesostriatal DA function, Perdikaris and 

colleague (2017) reported a reduction of CB1R binding and mRNA levels in the SN and striatum 

after chronic WIN55,212-2 administration, providing evidence for a possible regulatory role of the 

eCB system on DA function.  

 

5.3.6 Withdrawal  

Although several animal studies have reported the absence of somatic signs of spontaneous 

withdrawal after chronic Δ9-THC treatment in different animal models, even after the 

administration of extremely high doses of Δ9-THC (Diana et al., 1998; Maldonado & Rodriguez de 

Fonseca, 2002), a recent study (Trexler et al., 2018) reported (for the first time) spontaneous Δ9-

THC withdrawal signs after repeated exposure at high doses (10 or 50 mg/kg sc. twice daily for 6 

days) in both male and female mice. However, these behaviors were generally of a lower magnitude 

than those observed when withdrawal was precipitated with CB1R antagonists/inverse agonist 

Rimonabant (Trexler et al., 2018). In fact, CB1R antagonists are commonly used in animal models 

of drug dependence to unmask somatic withdrawal signs CB-induced (Diana et al., 1998; Aceto et 

al., 2001). In particular, following clinical studies (Jones et al., 1976; Budney et al., 1999; Haney et 

al., 1999) “cannabis-withdrawal syndrome”, which is composed of several countable signs, such as 

scratching, wet dog shakes, facial rubbing, and licking, has been well characterized also in rodents 

(Diana et al., 1998; Aceto et al., 2001). Moreover, in chronic cannabis users, withdrawal induces 

stress and anxiety (Haney et al., 1999), effects observed also in rodents (Harte-Hargrove & Dow-

Edwards, 2012; Trexler et al., 2018). As a matter of fact, it has been reported that Δ9-THC 
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withdrawal, in particular after precipitation, affects stress-related behaviors (i.e. suppression of 

marble burying), increases plasma corticosterone levels, in addition to well-characterized somatic 

signs of withdrawal (Trexler et al., 2018). Moreover, marked differences in the EPM have been 

reported between adolescent male and female rats during spontaneous Δ9-THC withdrawal (Harte-

Hargrove & Dow-Edwards, 2012). Altogether, these data revealed that, in addition to somatic 

withdrawal signs, emotional circuits results altered during Δ9-THC withdrawal (Trexler et al., 

2018). 

Considering SCRAs, differently from Δ9-THC, different studies reported SCRA-withdrawal signs 

without precipitation, as well as abnormalities of emotional states in rodents (Aceto et al., 2001; 

Oliva et al., 2003; 2004; Aracil-Fernandez et al., 2013; Trexler et al., 2018). Spontaneous 

withdrawal of moderate intensity was observed for the first time after repeated administration of a 

high dose regiment of WIN 55212-2 (4, 8, 16 and 16 mg/kg/day, ip. on days 1–4, respectively) 

(Aceto et al., 2001). Moreover, it has been reported that repeated CP-55,940 administration induces 

somatic withdrawal signs and increases plasma corticosterone (Oliva et al., 2003; 2004), and also 

reduces time in the dark side of the light/dark box in male mice (Aracil-Fernandez et al., 2013). 

Recently, Trexler and colleagues (2018) reported spontaneous withdrawal signs after repeated 

JWH-018 exposure (1mg/kg, sc, twice daily for 6 days) in mice. Notably, as reported during 

precipitated Δ9THC withdrawal, together with somatic signs alteration of stress-related behaviors 

(Trexler et al., 2018) were observed, confirming an alteration of emotional state also during SCRA 

withdrawal. In human users, robust withdrawal signs are reported after SCRA discontinuation 

(Nacca et al., 2013). Unfortunately, clinical reviews of SCRA-withdrawal symptoms (Zimmermann 

et al., 2009; Nacca et al., 2013; Macfarlane & Christie, 2015; Sampson et al., 2015; Cooper, 2016) 

do not report specific SCRA compounds used, most likely because the users didn’t know the 

composition of the Spice drugs used.  
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5.3.7 DA dysregulation and cognitive impairment after chronic cannabinoid 

exposure  
 
In the last years, several research groups have focused their studies on the addictive and rewarding 

properties of natural cannabinoids (i.e. Δ9-THC), as well as the cognitive consequences of chronic 

exposure to them, while there is a lack of data in the literature concerning those cognitive 

consequences induced by repeated SCRA exposure. 

DA dysregulation 

Considering the effects on the DA system, while acute Δ9-THC administration to naive subjects 

elevates VTA dopamine cell firing and NAc DA release (French et al., 1997; Gessa et al., 1998), 

repeated exposure depresses DA neuron function. For instance, as discussed above (section 3.2), 

rats repeatedly (6.5 day) treated with high dose (15mg/kg) of Δ9-THC exhibit decreased baseline 

rates of VTA DA cell firing and suppressed bursting activity (Diana et al., 1998). This is consistent 

with PET measurements of chronic marijuana abusers that suggest a blunted DA signal in the 

ventral striatum (i.e. NAc) (Volkow et al., 2014). This decreased DA signal correlates with the 

duration and severity of marijuana abuse and is also associated with greater measures of negative 

emotional states. In fact, in heavy marijuana users, negative affect “is accompanied by a greater 

propensity to take non-cannabinoid drugs, and the alleviation or avoidance of a negative emotional 

state is the primary motivation for marijuana use in this population” (Hyman & Sinha, 2009). 

Consistently, repeated administration of Δ9-THC (10 mg/kg twice daily for 14 days) decreases DA 

PFC turnover in rats, which persist for up to 2 weeks after Δ9-THC discontinuation (Jentsch et al., 

1998; Verrico et al., 2003).  

Considering SCRAs, similarly to Δ9-THC, if acute SCRA administration (i.e. WIN 55,212-2 and 

HU-210) elevates VTA dopamine cell firing and NAc DA release (Cheer et al., 2003; Cheer et al., 

2004), repeated exposure depresses DA neuron function. In fact, it has been reported that animals 

treated with WIN 55,212-2 for 3 days develop robust tolerance to WIN-induced increases in VTA 
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DA cell firing (Pistis et al., 2004). Although, only few studies investigated the effects induced by 

chronic SCRA exposure on the DA system, a recent study (Perdikaris et al., 2018) showed that 

chronic WIN55,212-2 administration induces long-lasting alterations in mesostriatal DA function 

and CB1R dysregulation. In particular, this study indicates that chronic (20 days), but also acute 

WIN55,212-2 exposure, at a relatively moderate dose (1 mg/kg, ip) decreased dopamine transporter 

(DAT) binding and mRNA levels, as well as tyrosine hydroxylase (TH) mRNA expression in the 

substantia nigra (SN) and VTA. Interestingly, in the striatum, chronic but no acute WIN55,212-2 

administration led to decreased protein expression of DAT and TH, suggesting a diminished DA 

uptake and synthesis after chronic treatment, which might be explained as a compensatory 

mechanism against excessive DA transmission (Rabinovic et al., 2000). Interestingly, either 7 or 20 

days after WIN55,212-2 cessation, a rebound increase in mRNA , binding and total protein levels of 

DAT and TH in the VTA, the SN and striatum, as well as in CB1R binding levels has been 

observed, suggesting the presence of a biphasic expression pattern (Perdikaris et al., 2018). 

Consistently, Fanarioti et al. (2014) previously reported a reduction of DAT mRNA and binding 

levels in the SNpc and VTA after chronic WIN55,212-2 treatment (20 days) at a similar dose (1 

mg/kg, ip), as well as at lower drug doses (0.1-0.3 mg/kg, ip). Moreover, as observed after repeated 

Δ9-THC administration, Verrico and colleagues (2003) demonstrated that repeated administration of 

WIN55212-2 (10 mg/kg, ip, twice daily for 14 days) also induces a persistent (up to week after drug 

discontinuation) decrease DA turnover in the PFC, an effect reversed by an amphetamine challenge 

(Verrico et al., 2003). Interestingly, this alteration of DA activity, different from Δ9-THC, was 

observed also after 7 days (twice daily) of WIN 55212-2 (10 mg/kg, ip) administration (Verrico et 

al., 2003), and might be due to the higher potency of SCRAs as compared to Δ9-THC. However, no 

evidence of DA dysregulation induced by repeated JWH-018 exposure has been reported. 
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Cognitive impairments 

Considering natural CB-induced cognitive impairments, both acute and chronic marijuana exposure 

are associated with dose-related cognitive impairments, especially in attentional processes, working 

memory, and memory functions in animals (Castellano et al., 2003; Zanettini et al., 2011) and in 

humans (Pope et al., 2001; Bolla et al., 2002; Solowij & Battisti, 2008). However, besides reduced 

learning, heavy cannabis use is also associated with a decreased mental flexibility, increased 

perseveration and reduced ability to sustain attention (Lundqvist, 2005). Hence, long-term heavy 

cannabis users show impairments in memory and attention that, in some cases are persistent and get 

worse with increasing years of regular cannabis use (Solowij et al., 2002). Moreover, marijuana use 

has been associated with low academic achievement, legal problems, unemployment and risk for 

the development of psychotic disorders (Friedman et al., 2001; Ferdinand et al., 2005; Henquet et 

al., 2005; Hall & Degenhardt, 2009). Importantly, chronic cannabis use in humans is associated 

behaviorally with amotivational syndrome and cognitive impairments (Lane et al., 2005; Hester et 

al., 2009), while neurochemically with hypofrontality (Hester et al., 2009; Martin-Santos et al., 

2010). Hypofrontality is defined as “a reduction in neuronal activity/ function of the frontal cortex 

observed by brain imaging glucose metabolism and fMRI studies” (Egerton et al., 2006; Goldstein 

& Volkow, 2011), while, at the neurochemical level, hypofrontality “is associated with an 

imbalanced cortical–subcortical network that involves dysregulation of DA, but also of other 

neurotransmitter systems such as glutamate” (Prohovnik et al., 1997; Del Arco & Mora, 2008; El 

Khoury et al., 2012). Alterations of cognitive functions following Δ9-THC exposure have been 

reported also in animal models. For instance, attentional deficits have been observed following sub-

chronic Δ9-THC administration (10 mg/kg twice daily for 14 days) in the rat (Verrico et al., 2004). 

Interestingly, attentional deficits after repeated CB exposure seem similar to those observed with 

lesions of the medial PFC or striatum (Burk & Mair, 2001; Christakou et al., 2001; Egerton et al., 

2006).  
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Considering SCRA-induced cognitive impairments, few studies have investigated the impact of 

chronic SCRA exposure on cognitive functions and whether these impairments persist after periods 

of drug abstinence (Egerton et al., 2006). However, as discussed above, similarly to Δ9-THC, 

repeated administration of WIN55212-2 (10 mg/kg, ip, twice daily for 14 days) induces a persistent 

(up to a week after drug discontinuation) decrease in DA turnover in the PFC, an effect reversed by 

an amphetamine challenge (Verrico et al., 2003). Therefore, it seems reasonable to hypothesize that, 

as observed after chronic Δ9-THC exposure, this DA hypoactivity may lead to some cognitive 

impairments (Verrico et al., 2003; Verrico et al., 2004). In line with this hypothesis, it has recently 

been demonstrated both in vitro and in vivo, that acute exposure to WIN 55,212-2 and CP-55,940 

caused a significant shift of E/I balance inputs, toward excitation, in layer II/III pyramidal neurons 

of the PL area of the mPFC (den Boon et al., 2015). Therefore, this modulation of the E/I balance 

by SCRAs may be fundamental in the regulation of local PL cortical network activity and might 

represent a mechanism through which chronic SCRA exposure might affect cognitive functions 

(den Boon et al., 2015). 

Therefore, further studies are required to understand the possible alteration of the DA system, as 

well as cognitive impairments induced by chronic SCRA exposure. 
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5.3.8 Toxicity in humans 

As discussed above, although advertised as “safe and legal” alternatives to marijuana on the 

Internet, SCRAs have proved to be dangerous novel chemicals, inducing several and severe adverse 

effects that are distinct from those produced by marijuana (Ford et al., 2017) (Table 4). In 

particular, clinical case studies have documented markedly greater toxicity following acute use of 

K2/Spice compared to marijuana, across a broad number of organ/tissue systems, including 

gastrointestinal (Gurney et al., 2014; Ukaigwe et al., 2014; Zawilska & Wojcieszak, 2014; Abrams 

& Guzman, 2015; Besli et al., 2015), neurological (Muller et al., 2010; Vardakou et al., 2010; 

Benford & Caplan, 2011; de Havenon et al., 2011; Schneir et al., 2011; Peglow et al., 2012; 

Vandrey et al., 2012; Young et al., 2012; Hermanns-Clausen et al., 2013; Yeakel & Logan, 2013; 

Haro et al., 2014; Meijer et al., 2014; Sheikh et al., 2014; Takematsu et al., 2014; Zawilska & 

Wojcieszak, 2014; Abrams & Guzman, 2015; Chase et al., 2016), cardiovascular (Jones, 2002; 

Schneir et al., 2011; Schneir & Baumbacher, 2012; Young et al., 2012; Hermanns-Clausen et al., 

2013; Clark et al., 2015; McIlroy et al., 2016), and renal (2013; Bhanushali et al., 2013; Kazory & 

Aiyer, 2013) systems. In addition, it has been reported that SCRAs induce seizures and convulsions 

(Lapoint et al., 2011; Schneir & Baumbacher, 2012; McQuade et al., 2013; Schep et al., 2015; Katz 

et al., 2016) although in these years a growing amount of interest in medical cannabis as a treatment 

for epilepsy and other seizure disorders (Reddy & Golub, 2016) has been observed. This latter 

difference between SCRAs and Δ9-THC has been confirmed by animal studies, supporting the 

notion that high-efficacy SCBs exhibit unexpected proconvulsant effects (Vigolo et al., 2015; 

Canazza et al., 2016; Ossato et al., 2016). 

Furthermore, although development of dependence to marijuana is rare, chronic use of SCRAs can 

lead to tolerance, dependence, and withdrawal (Wikler, 1976; Zimmermann et al., 2009; Every-

Palmer, 2011). Moreover, the most alarming reports have shown fatalities after SCRA intoxication 
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(Trecki et al., 2015). Taken altogether, the clinical cases reported in the literature clearly indicate 

that SCRAs cannot be considered as a “safe alternative” to marijuana (Ford et al., 2017). 

 
Table 4. SCRA toxicity in Humans: a comparison with marijuana. Modified from Ford et al. (2017) 
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B-Aim of the study 

JWH-018 has been detected in more than 140 specimens of cannabinoid-containing herbal blends, 

broadly known as Spice and K2 drugs, which started being used recreationally as “legal, natural, 

and safe” alternatives to marijuana (Carroll et al., 2012), and have been sold worldwide in smart 

shops and online to circumvent legal issues since 2004 (Fattore & Fratta, 2011; Gurney et al., 2014) 

http://www.deadiversion.usdoj.gov/). JWH-018 is a synthetic cannabinoid receptor agonist (SCRA), 

highly potent and efficacious at CB1 and CB2 receptors (CB1R and CB2R)(Huffman & Padgett, 

2005; Wiley et al., 2012). It is considered the prototypical compound of the so-called ‘first 

generation’ class of SCRA since newer generations arose from slight modifications to the chemical 

structure of JWH-018 (De Luca et al., 2016; Miliano et al., 2016; De Luca & Fattore, 2018). These 

modifications not only generated legal drugs, at least for a certain period of time, but also led to 

SCRA with higher potency and efficacy at CBR, and with increased abuse potential generation after 

generation (De Luca et al., 2016; De Luca & Fattore, 2018). In humans, differently from Δ9-THC, 

SCRAs are able to induce more adverse reactions, long-term effects and psychiatric consequences, 

several withdrawal symptoms, and more prevalence of dependence after their chronic use (Papanti 

et al., 2014; Schifano et al., 2015). Most likely, these effects are due to their higher potency and 

affinity for CB1R (full agonist) compared with Δ9-THC (partial agonist) (De Luca et al., 2016; 

Miliano et al., 2016; Pintori et al., 2017). Previous studies by our group demonstrated that JWH-

018 shares with Δ9-THC CB1 receptor-dependent reinforcing properties and dopamine (DA) 

stimulant actions, displaying a preferential effect on the nucleus accumbens (NAc) shell at the dose 

of 0.25 mg/kg (ip), thus confirming the higher potency of this compound when compared to Δ9-

THC, which is able to increase NAc shell DA at the dose of 1 mg/kg ip (De Luca et al., 2015). It 

has been demonstrated that the ability to stimulate DA transmission in the NAc shell is a marker of 

abuse liability of the drugs, independent of their pharmacological mechanisms of action (Di Chiara 

et al., 2004). The role of DA transmission in processing emotionally salient information and in 
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reward processes is well known. As matter of fact, the mesolimbic and the mesocortical DA 

pathways play a pivotal role in the evaluation of the motivational value of rewarding stimuli. In 

particular, both drugs of abuse and natural rewarding stimuli, as highly appetitive taste stimuli, 

increase DA transmission in the NAc shell (Di Chiara, 1990a; Bassareo et al., 2002; Volkow et al., 

2003; Fillenz, 2005). However, for taste stimuli this effect undergoes adaptive regulation (termed 

“habituation”) after a single pre-exposure to the same taste stimuli in the NAc shell but not in 

mPFC, supporting the hypothesis that NAc shell DA is activated by unfamiliar appetitive stimuli 

while DA in the mPFC codes for generic motivational value (Di Chiara, 1990a; Bassareo & Di 

Chiara, 1997; 1999; Bassareo et al., 2002; Di Chiara et al., 2004). Moreover, previous studies by 

our group showed that habituation of DA responsiveness in NAc shell to gustatory stimuli is 

dependent upon an intact mPFC DA function (Bimpisidis et al., 2013; De Luca, 2014). In fact, 

bilateral lesions of mPFC by 6-OHDA did not affect NAc shell DA responsiveness to a first 

chocolate exposure (naive rats), but abolished habituation to the second chocolate exposure. These 

data, consistent with the results observed in morphine sensitized rats (De Luca et al., 2011), suggest 

top-down control of mPFC DA on NAc DA and a possible role in the loss of control of the 

motivational value of stimuli, confirming a reciprocal relationship between these two DAergic 

areas. It is well established that endocannabinoid (eCB) signalling plays a crucial role in the 

processing of emotionally salient information and its relationship with DA transmission (Hernandez 

& Cheer, 2012; Tan et al., 2014; Covey et al., 2015; Covey et al., 2017). Indeed, considerable 

evidence has shown an important interaction between eCB system and DA transmission in reward 

processes (Maldonado et al., 2006; Volkow et al., 2017). In particular, it has been demonstrated that 

dysfunction of eCB signaling, may lead to a dysregulation of mesocorticolimbic DA transmission in 

the processing of evaluation of salience information related to several neuropsychiatric disorders 

and addiction (Tan et al., 2014). This evidence is consistent with the effects of eCB signalling 

dysregulation induced by the heavy use of Δ9THC (Volkow et al., 2003; Volkow & Morales, 2015; 

Volkow et al., 2017). In fact, chronic use of marijuana in humans increases impulsivity (Cousijn et 
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al., 2013; Dougherty et al., 2013), induces psychomotor and cognitive deficits, reduces impulse 

control and increases risk-taking behaviours (Hall, 1998; Iversen, 2003), which are probably 

associated with dysfunctions of the cortico-limbic-striatal DA circuit (Lane et al., 2005; Hester et 

al., 2009; Martin-Santos et al., 2010). In addition, accumulating evidence strongly supports an 

important contribution of glial cells in brain plasticity and in affective, motivational and cognitive 

processes, which are altered in drug addiction disorder, and might contribute to the vulnerability 

and persistence of addictive behaviors (Beattie et al., 2002; Ross et al., 2003; Yirmiya & Goshen, 

2011; Rossi et al., 2012; Marin & Kipnis, 2013). Consistently, important alterations of the 

inflammatory system, as well as of glial cells, produced by heavy use of CBR agonists have been 

observed (Melis et al., 2017). Moreover, it has been suggested that there is important involvement 

of the eCB system in drug-induced glial alterations and their role in drug addiction (Scofield & 

Kalivas, 2014; Scofield et al., 2016; Lacagnina et al., 2017). 

Despite the growing use of Spice/K2 drugs, the effects induced by repeated exposure to SCRA on 

DA transmission and their putative relation with the neurobiological basis of drug dependence and 

withdrawal, as well as their neuroinflammatory effects, have not been yet extensively characterized.   

Based on these premises, the aim of this study is to evaluate, in adult male Sprague-Dawley rats, 

neurochemical, electrophysiological, behavioral, and neuroinflammatory effects of repeated JWH-

018 exposure, at a dose able to selectively increase DAergic transmission in the NAc shell (0.25 

mg/kg, ip, qd, 14 days). In particular, we focused our research on: 

1) Dysregulation of DA system that plays a crucial role in drug addiction, in particular either on 

basal neuronal activity or on responsiveness of mesocortical and mesolimbic DA transmission 

to repeated exposure to appetitive (i.e. motivational) taste stimuli; 2) spontaneous withdrawal 

signs; 3) behavioral effects (i.e. anxiety, compulsive-like behavior, sensorimotor-gating); 4) 

neuroinflammatory effects (i.e. astrocytes and microglia cells alterations) on DA brain areas 

that might contribute to the differential effects induced by repeated JWH-018 exposure. 
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C-Materials and Methods 

1 Animals  

Male Sprague-Dawley rats (Harlan, Italy) weighing 275-350 g were used for all these studies. 

Animals were housed in groups of six in standard plastic cages with wood chip bedding, at 

temperature of 22 ± 2 °C and 60% humidity and under a 12 h light/dark cycle (lights on from 7.00 

a.m.). Tap water and standard laboratory rodent chow (Mucedola, Settimo Milanese, Italy) were 

provided ad libitum in the home cage. All animal experiments were carried out in accordance with 

the Guidelines for the Care and Use of Mammals in Neuroscience and Behavioral Research 

according to Italian (D.L. 116/92 and 152/06) and European Council directives (609/86 and 

63/2010) and in compliance with the approved animal policies by the Ethical Committee for Animal 

Experiments (CESA, University of Cagliari) and the Italian Ministry of Health (Aut. N. 162/2016- 

PR).  We made all efforts to minimize pain and suffering, and to reduce the number of animals used. 
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2 Experimental design timeline  

Rats were injected daily with either vehicle or JWH-018 (0.25 mg/kg) intraperitoneally (ip) for 14 

consecutive days. Afterward, animals were assigned randomly to different experimental groups, as 

described below and in the timeline of experiment (Fig.12):  

 

Fig.12 The timeline of the experiments 

 

1- DA dysregulation: to disclose whether repeated JWH-018 administration induced alteration 

on DA systems we performed, at different time point, the following experiments: 1) 

evaluation of DA response to JWH-018 during the last day of administration; 2) evaluation 

of basal VTA DA neurons activity, as well TH-immunoreactivity 24 hours and 3) seven 

days after repeated JWH-018 exposure; 4) evaluation of DA response to repeated chocolate 

exposure 7 days after JWH-018 discontinuation. 

2-  Behavioral effects: to disclose whether repeated JWH-018 administration induced 

behavioral effects and spontaneous signs of withdrawal, we performed at different time 
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point the following behavioral tests: 1) marble burying (MB), elevated place maze (EPM), 

prepulse inhibition (PPI) 1 hour and 2) 24 hours after last JWH-018 injection; 3) behavioral 

observation of spontaneous withdrawal signs JWH-018- induced 24 hours and 4) seven days 

after JWH-018 discontinuation; 5) taste reactivity test during chocolate exposures (seven 

days after repeated JWH-018 exposure).  

3- Neuroinflammatory effects: to disclose whether repeated JWH-018 administration induced 

astrocytes and microglia cells alterations on DA brain areas, we performed at different time 

point the following immunohistochemical assays: 1) evaluation of Glial Fibrillary Acidic 

Protein.(GFAP) and Ionized calcium-Binding Adapter molecule 1 (IBA-1) 

Immunoreactivity (IR) on selected DA brain areas 24 hours and 2) seven days after repeated 

JWH-018 administration.  

A detailed description of different techniques used in the present study is provided in the following 

paragraphs. 

3 Drugs and solutions 

JWH-018 was purchased from Tocris (Bristol, UK), and solubilized in 0.5% EtOH, 0.5% Tween 80 

and 99% saline. A chocolate solution, containing chocolate syrup (Nesquik Squeeze©, Nestle, S.A., 

Vevey, Switzerland) and tap water (1:1), has been used as gustatory taste stimulus. The chocolate 

syrup contained sucrose, water, cacao, corn syrup, citric acid, salt, potassium sorbate and artificial 

flavour. 

4 Probe and oral catheter preparation 

Vertical microdialysis probes, with an active dialysing portion of 1.5 mm for NAc and 3 mm for 

mPFC, were prepared with AN69 fibers (Hospal Dasco, Bologna, Italy), as previously described 

(De Luca et al., 2011) according to the method of Di Chiara et al. (1993) as modified by Tanda et 

al. (1996). The oral catheters were made of a 22-G stainless steel needle and polyethylene (PE) 
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tubing (Portex Ltd, Hythe, Kent, England) (ID 0.58 mm, OD 0.96 mm). The needle was cut at one 

side (total length of 2 cm from the tip), the cut part was blunted and inserted in the PE tubing, which 

ending at a perforated circular disc. 

5 Surgery 

In order to evaluate the neurotransmitters extracellular levels by in vivo brain microdialysis, and to 

infuse the taste stimulus (i.e chocolate solution), rats were anaesthetized with Equithesin (3ml/kg ip; 

chloral hydrate 2.1 g, sodium pentobarbital 0.46 g, MgSO4 1.06 g, propylene glycol 21.4 ml, 

ethanol (90%) 5.7 ml, H2O 3 ml) and were implanted with microdialysis probe and oral catheters. 

The microdialysis probe (1.5 or 3 mm dialyzing portion for NAc or mPFC, respectively) was 

implanted in the NAc shell (A+2.2, L+1.0 from bregma, V-7.8 from dura) or core (A+1.4, L+1.6 

from bregma, V-7.6 from dura) or in the mPFC (A+3.7, L+0.8 from bregma, V-5.0 from dura) 

according to Paxinos & Watson (2007). In the same session, an oral catheter was inserted at the 

level of the first molar, passed along the space between the temporalis muscle and the skull by the 

tip of the 22G needle, and fixed on the top of the head of the rat with a small plastic tip filled with 

cyanoacrylate glue (Fig. 3).  

 

Fig. 13 Schematic representation of the position of implantation of the intraoral catheter in the rat 
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6 Neurochemical and neurofunctional assays 

6.1 In vivo brain microdialysis: DA extracellular levels  

In vivo brain microdialysis is a method that permits the collections of samples from the 

extracellular space of any desired brain region while the animal is freely moving. The method of in 

vivo brain microdialysis is based on the diffusion of substances between the extracellular space in 

the brain and an artificial cerebrospinal fluid (ACSF – Ringer’s solution) through a microdialysis 

probe equipped with a semipermeable membrane (Hernandez et al., 1986; Di Chiara, 1990b). In the 

present study, within the two days following the surgery, in vivo microdialysis experiments were 

performed to measure DA extracellular levels in the NAc shell, NAc core and mPFC according to 

the procedure previously described (Bimpisidis et al., 2013).  

The day of experiment, probes were perfused with Ringer's solution (147 mM NaCl, 4 mM KCl, 2.2 

mM CaCl2) at a constant rate of 1 µl/min. Dialysate samples (10 µl) were injected into an HPLC 

equipped with a reverse phase column (C8 3.5 um, Waters, USA) and a coulometric detector (ESA, 

Coulochem II) to quantify DA. The first electrode of the detector was set at +130 mV (oxidation) 

and the second at -175 mV (reduction). The composition of the mobile phase was: 50 mM 

NaH2PO4, 0.1 mM Na2-EDTA, 0.5 mM n-octyl sodium sulfate, 15% (v/v) methanol, pH 5.5. The 

sensitivity of the assay for DA was 5 fmol/sample. 

After the evaluation of DA basal levels, estimated as the mean of three consecutive samples which 

values did not differ more than ±10%, animals either were injected with the last JWH-018 dose (day 

14) or seven days after the last injection were intraorally infused with a chocolate solution (1 mL/5 

min) (see Fig.12) and the DA extracellular levels were monitored up to 2 hours after JWH-018 

injection/chocolate infusion. At the end of microdialysis experiments, animals were sacrificed, 

brains were removed and stored in formalin (8%) for histological examination to verify the correct 

placement of the microdialysis probe. 
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6.2 In vivo electrophysiology: VTA DA neurons single unit recording 

24 hours or seven days after JWH-018 discontinuation, rats were anaesthetized with urethane (1.3 

g/kg, ip) and placed in the stereotaxic apparatus (Kopf, Tujunga, CA, USA) with their body 

temperature maintained at 37±1°C by a heating pad. The scalp was retracted, and one small hole 

was drilled above the parabrachial pigmented nucleus (PBP) of the posterior VTA according to the 

Atlas of Rat Brain (Paxinos and Watson, 2007). Extracellular single-unit activity of dopamine 

neurons located in the VTA (A: -5.8 to -6.2 from bregma, L: +0.4 to +0.6 from midline, V: -7.0 to -

8.0 from the cortical surface) was recorded with glass micropipettes filled with 2% pontamine sky 

blue (PSB) dissolved in 0.5 M sodium acetate (impedance 2.5–5 MΩ).  The population spontaneous 

activity of VTA dopamine cells was determined descending the electrode within the area in 6-9 

predetermined tracks, separated by 200 µm each other. 

Putative VTA DA neurons were selected when all criteria for identification were fulfilled: firing 

rate <10 Hz and duration of action potential >2.5 ms as measured from start to end (Grace & 

Bunney, 1983). Bursts were defined as the occurrence of two spikes at interspike interval <80 ms, 

and terminated when the interspike interval exceeded 160 ms (Grace & Bunney, 1984). The 

electrical activity for each neuron was recorded for 2-3 minutes. Single-unit activity was filtered 

(bandpass 0.1–10000 Hz) and individual action potentials were isolated and amplified (Neurolog 

System, Digitimer, Hertfordshire, UK), displayed on a digital storage oscilloscope (TDS 3012, 

Tektronics, Marlow, UK). Experiments were sampled on line and off line with Spike2 software 

(Cambridge Electronic Design, Cambridge, UK) by a computer connected to CED 1401 interface 

(Cambridge Electronic Design, Cambridge, UK). At the end of recording sessions, DC current (15 

mA for 15 min) was passed through the recording micropipette in order to eject PSB for marking 

the recording site. Brains were then rapidly removed and were frozen in isopentane cooled to -40 

°C. The position of the electrodes was microscopically identified on serial 60 µm sections stained 

with Neutral Red. 
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7 Behavioural assays 

7.1 Marble Burying test 

The Marble Burying test (MB) has been proposed as animal model of compulsive activity/ 

repetitive like- behaviours (Albelda & Joel, 2012). In this study, MB was performed 1 hour, and 24 

hours after the last injection in order to evaluate the presence of compulsive activity in rats induce 

by repeated treatment with JWH-018 and during acute JWH-018 withdrawal period. Before starting 

the experiment, rats were placed for a 2 h period of acclimation into the experimental room. In the 

test performed 1 hour after the last injection, animals were pre-treated with either JWH-018 (0.25 

mg/kg ip, 14 consecutive days) or vehicle (3ml/kg) 1 hour before starting MB. The MB was 

conducted into an open transparent plastic cage (54×34.5×20cm) with 5 cm of fresh hardwood chip 

bedding as previously described (Satta et al., 2016). Twenty-four standard glass marbles (1.5 cm in 

diameter, arranged in six rows of four marbles each) were placed uniformly over the surface. 

Individual rats were placed in the test cage and the activity was monitored for 30 min by a video 

camera placed above the cage. At the end of the session, animals were gently removed from the 

cages, and the number of marbles partially (≥67%) and totally (>95%) buried was counted 

(Anymaze Software, Stoelting, Illinois, USA) as previously characterized (Satta et al., 2016; Zanda 

et al., 2017). New bedding was used for each animal, and marbles were cleaned with soap and tap 

water. 

7.2 Elevated Plus Maze 

The elevated plus maze (EPM) has been described as a simple method for assessing anxiety 

responses of rodents (Dawson et al., 1994; Rodgers et al., 1997). In the present study, the EPM 

paradigm was used to evaluate possible anxiogenic effects in rats induced by repeated JWH-018 

administration and due to acute JWH-018 withdrawal syndrome. Rats’ performance in the EPM was 

measured 1 hour and 24 hours after the last injection in order to evaluate respectively anxiogenic 
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effects during and after repeated treatment with JWH-018 The day of experiment, rats were placed 

for a 2 h period of acclimation into the experimental room. In the test performed the 1 hours after 

the last inection, rats were pre-treated with either JWH-018 (0.25 mg/kg ip) or vehicle (3ml/kg) 1 

hour before starting the test. The EPM was made of white PVC and consisted of two opposite open 

arms (length 50 cm, width 10 cm) and two opposite closed arms (length 50 cm, width 10 cm), the 

latter enclosed by 40 cm high walls along their length. The four arms converged to a central square 

(10×10 cm), thus reproducing the shape of a plus sign. The apparatus was elevated 50 cm from the 

floor. Rats having no prior experience of the EPM were placed in the central square, and were left 

free to explore the whole apparatus for a single 5 min test session. The experiments were performed 

under an illumination of 40 lux, which was uniform in both the open and closed arms of the 

apparatus. Rats’ performance was videotaped, and percentages of arm entries as well as of time 

spent in open and closed arms were calculated with respect to the total number of entries and to the 

total amount of time spent in the arms, respectively. A rat was considered inside a specific arm 

when it had all the four paws inside the arm.  

7.3 Prepulse Inhibiton  

The prepulse inhibition (PPI) was performed 1 hour, 24 hours after the last injection in order to 

evaluate attentional deficits induced by repeated JWH-018 exposure and due to acute JWH-018 

withdrawal syndrome. The day of experiment, rats were placed for a 2 h period of acclimation into 

the experimental room. In the test performed the 1 hour after the last administration, rats were pre-

treated with either JWH-018 (0.25 mg/kg ip) or vehicle (3ml/kg) 1 hour before starting the test. The 

startle reflex system consisted of 4 standard cages each placed inside a sound-attenuated and 

ventilated chamber (Med Associated, USA). Startle cages were non-restrictive Plexiglas cylinders 

(diameter 9 cm) mounted on a piezoelectric accelerometer platform connected to an analogue-

digital converter. Background noise and acoustic bursts were conveyed through two speakers placed 

in proximity to the startle cage so as to produce a variation in sound intensity within 1 dB. On test 
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day, each rat was placed in the experimental cage for a 5 min acclimatization period with a 70 dB 

white noise background; this was continued for the remainder of the session. Animals were then 

tested on 3 consecutive trial blocks. The first and the third blocks consisted of 5 pulse-alone trials of 

40 ms at 115 dB, while the second block (test block) was a pseudorandom sequence of 50 trials 

including 12 pulse-alone trials, 30 pulse trials preceded by 73, 76 or 82 dB prepulses (10 for each 

level of prepulse loudness), and 8 nostimulus trials (where the only background noise was 

delivered). The percent (%) PPI was calculated based only on the values relative to the second 

block, and using the following formula: 100- [(mean startle amplitude for prepulse + pulse 

trials/mean startle amplitude for pulse-alone trials) × 100]. 

7.4 Spontaneous behavioural signs of withdrawal 

24 hours and seven days after repeated JWH-018 administration, we evaluated behavioural signs of 

withdrawal JWH-018 induced. Before electrophysiological recordings, individual rats were placed 

in plastic cages (30x25x45 cm) with standard rat bedding on the floor. Cages were located in a 

sound-proof room for behavioural observation. Point-scoring was performed by an observer blind to 

treatment (placed behind a one-way window). The spontaneous cannabinoid withdrawal signs were 

scored (Diana et al., 1998) with counted signs (total number of events over a 30 min period of time) 

such as scratching, wet dog shakes, facial rubbing, and licking. 

7.5 Taste reactivity 

The taste reactivity test has been utilized as an operational estimate of hedonic valence (positive or 

negative) and hedonic impact of tastes (Grill & Norgren, 1978; Berridge, 2000). In the present 

study, behaviour was recorded during the microdialysis experiments; the effect on taste reactivity of 

the chocolate solutions through the oral catheter has been recorded, as previously reported (De Luca 

et al., 2011; Bimpisidis et al., 2013). The oral catheter was connected to an infusion pump and the 

chocolate solution was pumped at a constant rate of 0.2 mL/min, to a total of 1 mL/5 min. During 
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the taste reactivity test, animals were monitored and two classes of taste reactivity patterns were 

scored – positive hedonic (appetitive) and negative hedonic (aversive). Positive hedonic reactions 

were characterized by paw licks, lateral tongue protrusions, and rhythmic tongue protrusion; 

aversive reactions were characterized by face washing, forelimb flails, gapes, chin rubs, paw tread, 

and locomotion. Each reaction was assigned with one point if the duration was between 1 and 5 s 

and two points if the duration was more than 5 s. 

8 Immunohistochemical assays 

8.1 Brain tissue preparation and GFAP, IBA-1 and TH immunofluorescent 

staining 
24 hours or seven days after the last injection, rats were deeply anaesthetized with Equithesin (0.97 

g pentobarbital, 2.1 g magnesium sulphate, 4.25 g chloral hydrate, 42.8 mL propylene glycol, 11.5 

mL ethanol 90%, 5 mL kg 1, ip) and then transcardially perfused with 4% paraformaldehyde and 

0.1% glutaraldehyde in 0.1 M phosphate-buffered saline (PBS, pH 7.4). Brains were rapidly 

removed and post-fixed in the same fixative for 6 h. After repeated washing in 0.1 M PBS, brains 

were cryoprotected in 30% sucrose in PBS for 48 h. Immunostaining was performed on free-

floating coronal sections (thickness: 40 mm) which were obtained using a vibratome at levels 

comprising the brain areas selected for this study. To facilitate the identification of the selected 

brain areas, adjacent sections were also collected and stained with Neutral Red. 

Pre-blocking of tissue sections was performed using normal goat serum (NGS, 10%), bovine serum 

albumin (BSA, 1%) and Triton X-100 (0.2%) in PBS for 1 h at room temperature. As concerns 

GFAP-immunofluorescence, tissue sections were incubated at 4 C for 24 h with a mouse 

monoclonal anti-GFAP antibody (1:5000; Millipore Temecula, CA, USA) in PBS containing 0.2% 

Triton X-100, 0.1% BSA, and 1% NGS. Then, sections were washed in PBS containing 0.2% 

Triton X-100 and incubated them with Alexa Fluor 594-labeled goat anti-mouse IgG (1:500; 

Molecular Probes, Eugene, OR, USA) for 1 h in the dark at room temperature.  
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As concerns IBA-1 immunofluorescence, we incubated tissue sections at 4°C for 24 h with a rabbit 

monoclonal anti-IBA-1 antibody (1:2000; Wako Pure Chemical Industries, Chuo-Ku, Osaka, Japan) 

in PBS containing 0.2% Triton X-100, 0.1% BSA, and 1% NGS. Then, sections were washed in 

PBS containing 0.2% Triton X-100 and incubated them with Alexa Fluor 488-labeled goat anti-

rabbit IgG (1:500; Molecular Probes, Eugene, OR, USA) for 1 h in the dark at room temperature. 

For TH-immunofluorescence, tissue sections were incubated at 4 °C for 24 h with a mouse 

monoclonal anti-TH antibody (1:1000; Millipore Temecula, CA, USA) in PBS containing 0.2% 

Triton X-100, 0.1% BSA, and 1% NGS. Then, sections were washed in PBS containing 0.2% 

Triton X-100 and incubated them with Alexa Fluor 488-labeled goat anti-mouse IgG (1:500; 

Molecular Probes, Eugene, OR, USA) for 1 h in the dark at room temperature. Finally, all sections 

were rinsed and mounted on slides using VectaShield anti-fade mounting media (Vector Inc.). 

Moreover, standard control experiments by omitting of either the primary or secondary antibody 

have been performed; no cellular labeling was yielded.  

8.2 Imaging and quantitative analysis of GFAP, IBA-1 and TH 

immunofluorescent staining 

An Olympus IX 61 microscope, furnished with 2.5, 4, 10, 20 and 60X planapochromatic oil 

immersion objectives, was used for observations. An Olympus 12-bit cooled F View II camera 

(Hamburg, Germany) was used for capturing the images. Excitation light was attenuated with a 6% 

transmittance neutral density filter.  

For each animal, analysis of GFAP and IBA-1 immunoreacitivity (IR) was performed on one tissue 

section out of every 3 successive sections, for a total of 8, 6, 16, and 12 sections containing the 

Prefrontal Cortex (PFC), the Nucleus Accumbens (NAc shell and core), the Caudate Putamen (CPu) 

and Ventral Tegmental Area (VTA), respectively. TH-IR analysis was performed only in the VTA 

sections.  
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In order to include almost the whole area (either PFC, CPu, NAc, VTA), according to the extension 

of the region under analysis, we have chosen the total size of the examined area in which GFAP-IR, 

TH- and IBA-1-IR cells were counted. The selected coronal levels of these sections corresponded to 

the levels of plates 7-9 for the PFC (AP: +3.70 to +2.70), 13-15 for NAc shell and core (AP: +1.20 

to +0.70), 11–19 for the CPu (AP: +1.70 to -0.30), and 37-43 for VTA (AP: -4.80 to -6.30) 

according to the Atlas of Rat Brain (Paxinos and Watson, 2007). 

Semi-quantitative analysis of GFAP was carried out using the 20X objective on 3 non-overlapping 

regions of interest (ROIs, roughly 140000 mm2) from one out of either every 3 slices of the PFC, 

NAc and CPu region or every 2 slices of the VTA region. The focus depth was extended by 

summing the maximum intensity of several images taken at focus steps of 0.25 mm depth intervals 

to a total of 2 mm thickness using the Z-stack module (Olympus Soft Imaging Solution, GNHB, 

Munster, Germany). After capture, images were analyzed using the Cell P Analysis software 

module. Density thresholding to the single channel grey scale images was applied to detect 

positively stained fibers. Subsequently, for each image we estimated the proportion (%) of area 

occupied by fibers, and for each animal we calculated average values from images of all tissue 

sections. 

The number of both IBA-1 and TH positive cells was counted bilaterally in 8 (PFC), 6 (NAc), 16 

(CPu) and 12 (VTA) sections per animal. In these sections, non-overlapping randomly selected 

ROIs of 0.15 mm2, 6 and 4 respectively for IBA-1 and TH, were examined with a 20X objective by 

two trained observers blind to drug treatment. Limits of the ROI were defined based on structural 

details within the tissue sections to ensure the ROIs did not overlap. The distance among the 6/4 

ROIs was superior to 40 µm to avoid overlapping. IBA-1 and TH positive cells touching the inferior 

or the right sides of the ROI were excluded from counting. The number of IBA-1 and TH cells was 

expressed as mean/mm2 ± SEM. 
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9 Statistical analysis 

Means ± S.E.M. were calculated for the following parameters: i) basal values of DA ii) percentages 

of change in DA extracellular levels; iii) numbers of spontaneously active VTA DA neurons, 

frequency of DA neuron firing rate, and percentages of spikes in bursts iv) number of taste reactions 

in the taste reactivity test; v) percentages of time spent in open arms in the EPM; vi) number of 

marbles totally buried in the MB; vii) of startle amplitude and percentage of PPI at prepulse 

intensities of 74, 78, and 82 dB; viii) numbers of withdrawal signs, and ix) densities of GFAP-IR, 

and numbers of TH- and IBA-1 positive cells. Data were analyzed with one factor (treatment), two 

factors (treatment × time, treatment x chocolate exposure, or treatment x prepulse), or three factors 

(treatment x time x chocolate exposure) analysis of variance (ANOVA) (DA response to JWH-018 

and to chocolate, PPI, GFAP and IBA-1 immunoreactivity) or with Student’s t-test (basal DA 

extracellular levels, electrophysiological data, EPM, MB, somatic withdrawal signs and taste 

reactivity test data, acoustic startle response amplitude, TH immunoreactivity). ANOVA was 

followed by Tukey or Bonferroni post-hoc test, when appropriate. Statistical analysis was 

performed with Statistica (StatSoft, Tulsa, OK, USA), Prism (GraphPad, La Jolla, CA, USA). 

Significance was set at p< 0.05 for each analysis.  
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D-Results  

1-Dysregulation of DA systems induced by repeated JWH-018 administration 

1.1 Effect of JWH-018 (0.25 mg/kg ip, daily for 14 days) on DA transmission in 

the NAc shell and mPFC during the last day of administration 

In attempt to evaluate the effect of a single administration of JWH-018 (0.25 mg/kg ip) within the 

experimental protocol described in this study, in this experiment we evaluated the basal DA 

extracellular levels in the NAc shell and in the mPFC and the effect of the last administration of 

JWH-018 in rats administered for 13 days with Veh or JWH-018 (0.25 mg/kg ip).  

Rat basal values of DA, expressed as fmoles/10 µl sample, were analyzed separately for brain area 

using unpaired Student’s t-test. As shown in Fig. 14A, no significant differences on basal DA levels 

between JWH-018 and Veh-treated group were observed [NAc shell: t(5)= 0.08, p= 0.93; JWH-018: 

n=4; Veh: n=3; mPFC: t(18)= 1.42; p= 0.17; JWH-018: n=12; Veh: n=8].  

Afterwards, we studied the effect of repeated administration of JWH-018 (0.25 mg/kg ip) on DA 

transmission in the NAc shell and in the mPFC during the last day of administration (i.e. 14th day). 

As shown in Fig. 14B, rats pre-treated with vehicle (n=7) showed a selective significant increase of 

extracellular DA in the NAc shell in response to JWH-018 (0.25 mg/kg ip) administration, while 

rats pre-treated with JWH-018 (n=6) failed to increase DA in the same area. Two- way ANOVA 

showed a main effect of treatment [F(1,11)=10.43; p< 0.01], time [F(12,132)=5.03; p< 0.0001], and a 

significant treatment x time interaction [F(12,132)= 2.28; p< 0.05]. Tukey's post hoc tests showed an 

increase of dialysate DA in the NAc shell at 20, 30, and 40 min after JWH-018 administration in 

Veh pre-treated group as compared to basal values and at 20 min with respect to JWH-018 pre-

treated group. Moreover, as shown in Fig. 14C, no significant effects were observed on DA 

response in the mPFC after JWH-018 (0.25 mg/kg ip) administration between JWH-018 (n=8) and 

Veh-treated group (n=4). Two- way ANOVA analysis showed no significant main effect of 



99 
 

treatment [F(1,120)=0.14; p= 0.71], time [F(12,120)=1.48; p= 0.13] and no significant treatment x time 

interaction [F(12,120)=1.63; p= 0.09]. 

 

Figure 14 Effect of JWH-018 (0.25 mg/kg ip, daily for 14 days) administration on DA transmission in 
the NAc shell and in the mPFC during the last day of treatment. Results are expressed as mean ± SEM 

of basal values of DA expressed as fmoles/10 µl sample (unpaired Student’s t-test, JWH-018 NAc shell: n=4; 
Veh NAc shell: n=3; JWH-018 mPFC: n= 12; Veh mPFC: n=8; panel A), and of change in DA extracellular 

levels expressed as the percentage of basal values (Two-way ANOVA, Tukey's HSD post hoc, JWH-018 
NAc shell: n=6; Veh NAc shell: n=7, panel B; JWH-018 mPFC: n=8; Veh mPFC: n=4; panel C). The arrow 

indicates the start of JWH-018 ip injection. Solid symbol: p < 0.05 with respect to basal values; *p < 0.05 
JWH-018 pre-treated group vs vehicle (Veh) pre-treated group  
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1.2 Spontaneous VTA DA neurons activity and TH-immunoreactivity 24h after 

JWH-018 (0.25 mg/kg ip,daily for 14 days) discontinuation  

Electrophysiological recording of DA neurons located in the parabrachial pigmented nuclei of 

posterior VTA were performed 24 hours after repeated JWH-018 (0.25 mg/kg ip,daily for 14 days) 

administration. The subregion has been selected for the larger density of DA cells projecting to NAc 

as compared to the more medial levels of VTA (Yamaguchi et al., 2011; Lammel et al., 2015). As 

shown in Fig. 15A, analysis by two-tailed unpaired Student’s t-tests showed a decrease of the 

number of spontaneously active DA cells (during spontaneous withdrawal) in JWH-018 treated 

group as compared to Veh treated group [JWH-018: n=11; Veh: n=10; t(19)=2.21, p<0.05]. 

However, analysis of VTA DA bursting activity (Fig 15C) showed an increased in percentage of 

spikes in burst [JWH-018: n=132; Veh: n=144, t(274)=1.87, p< 0.05] in JHW-018 treated rats as 

compared to Veh-treated rats. Notably/Moreover, as shown in Fig. 15B,no significant difference of 

average firing rate was not changed between groups [JWH-018: n=132, Veh: n=144; t(274)=0.67. p= 

0.25]. 

Meantime, we evaluated also TH-immunoreactivity of VTA neurons (Fig. 16). As shown in Fig. 

15D, JWH-018 treatment significantly decreased the number of TH positive cells in the VTA 

[JWH-018: n= 5; Veh: n=4; t(7) =2.49, p< 0.05]. 
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Figure 15 Spontaneous VTA DA neurons activity and TH-IR 24h after JWH-018 (0.25 mg/kg ip, daily 
for 14 days) discontinuation. The scatter plot in (A) shows the number of spontaneously active VTA DA 
neurons (JWH-018: n=11; Veh: n=10), while in (B) displays individual DA neuron firing rate in JWH-018 
and Veh-treated group (JWH-018: n=132; Veh: n=144). The horizontal lines represent average values that 

are significantly different between the 2 groups. The Bars in (C) represent the percentage of spikes in bursts 
(JWH-018: n=132; Veh: n=144), while in (D) shows the number of TH positive cells in the VTA (JWH-018: 
n=5; Veh: n=4), expressed per mm2. Data are expressed as percentage or mean ± SEM. *p< 0.05 JWH-018 

treated group vs vehicle (Veh) treated group (unpaired Student’s t-tests) 
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Figure 16. TH- Immunoreactivity of VTA neurons  24h after JWH-018 (0.25 mg/kg ip, daily for 14 
days) discontinuation 
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1.3 Spontaneous VTA DA neurons activity and TH-Immunoreactivity seven 

days after JWH-018 (0.25 mg/kg ip, daily for 14 days) discontinuation 

Following a washout period of seven days, we evaluated the spontaneous activity of putative VTA 

DA neurons in JWH-018 and Veh-treated rats. As shown in Fig. 17A, analysis by two- tailed 

unpaired Student’s t-tests of electrophysiological recordings revealed a reduced number of 

spontaneously active DA cells in JWH-018 treated rats as compared to Veh treated rats [JWH-018: 

Veh: n=8 for both groups; t(14)=1.85, p< 0.05]. Moreover, as shown in Fig. 17B, we found that 

average firing rate was lower in JWH-018 treated rats [JWH-018: n=96; Veh: n=128; t(222)=1.94, p< 

0.05], whereas no differences between groups in the percentage of spikes in burst was observed 

(Fig.17C) [JWH-018: n=96; Veh: n=128; p= 0.31]. 

Finally, as showed in Fig. 17D, JWH-018 treatment significantly decreased the number of TH 

positive cells in the VTA [JWH-018: n=5; Veh: n=4; t(7) =2.48, p< 0.05] seven days after JWH-018 

discontinuation. 
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Figure 17 Spontaneous VTA DA neurons activity and TH-IR seven days afterJWH-018 (0.25 mg/kg ip, 
daily for 14 days) discontinuation. The scatter plot in (A) shows the number of spontaneously active VTA 
DA neurons (n=8 for group), while in (B) displays individual DA neuron firing rate in JWH-018 and Veh-

treated group (JWH-018: n=96; Veh: n=128). The horizontal lines represent average values that are 
significantly different between the 2 groups. The Bars in (C)  represent the percentage of spikes in bursts 

(JWH-018: n=96; Veh: n=128), while in (D) shows the number of TH positive cells in the VTA (JWH-018: 
n=5; Veh: n=4), expressed per mm2. Data are expressed as percentage or mean ± SEM. *p< 0.05 JWH-018 

treated group vs vehicle (Veh) treated group (unpaired Student’s t-tests) 
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1.4 Effect of repeated chocolate exposure on DA transmission seven days after 

JWH-018 (0.25 mg/kg ip,daily for 14 days) discontinuation  

Seven days after JWH-018 discontinuation, we evaluated the responsiveness of DA transmission to 

repeated chocolate exposure. Before each chocolate exposure, we evaluated basal DA extracellular 

levels in the NAc shell, in the NAc core and in the mPFC. Rat basal values of DA, expressed as 

fmoles/ 10 µl sample, were analyzed separately for brain areas and chocolate exposures using two-

tailed unpaired Student’s t-test. As shown in Fig. 18A, no significant differences of basal DA levels 

between JWH-018 and Veh-treated group were observed [1st chocolate exposure; NAc shell: JWH-

018 n=6, Veh n=4, t(8)=0.80; p= 0.44; NAc core: JWH-018 n=5, Veh n=3, t(6)=0.45; p=0.66; mPFC: 

JWH-018 n=6, Veh n=8, t(12)=1.39; p= 0.18; 2nd chocolate exposure: NAc shell: JWH-018, n=7, 

Veh: n=2; t(7)=0.30; p= 0.77; NAc core: JWH-018: n=4, Veh: n=2, t(4)=0.47; p= 0.66; mPFC: JWH-

018: n=9; Veh: n=7, t(14)=1.32; p= 0.20].  

Afterwards, we studied the effect of repeated chocolate exposure (1ml/ 5 min io) on DA 

transmission in the same brain areas. As showed in Fig. 18 (panel B-G), repeated JWH-018 

exposure induces changes on responsiveness of mesocorticolimbic DA transmission to repeated 

chocolate exposure.  

Analysis of NAc shell DA response by three- way ANOVA showed a significant main effect of 

treatment [F(1,16)=9.46; p< 0.01], time [F(12,192)=5.55; p< 0.00001], treatment x chocolate exposure 

interaction [F(1,16)=18.04; p< 0.001], and treatment x chocolate exposure x time interaction 

[F(12,192)=1.80; p< 0.05] while no significant main effect of chocolate exposure [F(1,16)=2.79; p= 

0.11], time x chocolate exposure interaction [F(12,192)=0.82; p= 0.62], and time x treatment 

interaction [F(12,192)=0.97; p= 0.47] were observed. Tukey's post hoc tests showed an increase of 

dialysate DA in the NAc shell at 30 and 40 min after 2nd chocolate exposure in JWH-018 treated 

group as compared either to basal values, or to JWH-018 treated group response to the 1st chocolate 

exposure. 
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To better understand the effects of repeated JWH-018 administration on NAc shell DA response to 

each chocolate exposure, data were analyzed separately using two way-ANOVA. Analysis of NAc 

shell DA response to 1st chocolate exposure (n= 6 for group) showed a significant main effect of 

time [F(12,120)=6.38; p< 0.0001], while no significant main effect of treatment [F(1,10)=3.46; p= 0.92] 

nor time x treatment interaction [F(12,120)=1.41; p= 0.16] were observed. As showed in Fig. 18B, 

Tukey's post hoc tests revealed an increase of dialysate DA in the NAc shell at 20 and 30 min after 

chocolate exposure in Veh pre-treated group as compared to basal values, and to treated JWH-018 

group at 30 min after the 1st chocolate exposure. Analysis of NAc shell DA response to 2nd 

chocolate exposure (n= 5 for group) by two-way ANOVA showed a significant main effect of 

treatment [F(1,6)=9.74; p< 0.05], while no significant main effect of time [F(12,72)=1.78; p= 0.06] nor 

time x treatment interaction [F(12,72)=0.95; p= 0.49] were observed. As showed in fig.18C, Tukey's 

post hoc tests confirmed a significant increase of dialysate DA in the NAc shell at 30 and 40 min 

after chocolate exposure in JWH-018-treated group as compared to basal values.  

Regarding DA response in NAc core (Fig. 18D-E), three-way ANOVA analysis showed a 

significant main effect of treatment [F(1,18)=12.03; p< 0.01], chocolate exposure [F(1,18)=8.23; p< 

0.05], treatment x chocolate exposure interaction [F(1,18)=13.39; p< 0.005], time x chocolate 

exposure interaction [F(12,216)=2.04; p< 0.05], time x treatment interaction [F(12,216)=2.43; p< 0.05] 

treatment x chocolate exposures x time interaction [F(12,216)=3.19; p< 0.05], while no significant 

main effect of time [F(12,216)=1.22; p= 0.26] was observed. Tukey's post hoc tests showed an 

increase of dialysate DA in the NAc core at 80, 90, 110 and 120 min after 2nd chocolate exposure in 

JWH-018 treated group as compared either to basal values, or to JWH-018 treated group response 

to the 1st chocolate exposure, or to Veh-treated group response to the 2nd chocolate exposure, two- 

way ANOVA analysis of NAc core DA response to 1st chocolate exposure (n= 6 for group) showed 

no significant differences between JWH-018- and Veh-treated group (Fig. 18D), while two-way 

ANOVA analysis of NAc core DA response to 2nd chocolate exposure (n=5 for group) showed a 

main effect of treatment [F(1,8)=11.77; p< 0.01], time x treatment interaction [F(12,96)=2.88; p< 
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0.005], while no significant main effect of time [F(12,96)=1.61; p= 0.10] was observed. As showed in 

Fig. 18E, Tukey's post hoc tests revealed an increase of dialysate DA in the NAc core at 80, 90, 

110, and 120 min after 2nd chocolate exposure in JWH-018-treated group as compared to basal 

values, and to Veh-treated group at 90 min after chocolate exposure.  

Finally, analysis of mPFC DA response (Fig. 18F-G) by three- way ANOVA showed a significant 

main effect of time [F(12,192)=8.83; p< 0.00001], treatment x chocolate exposure interaction 

[F(1,16)=8.05; p< 0.05], and treatment x chocolate exposures x time interaction [F(12,192)=5.31; p< 

0.00001], while no significant main effect of chocolate exposure [F(1,16)=0.48; p= 0.49], treatment 

[F(1,16)=1.73; p= 0.20], time x chocolate exposure interaction [F(12,192)=1.62; p= 0.08], and time x 

treatment interaction [F(12,192)=1.74; p= 0.05] were observed. Tukey's post hoc tests showed an 

increase of dialysate DA in the mPFC at 20 min after 1st chocolate exposure in JWH-018 treated 

group as compared to basal values, and to JWH-018 treated group at 20 and 40 min after 2nd 

chocolate exposure. Moreover, Tukey’s post hoc revealed an increase of dialysate DA in mPFC at 

10 and 20 min after 2nd chocolate exposure in Veh-treated group as compared to basal values.  

To better understand the effects of repeated JWH-018 administration on mPFC DA response to each 

chocolate exposure, data were analyzed separately using two way-ANOVA. Analysis of mPFC DA 

response to 1st chocolate exposure (n=4 for group) showed a main effect of time [F(12,72)=4.36; p< 

0.0001], and time x treatment interaction F(12,72)=3.06; p< 0.005], while no significant main effect of 

treatment [F(1,6)=0.52; p=0.49] was observed. Tukey's post hoc tests showed a significant increase 

of dialysate DA in the mPFC at 20 min after chocolate exposure in JWH-018- treated group as 

compared to basal values (Fig. 18F). Analysis of mPFC DA response to 2nd chocolate exposure 

(n=6 for group) by two- way ANOVA showed a main effect of time [F(1,10)=21.77; p< 0.001], time 

[F(12,120)=4.51; p< 0.0001],and a significant time x treatment [F(12,120)=2.65; p< 0.005]. As showed 

in Fig. 18G, Tukey's post hoc tests revealed a significant increase of dialysate DA in the mPFC at 

10, 20 and 30 min after chocolate exposure in Veh- treated group as compared to basal values, and 

to JWH-018-treated group at 20 and 30 min after 2nd chocolate exposure. 
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Figure 18 Effect of repeated chocolate exposure on DA transmission seven days after JWH-018 (0.25 
mg/kg ip, daily for 14 days) discontinuation. The bars in (A) represent the basal DA levels in the NAc 

shell (1st chocolate exposure: JWH-018 n=6, Veh n=4; 2nd chocolate exposure: JWH-018: n=7; Veh: n=2), in 
the NAc core (1st chocolate exposure: JWH-018 n=5, Veh n=3; 2nd chocolate exposure: JWH-018: n=4; Veh: 
n=2) and in the mPFC (1st chocolate exposure: JWH-018 n=6, Veh n=8; 2nd chocolate exposure: JWH-018: 
n=9; Veh: n=7) before repeated chocolate exposure. Data expressed as mean ± SEM of basal values of DA 

expressed as fmoles /10 µl sample (unpaired Student’s t-tests). Effect of repeated chocolate exposure on DA 
transmission in the NAc shell (1st chocolate exposure:n=6 for both group, panel B; 2nd chocolate 

exposure:n=5 for both group, panel C), in the NAc core (1st chocolate exposure:n=6 for both group, panel D; 
2nd chocolate exposure:n=5 for both group, panel E) and in the mPFC (1st chocolate exposure:n=4 for both 

group, panel F; 2nd chocolate exposure: n=6 for both group, panel G). Results are expressed as mean ± SEM 
of change in DA extracellular levels expressed as the percentage of basal values. The arrow indicates the 
start of chocolate intraoral infusion. Solid symbol: p < 0.05 with respect to basal values. * p< 0.05 Veh vs 
JWH within 1st or 2nd exposure group; + p<0.05 between 1st or 2nd exposure in JWH treated group. (Three-

way ANOVA, Tukey’s post hoc). 
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2-Behavioral effects of repeated JWH-018 administration  

2.1 Evaluation of compulsive-like behavior, anxiety, and sensorimotor-gating 1 

hour after repeated JWH-018 (0.25 mg/kg ip, daily for 14 days) administration 

One hour after the last injection, we evaluated compulsive-like behavioral activity (MB), anxiety 

state (EPM), and attentional deficits (PPI) induced by repeated JWH-018 (0.25 mg/kg ip, 14 days) 

administration. As shown in Fig. 19A, the total number of marbles buried (partially + fully covered) 

by JWH-018 treated rats was significantly higher than those buried by Veh-treated rats [n=6 for 

group; t(10)=2.87, p< 0.05]. As showed in Fig. 19B, the time spent in open arms of EPM by JWH-

018 treated rats was significant reduced than Veh-treated group. [n= 8 for group: t(14)=2.72, p< 

0.05]. Finally, considering attentional deficits, no significant differences between Veh- and JWH-

018 treated group in acoustic-startle response amplitude were observed [JWH-018: n=8; Veh: n=9; 

t(15)=1.16, p=0.26;Fig. 19C]. However, JWH-018 treated rats showed a significant reduction of the 

inhibition (PPI) of startle response 1h after repeated JWH-018 administration (Fig. 19D). Two-way 

ANOVA analysis of PPI 1 hour after repeated JWH-018 administration showed a significant main 

effect of treatment [F(1,15)=8.27; p< 0.05], while no significant main effect of prepulse [F(2,30)=0.79; 

p= 0.45], and treatment x prepulse interaction [F(2,30)=0.81; p= 0.45] were observed. Bonferroni’s 

post hoc showed a decreased of PPI at 74 and 78 dB in JWH-018 treated rats as compared to Veh-

treated rats. 
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Figure 19 Evaluation of compulsive-like behavior (MB) , anxiety (EPM), and sensorimotor-gating 

(PPI) 1 hour after repeated JWH-018 (0.25 mg/kg ip, daily for 14 days) exposure. Data are shown as 
means ±SEM of the total number of marbles covered with bedding during the 30 min of marble burying test 

(n= 6 for group, panel A), of percentages of time spent in open arms in EPM (n=8 for group; panel B), of 
startle amplitude (panel C) (unpaired Student’s t-tests) and percentage of PPI at prepulse intensities of 74, 

78, and 82 dB (JWH-018: n=8; Veh: n=9; panel D) (Two-way ANOVA, Bonferroni’s post hoc) of Veh- and 
JWH-018-treated rats. *p< 0.05 vs vehicle (Veh) treated group. 
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2.2 Evaluation of compulsive-like behavior, anxiety, and sensorimotor-gating 24 

hours after JWH-018 (0.25 mg/kg ip,daily for 14 days) discontinuation 

24 hours after the last injection, we evaluated compulsive activity (MB), anxiety state (EPM), and 

attentional deficits (PPI) during acute JWH-018 withdrawal. Considering compulsive activity, as 

shown in Fig. 20A, the total number of marbles buried (partially + fully covered) by JWH-018 

treated rats was significantly higher than in Veh-treated group [JWH-018: n=8; Veh: n=7; t(13)=2.2, 

p< 0.05]. Moreover, as showed in Fig. 20B, the time spent in open arms of EPM by JWH-018 

treated rats was significant reduced than Veh-treated group. [n= 8 for group; t(14)=2.15, p< 0.05]. 

Finally, considering attentional deficits, no significant differences between Veh- and JWH-018-

treated rats were observed both in acoustic-startle response amplitude[JWH-018: n=10; Veh: n=9; 

t(17)=0.10, p=0.91; Fig. 20C] and on PPI 24 hours after JWH-018 (0.25 mg/kg ip) discontinuation 

[two- way ANOVA: treatment F(1,16)=1.40; p=0.53; prepulse F(2,32)=6.01; p< 0.01]; treatment x 

prepulse interaction F(2,32)=1.01; p= 0.37] (Fig. 20D). 
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Figure 20 Evaluation of compulsive-like behavior (MB), anxiety (EPM), and sensorimotor-gating (PPI) 

24 hours after JWH-018 (0.25 mg/kg ip,daily for 14 days) discontinuation. Data are shown as means 
±SEM of the total number of marbles covered with bedding during the 30 min of marble burying test (JWH-
018: n=8; Veh: n=7; panel A), of percentages of time spent in open arms in EPM (n=8 for group; panel B), 
of startle amplitude (C) (unpaired Student’s t-tests) and percentage of PPI at prepulse intensities of 74, 78, 
and 82 dB (JWH-018: n=10; Veh: n=9; panel D) (Two-way ANOVA, Bonferroni’s post hoc) of Veh- and 

JWH-018-treated rats. *p< 0.05 vs vehicle (Veh) treated group. 
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2.3 Spontaneous JWH-018 withdrawal signs 24 h after JWH-018 (0.25 mg/kg 

ip,daily for 14 days) discontinuation 

24 hour after JWH-018 discontinuation, we performed behavioral observation of withdrawal signs. 

As shown in Fig. 21, JWH-018 treated rats exhibited a significant increase in several commons 

signs, such as licking (U:44, p< 0.05), headshakes (U:42, p< 0.05) and tongue rolling (U:29.5, p< 

0.01) as well as biting (U:33.5, p< 0.01) and chewing (U:27.5, p< 0.01), as compared to Veh-treated 

rats (JWH-018: n=13; Veh: n=11).  

 

 

Figure 21 Spontaneous JWH-018 withdrawal signs 24 h afterJWH-018 (0.25 mg/kg ip,daily for 14 
days) discontinuation. Results are expressed as mean ± SEM of summed behavioral cannabinoid-

withdrawal scores observed for a total of 30-min observation period before electrophysiological experiments 
(JWH-018: n=13; Veh: n=11). *p < 0.05 JWH-018 treated group vs vehicle (Veh) treated group (Mann–

Whitney U test) 
  

fa
c ia

l r
u b b in

g

lic
k in

g

w
e t d

o g  s
h a k e s

a rc
h e d  b

a c k

b it i
n g

h e a d  s
h a k e s

c h ew
in

g

to
n g u e  ro

ll i
n g

p aw
 tr

e a d in
g

fo
re

p aw
 f l

u t te
r in

g

te
e th

 c
h a tte

r in
g

s c ra
tc

h in
g

0

2

4

6

8

1 0 V e h

J W H -0 1 8
**

**
**

*

*

w
it

h
d

ra
w

a
l 

s
c

o
re

a
rb

it
ra

ry
 u

n
it

s



114 
 

2.4 Spontaneous JWH-018 withdrawal signs seven days after JWH-018 (0.25 

mg/kg ip,daily for 14 days) discontinuation 

Seven days after JWH-018 discontinuation, we performed behavioral observation to evaluate the 

persistence of JWH-018 withdrawal signs. As shown in Fig. 22, an increased in biting has been 

found in JWH-018 treated group as compared to Veh treated group (n=9 for group; U:18, p< 0.05), 

while no significant differences have been observed in all other signs considered. 

 

 
Figure 22 Spontaneous JWH-018 withdrawal signs seven days after JWH-018 (0.25 mg/kg ip, daily for 

14 days) discontinuation. Results are expressed as mean ± SEM of summed behavioral cannabinoid-
withdrawal scores observed for a total of 30-min observation period before electrophysiological experiments 
(n=9 for group). *p < 0.05 JWH-018 treated group vs vehicle (Veh) treated group (Mann–Whitney U test). 

 
 

fa
c ia

l r
u b b in

g

lic
k in

g

w
e t d

o g  s
h a k e s

a rc
h e d  b

a c k

b it i
n g

h e a d  s
h a k e s

c h ew
in

g

to
n g u e  ro

ll i
n g

p aw
 tr

e a d in
g

fo
re

p aw
 f l

u t te
r in

g

te
e th

 c
h a tte

r in
g

s c ra
tc

h in
g

0

5

1 0

1 5

2 0

*

w
it

h
d

ra
w

a
l 

s
c

o
re

a
rb

it
ra

ry
 u

n
it

s

V e h

J W H -0 1 8



115 
 

2.5 Taste reactions to chocolate seven days after JWH-018 (0.25 mg/kg ip,daily 

for 14 days) discontinuation 

Seven days after JWH-018 discontinuation, we evaluated either behavioral appetitive or aversive 

reactions to chocolate in the taste reactivity test. As shown in Fig. 23A, no significant differences in 

appetitive reactions to both chocolate exposure were observed [1st chocolate exposure: n=12 for 

group; t(22)= 0.55, p= 0.58; 2nd chocolate exposure: JWH-018: n=11; Veh: n=6; t(15)= 1.31; p= 0.20]. 

However, as shown in Fig. 23B, JWH-018 treated rats showed a significant increase of aversive 

reactions to the 1st chocolate exposure than Veh-treated group [JWH-018: n=12; Veh: n=11; t(21) 

=2.11, p< 0.05], while no significant differences in aversive reactions to the 2nd chocolate exposure 

were observed [JWH-018: n=10; Veh: n=7; t(15) =0.15, p= 0.88].  

 

Figure 23 Taste reactions to chocolate in taste reactivity test seven days after JWH-018 (0.25 mg/kg 
ip,daily for 14 days) discontinuation. Data are shown as means ±SEM of behavioral appetitive (1st 

chocolate exposure: n=12 for group; 2nd chocolate exposure: JWH-018: n=11; Veh: n=6; panel A) and 
aversive (1st chocolate exposure: JWH-018 n=12; Veh: n=11; 2nd chocolate exposure: JWH-018: n=10; Veh: 
n=7; panel panel B) score to chocolate of Veh- and JWH-018-treated rats. *p< 0.05 vs vehicle (Veh) treated 

group (unpaired Student’s t-tests) 
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3 Neuroinflammatory effects of repeated JWH-018 administration 

3.1 GFAP- and IBA-1-IR in DA brain areas 24 hours after JWH-018 (0.25 

mg/kg ip, daily for 14 days) discontinuation 

The effect of repeated JWH-018 exposure on GFAP- and IBA-1-IR in selected DA brain areas was 

evaluated 24 hours after JWH-018 discontinuation. Two-way ANOVA analysis of GFAP-IR, 

showed a main effect of treatment [F(1,37)= 71.96, p< 0.00001] and brain area [F(4,37)= 15.49, p< 

0.00001], while no effect of area x treatment interaction was observed [F(4,37)= 0.29, p= 0.88]. 

Bonferroni’s post hoc showed a higher expression of GFAP in JWH-018- than in Veh-treated rats 

and a higher GFAP-IR in the mPFC in comparison to the NAc shell, the NAc core and the CPu, as 

well as in the VTA compared to the NAc shell, the NAc core and the CPu .  

Then, to better evaluate in each brain area the effect of JWH-018 treatment on GFAP- IR, data were 

analyzed separately using two- tailed unpaired Student’s t-tests. As shown in Fig.24A, JWH-018 

administration significantly increased the GFAP-IR levels in different brain areas, as compared to 

Veh-treated group. Specifically, rats treated with JWH-018 showed a significant increase of GFAP- 

IR in the mPFC [n=5 for group; t(8) =4.82, p< 0.01 Fig.25], NAc shell [n=4 for group; t(6) =3.78, p 

<0.01], NAc core [JWH-018: n=5; Veh: n=4; t(6) =5.97, p<0.001], CPu [n=6 for group t(10) =2.73, 

p<0.05], and VTA [JWH-018: n=5; Veh: n=4; t(7) =4.10, p< 0.01]. 

As regard IBA-1 expression, two-way ANOVA showed a main effect of brain area [F(4,36)= 12.37, 

p< 0.00001] and treatment [F(1,36)= 34.26, p< 0.00001], while no effect of area x treatment 

interaction was observed [F(4,36)= 1.21, p= 0.32]. Bonferroni’s post hoc revealed an higher number 

of IBA-1 positive cells in JWH-018 treated group, as compared to Veh treated group. Additionally, 

the IBA-1-IR was significantly higher in the mPFC, in the NAc shell and core as compared to the 

CPu and to the VTA.  

Then, to better evaluate in each brain area the effect of JWH-018 treatment on IBA-1-IR, data were 

analyzed separately using two- tailed unpaired Student’s t-tests. As shown Fig. 24B, JWH-018 
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administration significantly increased the number of IBA-1-positive cells in different brain areas, as 

compared to Veh-treated group. In particular, rats treated with JWH-018 showed a significant 

higher number of IBA-1 positive cells in the NAc shell [n=4 for group; t(6) =2.79, p< 0.05], in the 

NAc core [n=4 for group; t(6) =4.73, p< 0.01, Fig. 26], and in the CPu [n=6 for group; t(10) =2.36, p< 

0.05]. 

 
Figure 24 GFAP- and IBA-1-immnunoreactivity in DA brain areas 24 hours after JWH-018 (0.25 

mg/kg ip, daily for 14 days) discontinuation. Values represent means ± SEM of density reading expressed 
as a percentage of the area covered by GFAP immunoreactivity (IR) (mPFC: n=5 for group; NAc shell: n=4 
for group; JWH-018 NAc core and VTA: n=5, Veh NAc core and VTA: n=4; CPu: n=6 for group; panel A); 
and of number of IBA-1 positive cells, expressed per mm2 (mPFC: n=5 for group; NAc shell, core and VTA: 

n=4 for group; CPu: n=6 for group; panel B). * p< 0.05, ** p< 0.005, ***p<0.001 vs Vehicle (Veh) group 
(unpaired Student’s t-tests). 
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Figure 25 GFAP- Immnunoreactivity in the mPFC 24 hours after JWH-018 (0.25 mg/kg ip, daily for 

14 days) discontinuation.  
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Figure 26 IBA-1-immnunoreactivity in the NAc core 24 hours after JWH-018 (0.25 mg/kg ip, daily for 
14 days) discontinuation. 
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3.2 GFAP- and IBA-1-IR in DA brain areas seven days after JWH-018 (0.25 

mg/kg ip, daily for 14 days) discontinuation 

The effects of repeated JWH-018 exposure on GFAP-, IBA-1- IR was also investigated seven days 

after JWH-018 discontinuation. Two-way ANOVA analysis of GFAP-IR, showed a main effect of 

area [F(4,33)=4.18, p< 0.01] and treatment [F(1,33)=31.35, p< 0.00001], while no effect of area x 

treatment interaction was observed [F(4,33)= 0.38, p= 0.81]. Bonferroni’s post hoc revealed that 

JWH-018 treated group, as compared to Veh treated group, displayed a significant increase of 

GFAP levels, and a higher GFAP-IR in the mPFC than in the VTA. To better evaluate in each brain 

area the effect of JWH-018 treatment on GFAP-IR, data were analyzed separately using two- tailed 

unpaired Student’s t-tests. As showed in Fig. 27A, JWH-018-treated rats, as compared to Veh-

treated group, showed a significant increase of GFAP- IR in the mPFC [JWH-018: n=5, Veh: n=4; 

t(7) =2.63, p< 0.05], in the NAc shell [JWH-018: n=5, Veh: n=4; t(7) =2.61, p< 0.05], in the NAc 

core [JWH-018: n=5, Veh: n=4; t(7) =2.91, p< 0.05], in the CPu [n= 4 for group; t(6) =2.47, p< 0.05] 

and in the VTA [JWH-018: n=5, Veh: n=3; t(6) =4.91, p< 0.01]. 

Regarding IBA-1 IR, two-way ANOVA, showed a main effect of area [F(4,33)=9.15, p< 0.0001] and 

treatment [F(1,33)=17.59, p< 0.001] while no effect of area x treatment interaction was observed 

[F(4,33)= 1.37, p=0.26]. Bonferroni’s post hoc revealed JWH-018 treated group, as compared to Veh 

treated group, displayed a significant increase of IBA-1 levels. Moreover, the expression of IBA-1 

positive cells was higher in the mPFC than in the NAc shell, in the NAc core core, in the CPu, and 

in the VTA. To better evaluate in each brain area the effect of JWH-018 treatment on IBA-1 IR, 

data were analyzed separately using two- tailed unpaired Student’s t-tests. As shown in Fig. 27B a 

significant increase of IBA-1 positive cells in the NAc shell [t(7) =2.76, p< 0.05], in the NAc core 

[t(7) =2.65, p< 0.05] was detected in JWH-018-treated group as compared to Veh-treated group. 
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Figure 27 GFAP- and IBA-1-immunoreactivity in DA brain areas seven days after JWH-018 (0.25 

mg/kg ip, daily for 14 days) discontinuation. Values represent means ± SEM of density reading expressed 
as a percentage of the area covered by GFAP immunoreactivity (IR) ( JWH-018 mPFC, NAc shell and core: 

n=5; Veh mPFC, NAc shell and core: n=4; CPu: n=6 for group; VTA: JWH-018 n=5, Veh n=3; panel A); 
and of number of IBA-1 positive cells, expressed per mm2 ( JWH-018 mPFC, NAc shell and core: n=5; Veh 
mPFC, NAc shell and core: n=4; CPu: n=6 for group; VTA JWH-018 n=5, Veh n=3; panel B). * p< 0.05, ** 

p< 0.005 vs Vehicle (Veh) group (unpaired Student’s t-tests). 
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E-Discussion 

The present study evaluated the possible alterations of the DA system in relationship to the 

behavioral and neuroinflammatory effects elicited by repeated exposure to JWH-018 in rats.  

 

1 Dysregulation of DA transmission induced by repeated JWH-018 

administration 

Regarding the effect of JWH-018 on the DA system, our results showed that repeated treatment 

with JWH-018 (0.25 mg/kg, ip, qd, 14 days) induces differential responsiveness on mesolimbic DA 

transmission in a challenge with JWH-018. While no changes in basal DA levels in the mPFC and 

in the NAc shell between JWH-018 and the vehicle-treated group (Fig.14A) have been observed, 

only control animals showed a significant increase of NAc shell DA. JWH-018-treated rats 

(Fig.14B), showed no significant DA increase in the same area. Moreover, no significant 

differences were observed in DA response in the mPFC after JWH-018 administration (Fig. 14C). 

This reduced DA response of the NAc shell displayed by JWH-018 treated rats is consistent with 

previous studies that reported reduced responsiveness of NAc shell DA to Δ9-THC challenge in 

animals pre-exposed to a sensitizing regimen of the natural cannabinoid Δ9-THC (Cadoni et al., 

2001; Cadoni et al., 2008). Therefore, our result showed a decreased NAc shell DA response, that 

might reflect a tolerance phenomenon, most likely due to a fixed dose regiment used in our 

experimental protocol. Consistently, repeated exposure to CB agonists, including SCRAs, induces 

rapid tolerance to the neurophysiological effects of these drugs, both in animals (Abood & Martin, 

1992; Maldonado & Rodriguez de Fonseca, 2002; Tai et al., 2015; Elmore & Baumann, 2018) and 

in humans (Benowitz & Jones, 1975; Jones et al., 1976; Hunt & Jones, 1980; Jones et al., 1981; 

Hollister, 1986; Ramaekers et al., 2011; Gorelick et al., 2013). Moreover, it has been suggested that 

the internalization of CB1Rs and their down-regulation is one of the early pharmacodynamic 

adaptive mechanisms that leads to reduced responsiveness and tolerance in the case of prolonged 
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activation (Ameri, 1999; Martin et al., 2004). Therefore, although we did not pharmacologically 

and molecularly evaluate this aspect, the data from the literature allows us to speculate that 

dysregulation of eCB signaling (i.e. CB1R down-regulation and desensitization, alteration eCB 

expression), like those observed after both repeated natural and synthetic cannabinoid 

administration (Fan et al., 1994; Rubino et al., 1994; Romero et al., 1995; Romero et al., 1997; 

Sim-Selley & Martin, 2002; Sim-Selley et al., 2006; Volkow et al., 2014; Volkow et al., 2017), 

might alter eCB-mediated synaptic plasticity, leading to alterations of the DA rewarding system (i.e. 

changes in responsiveness, tolerance, and desensitization). However, discrepancies between this 

study and the previous reports might be due to differences in drugs, dose regiments, as well as in 

time of evaluation of DA responsiveness. 

Afterwards, focusing on DA activity during an early withdrawal phase from repeated JWH-018 

administration, electrophysiological and immunohistochemical experiments showed that repeated 

JWH-018 exposure is able to induce changes in basal VTA neuron activity. In particular, 24 hours 

after the last JWH-018 administration, we observed a decrease of the number of spontaneously 

active VTA DA cells (Fig. 15A), consistent with a decrease of TH-positive cells observed in the 

same brain area (Fig.15D). However, JWH-018 treated rats showed an increase in percentage of 

spikes in burst activity (Fig. 15C), while, as shown in Fig. 15B, no significant difference of the 

average firing rate was observed between JWH-018- and Veh-treated rats. These results are 

partially consistent with the literature about VTA DA neuron activity during acute withdrawal from 

addictive drugs; since repeated JWH-018 exposure induces a decrease of TH-positive neurons, 

similar to that observed after chronic exposure to morphine, ethanol, and Δ9-THC (Sklair-Tavron et 

al., 1996; Diana et al., 2003; Spiga et al., 2003; Spiga et al., 2010). On the contrary, we observed a 

decrease of the number of spontaneously active VTA DA cells; no differences in their firing rate but 

an increase in their burst activity (increase of percentage of spikes in bursts) (Diana et al., 1995; 

Diana et al., 1998). Notably, in our experiments we used a lower dose (0.25 mg/kg ip) of JWH-018 

than the dose regiment used in these studies (i.e. Δ9-THC 15 mg/kg ip). These results, in particular 
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with the increase of burst activity, could be considered a compensatory mechanism in response to 

either this change observed in the DA terminal area (reduced DA NAc shell response), or to a 

parallel decrease of spontaneously active VTA DA cells.  

Moreover, our results on DA neuronal activity seven days after JWH-018 discontinuation (Fig. 17) 

pointed out that this compensatory mechanism seems to be a transitory response/reaction of DA 

neurons, since we observed no difference in the burst activity of VTA DA neurons. Instead we 

observed a reduction of their firing rate, together with a reduction of spontaneous active VTA DA 

cells, as well as a decrease of VTA TH-positive neurons. This reduction of basal VTA DA neuron 

activity is consistent with the effects observed with other drugs of abuse (Sklair-Tavron et al., 1996; 

Diana et al., 2003; Spiga et al., 2003; Spiga et al., 2010), indicating an hypodopaminergic state 

unmasked during withdrawal from addicting drugs, which might lead to an impoverishment of 

already defective DA transmission (Melis et al., 2005).  

Therefore, our results demonstrated that repeated JWH-018 exposure induces an 

alteration/decreased VTA DA neuronal activity, which persist at least a week after JWH-018 

discontinuation. Although only few studies investigated the effects of repeated SCRA exposure on 

DA activity, our data are consistent with alterations in mesostriatal DA function observed after 

chronic WIN55,212-2 administration (Fanarioti et al., 2014; Perdikaris et al., 2018). Interestingly, 

Perdikaris and colleagues (2018) reported a parallel reduction of CB1R binding in DA areas, 

consistent with widespread desensitization and down-regulation of CB1Rs after long-term, but not 

acute, administration of Δ9-THC, WIN55,212-2 or CP55,940 (Rubino et al., 1994; Romero et al., 

1995; Romero et al., 1997; Sim-Selley & Martin, 2002; Sim-Selley et al., 2006), supporting the 

idea of the important involvement of eCB signaling  in the DA dysregulation observed.  

A crucial result of the present study’s focus on dysregulation of DA transmission induced by 

repeated JWH-018 administration is the changes observed on responsiveness of mesocorticolimbic 

DA transmission during repeated exposure to appetitive taste stimulus (chocolate solution) seven 

days after JWH-018 discontinuation. 
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As shown in Fig.18B, different from the NAc shell DA response shown by Veh- treated rats (an 

increase DA extracellular levels), the first chocolate exposure did not affect DA response in the 

NAc shell of JWH-treated rats, while no differences in the NAc core and the mPFC DA response to 

taste in naïve rats were observed (Fig.18D,F). Thus, we reported, for the first time using this 

experimental paradigm, that repeated JWH-018 exposure, different from morphine sensitization and 

mPFC DA lesions, induces decreased sensitivity for natural reward in the NAc shell. This lack of 

response of NAc shell DA to the first chocolate exposure might represent decreased sensitivity to 

the reinforcing properties of natural rewarding stimuli, consistent with the idea that repeated 

exposure to high reward value, such as addictive drugs leads to a resetting of reward thresholds, 

resulting in a decrease of reinforcing properties of non-drug stimuli (Koob & Le Moal, 2001).  

As a matter of fact, although no difference in mPFC DA response in naive rats was observed, JWH-

018 treated rats showed opposite changes in the DA response of the mPFC and the NAc shell to the 

secondd chocolate exposure. As shown in Fig.18G, the unexpected appearance of habituation in 

mPFC DA responsiveness to taste stimuli was accompanied by a loss of habituation in the NAc 

shell (Fig.18C). Interestingly, the same changes to DA responsiveness were observed in morphine 

sensitized chocolate pre-exposed rats (De Luca et al., 2011), suggesting that different classes of 

addictive drugs might affect an evaluation of the motivational value of rewarding stimuli.  

Therefore, it seems reasonable to hypothesize that these long-term changes in the DA response of 

different terminal areas observed either after repeated JWH-018 exposure or morphine sensitization 

are implicated in motivational processes and probably result in the dysregulation of incentive 

arousal and learning. (De Luca et al., 2011), as well as that of motivational evaluation of rewarding 

stimuli. Indeed, since the habituation of the mPFC DA response to chocolate disinhibits NAc shell 

DA, abolishing the single-trial habituation of DA might facilitate repeated approaches toward a 

motivational stimulus (De Luca et al., 2011; De Luca, 2014). This top-down control of the mPFC 

on DA subcortical areas has been confirmed using the same experimental paradigm used in our 

study by Bimpisidis and colleagues (2013), since they demonstrated that lesions of mPFC DA 
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terminals abolished the habituation of  the NAc shell DA response to repeated chocolate exposure. 

Therefore, our observation in accordance with both morphine sensitization and mPFC DA lesion 

results, confirm top-down control of NAc DA by the mPFC and its putative role in the loss of 

control of the motivational value of natural stimuli (De Luca, 2014). Moreover, as suggested for 

morphine sensitization, this lack of NAc DA habituation may be considered per se as a marker of 

drug dependence and its liability(De Luca, 2014).  

In this experiment we also observed changes in NAc core DA response, which were completely 

different than those observed in morphine sensitization and mPFC lesioned rats (De Luca et al., 

2011; Bimpisidis et al., 2013; De Luca, 2014). In particular, we observed no difference in the NAc 

core response to the first chocolate exposure between JWH-018 and Veh treated-rats(Fig.18D), on 

the contrary, morphine sensitization and lesions of mPFC DA terminals produced an elevated, 

delayed, and prolonged increase of DA in the NAc core. Moreover, JWH-018 treatment potentiated, 

delayed and prolonged a DA response to the second chocolate exposure(Fig.18E). Diversely, 

morphine sensitization was able to induce an immediate increase of NAc core DA, while lesions of 

mPFC DA terminals did not affect NAc core DA responsiveness of pre-exposed rats to chocolate 

(De Luca et al., 2011; Bimpisidis et al., 2013; De Luca, 2014). Therefore, although our results 

confirm an alteration of both NAc subdivision DA responsiveness to repeated chocolate exposure 

after repeated JWH-018 administration, understanding their meaning is still hard. In this respect, is 

important to remark that the mPFC DA inhibitory control of DA responsiveness in subcortical areas 

is different depending on the ventral striatum sub-region studied (i.e. the PL, and the IL cortex), 

since they have different projections to different compartments of the NAc., consistent with the 

different responsiveness of NAc shell and core DA to discrete stimuli and conditions (Di Chiara et 

al., 2004; Di Chiara & Bassareo, 2007; Aragona et al., 2009; Corbit & Balleine, 2011; Cacciapaglia 

et al., 2012). Moreover, discrepancies between our results and the previous reports might be due to 

differences in drugs and dose regiment, as well as experimental conditions.  
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Unfortunately, no evidence about the effects on DA responsiveness to taste stimuli induced by 

either repeated Δ9-THC or other SCRA exposure has been reported. However, using the same 

experimental paradigm used in our study, De Luca and colleagues (2012) demonstrated that acute 

Δ9-THC (1mg/kg ip) administration through activation of CB1Rs, enables oral sucrose (sucrose 

solution 20%, io) to increase DA in the NAc shell, but not in the NAc core, and this effect shows 

the same adaptive property of a highly palatable food, since it undergoes habituation after a single 

exposure to the food taste (De Luca et al., 2012).Thus, this evidence suggests different effects 

between acute and repeated cannabinoid exposure, as well as between natural and synthetic CB on 

DA responsiveness to taste stimuli.  

In conclusion, our study demonstrated that repeated JWH-018 exposure induces a profound 

dysregulation of the DA system, since we observed changes either in the basal activity of VTA DA 

neurons (reduction) or in responsiveness to mesocorticolimbic DA transmission (either to JWH-018 

or to taste stimuli). Moreover, our data confirm the crucial role of the mesocorticolimbic DA 

pathway in the evaluation of the motivational value of rewarding stimuli, and the pivotal inhibitory 

role of mPFC DA on subcortical DA areas involved in these processes. In this context, this JWH-

018 induced mesocorticolimbic DA dysregulation might be associated with a loss of control of 

motivational evaluation of rewarding stimuli, thereby leading to compulsively focused motivation 

on drugs and drug-related stimuli typical of drug addiction (Volkow et al., 2003; Di Chiara et al., 

2004; Volkow & Morales, 2015). 
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2 Behavioral effects induced by repeated JWH-018 administration 

In this study we performed multiple behavioral tests, at different time points, to understand the 

effects of repeated JWH-018 exposure, as well as JWH-018 withdrawal on behavioral tasks. 

Aspects of emotional state, cortical processing, attentional filtering, sensorimotor-gating, and pre-

attentional processes were evaluated, in addition to somatic signs of withdrawal and taste reaction 

to natural rewarding stimulus (chocolate solution).  

Repeated JWH-018 exposure influences the emotional state of rats, as revealed by the reduction of 

time spent on the open arms of the EPM; increased compulsive activity, as revealed by the higher 

number of marbles buried in the MB; and induces impairments of sensorimotor-gating in PPI 

(Fig.19).  

The influence of JWH-018 on EPM performance suggests that this SCRA influences the emotional 

state of rats, in particular indicating an anxiogenic effect of JWH-018 (Pellow et al., 1985; 

Kliethermes, 2005). Moreover, JWH-018 did not influence the total number of arm entries, 

suggesting that reduction of the time spent on the open arms observed in rats exposed to JWH-018 

is not a epiphenomenon due to a non-specific action of this SCRA on rat behavior, but rather stems 

from a genuine effect of JWH-018 on the emotional state. This JWH-018-induced alteration of 

emotional state ,is supported by MB results, since we observed an increase of the total number of 

marbles buried by JWH-018 treated rats (Fig19A). The marble burying test is generally used to 

evaluate compulsive activity/repetitive like behaviors (Albelda & Joel, 2012; Zanda et al., 2017) but 

also to screen anxiolytic drugs (Jimenez-Gomez et al., 2011; Kinsey et al., 2011). Thus, one 

limitation of the MB test is related to the question of whether marble burying represents a 

compulsive-like behavior or anxiety-like responses in mice, as revealed by several studies (Thomas 

et al., 2009; Angoa-Perez et al., 2013; Kedia & Chattarji, 2014; Murphy et al., 2017). However, the 

increase of marble burying displayed by JWH-018 treated rats, together with the reduction of the 

time spent on the open arms of the EPM, might represent different aspects of anxiogenic effects, as 
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well as an alteration of emotional state, induced by repeated JWH-018 exposure. This result is 

consistent with the anxiogenic effects induced by sub-chronic JWH-018/ WIN in mice, even though 

no difference in the time spent on the open arm of the EPM was observed (Macri et al., 2013). This 

discrepancy might be due to difference in time and dose regiment, as well as species. Therefore, 

although we did not pharmacologically and molecularly evaluate this aspect. Data in the literature 

support the view that dysregulation of the eCB system, as those observed after repeated CB 

administration (Fan et al., 1994; Sim-Selley & Martin, 2002; Sim-Selley et al., 2006; Volkow et al., 

2014; Volkow et al., 2017) might induce abnormalities in the modulation of anxiety-related 

response, since the eCB system is involved in the regulation of emotional behaviors, particularly in 

the PFC and amygdala, likely via CB1R activation (Rubino et al., 2008; Parolaro et al., 2010). In 

line with this view, regular marijuana use is associated with an increased risk of anxiety and 

depression (Patton et al., 2002), and an increased sensitivity to anxiety symptoms (Buckner, et al., 

2009).  

However, the increase of marble burying observed in JWH-018 treated rats could represent a 

compulsive response in rats, likely a consequence of cortical alteration, like those observed in the 

present study (see in Results DA dysregulation and Neuroinflammatory effects induced by repeated 

JWH-018 administration). In line with this speculation, we observed that repeated JWH-018 

administration induces attentional deficits as revealed by impairments of sensorimotor-gating in the 

PPI (Fig19D). Few clinical studies have investigated the impact of cannabis consumption on PPI 

(Quednow et al., 2004; Kedzior & Martin-Iverson, 2007; Mathias et al., 2011), producing mixed 

results due to different dose and time regiments. To the best of our knowledge, only two studies 

have investigated the effects of chronic Δ9-THC exposure on PPI in rodents (Long et al., 2010; 

Tournier & Ginovart, 2014). In one of these studies in particular, no effects on PPI was reported at 

either 7 days or 18 days of Δ9-THC treatment (Long et al., 2010), while in the other study, the 

authors reported that chronic Δ9-THC treatment (1 mg/kg/day for 21 days) produced significant 

reductions in PPI 30 min after the last Δ9-THC THC injection (21st day) (Tournier & Ginovart, 
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2014). Therefore, the reduction of PPI that we observed 1 hour after the last JWH-018 injection 

(14th day) is consistent with this latter evidence (Tournier & Ginovart, 2014).  

Altogether, our results, which are consistent with the literature, demonstrated that repeated JWH-

018 administration induces behavioral abnormalities (changes in emotional state and attentional 

deficits) that might be correlated with an alteration of mesocorticolimbic DA transmission, as well 

as with eCB signaling.  

Afterwards, we repeated these behavioral tasks 24 hours after JWH-018 discontinuation, to evaluate 

possible behavioral effects during acute JWH-018 withdrawal. In addition, we evaluated classical 

somatic signs of spontaneous CB withdrawal (Diana et al., 1998; Aceto et al., 2001). As shown in 

Fig.20, similarly to results obtained 1 hour after the last JWH-018 injection, we observed an 

alteration of emotional state in JWH-018 treated rats, as revealed by the reduction of time spent on 

open arms of the EPM and by the higher number of total marbles buried in the MB test; on the 

contrary, no impairment in the PPI was observed during acute withdrawal from repeated JWH-018 

exposure.  

Therefore, these results confirmed that behavioral abnormalities induced by repeated JWH exposure 

persist also during the acute withdrawal phase (24 hours after JWH-018 discontinuation). Moreover, 

as shown in Fig.21, JWH-018 treated rats exhibited a significant increase in several common signs 

of spontaneous CB withdrawal, such as licking, headshakes and tongue rolling, as well as biting and 

chewing, as compared to Veh-treated rats. Our results are consistent with previous studies that 

reported spontaneous withdrawal signs after WIN 55,212-2 and CP 55,940 administration, together 

with other behavioral effects related to emotional circuits (Aceto et al., 2001; Oliva et al., 2003; 

2004; Aracil-Fernandez et al., 2013). Recently, spontaneous withdrawal signs induced by high 

doses of Δ9-THC (10 or 50 mg/kg/day per 6 days, sc) and JWH-018 (1 mg/kg/day per 6 days, sc) 

(Trexler et al., 2018) have been reported in mice. Importantly, the signs reported in these studies 

(Aceto et al., 2001; Oliva et al., 2003; 2004; Trexler et al., 2018), like in our results, were generally 

of a lower magnitude than rimonabant-precipitated withdrawal, suggesting that spontaneous 
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withdrawal is less intense than precipitated withdrawal. Interestingly, similarly to what has been 

observed in rodents (Oliva et al., 2003; 2004; Aracil-Fernandez et al., 2013), in chronic cannabis 

users, withdrawal induces stress and anxiety (Haney et al., 1999), indicating that, in addition to 

somatic withdrawal signs, emotional circuits result as being altered/activated during CB withdrawal 

(Trexler et al., 2018).  

Therefore altogether our results, consistent with the literature demonstrated, show/indicate that 

acute JWH-018 withdrawal induces an alteration of emotional state, in addition to somatic signs of 

withdrawal, that might be correlated to the dysregulation of DA activity, as well 

neuroinflammation, observed during acute withdrawal. 

In the present study we also evaluated possible behavioral abnormalities seven days after JWH-018 

discontinuation. In particular we focused on possible somatic signs of withdrawal, and parallel to 

the evaluation of DA response to repeated chocolate exposure, we quantified both hedonic and 

aversive taste reactions to chocolate through the taste reactivity test. As shown in Fig.22, different 

from the somatic signs of spontaneous withdrawal observed 24 hours after the last JWH-018 

injection, only an increase in biting was found in the JWH-018 treated group. Therefore, as we 

expected, no spontaneous withdrawal signs were detected seven days after JWH-018 

discontinuation. In fact, no evidence of spontaneous CB withdrawal signs have been reported both 

in humans and in rodents after seven days, from either natural or synthetic CB discontinuation. 

Ongoing studies are investigating the persistence of emotional state abnormalities, since apart from 

being short-lasting, in humans, somatic withdrawal signs are not the primary symptoms of 

cannabinoid withdrawal, compared to altered stress, emotional states, or impaired social or 

occupational functioning (American Psychiatric Association, 2013). 

Considering taste reaction to chocolate, as shown in Fig.23, no significant differences in appetitive 

taste reactions to each chocolate exposure were observed, while JWH-018 treated rats showed an 

increase in aversive taste reaction after the first but not the second chocolate exposure. Thus, 

although repeated JWH-018 administration induces changes in DA responsiveness to repeated 
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chocolate exposure (see in Results DA dysregulation induced by repeated JWH-018 

administration), consistent with the results observed in morphine sensitizated and mPFC lesioned 

rats (De Luca et al., 2011; Bimpisidis et al., 2013; De Luca, 2014), changes in behavioral taste 

reactivity are lacking, supporting the hypothesis that taste-hedonia does not depend on DA 

(Berridge & Robinson, 1998). Moreover, like with morphine sensitization, the increase of NAc 

shell DA response to the second chocolate exposure might be due to the increase of motivational, 

and not hedonic properties, of the taste (Bassareo & Di Chiara, 1999; Bassareo et al., 2002; De 

Luca et al., 2011; Bimpisidis et al., 2013; De Luca, 2014). 

On the contrary, unlike these studies (De Luca et al., 2011; Bimpisidis et al., 2013; De Luca, 2014) 

we observed that JWH-018 treated rats showed an increase of aversive taste reactions after the first 

chocolate exposure, while no differences in rats pre-exposed to chocolate were observed. Although 

this increase of aversive reactions is concomitant to a decreased sensitivity of NAc shell DA to the 

first chocolate exposure, that could allow one to hypothesize a correlation between DA and taste 

reaction. As already discussed, several studies have reported no correlation between DA response 

and taste reactions to taste stimuli (i.e. chocolate solution) (Bassareo & Di Chiara, 1999; Bassareo 

et al., 2002; De Luca et al., 2011; Bimpisidis et al., 2013; De Luca, 2014) . Therefore, it seems 

reasonable to hypothesize that this increase of aversive reactions to novel taste stimulus might 

represent either a “neophobia” phenomenon, or an “anhedonia-state” maybe due to abnormalities 

of emotional state, as with those observed during acute JWH-018 withdrawal. In addition, 

dysregulation of eCB signaling, such as CB1 down regulation/desensitization reported after 

repeated CB administration, might be involved in this increase of aversive taste reactions, since the 

eCB system has a prominent influence on the hedonic effects of natural rewards, such as food 

(Silvestri & Di Marzo, 2013) (Parsons & Hurd, 2015). In line with this hypothesis, different from 

repeated JWH-018 administration, acute exposure to THC (0.5- 1.0 mg/kg ip) increases hedonic 

taste reactions to a sucrose solution, effects mediated by CB1Rs (Jarrett et al., 2005; De Luca et al., 
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2012). However, since these reactions were of a lower magnitude than hedonic taste reactions (at 

least ten-fold lower), an interpretation of the biological relevance of this finding is precluded.  

In conclusion, altogether our results showed that repeated JWH-018 administration induces an 

alteration of emotional state, compulsive like-behaviors, which also persist during an acute 

withdrawal period, in addition to classical somatic signs of cannabinoid withdrawal. Moreover, 

JWH-018 exposure induces attentional deficits and increases aversive taste reaction to chocolate 

seven days after JWH-018 discontinuation, that might be correlated with abnormalities of emotional 

states and might represent a JWH-018 induced “anhedonia-state”. 

Thus, our data in accordance with the literature allows us to speculate that repeated exposure to 

JWH-018 might induce perturbation of eCB signaling, that in turn might be implicated in 

behavioral abnormalities observed in our study. In this view, the parallel DA neuronal and glial cell 

alteration might represent two other crucial factors implicated in the behavioral effects induced by 

repeated JWH-019 administration. 
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3 Neuroinflammatory effects induced by repeated JWH-018 administration 

In this study, in parallel with an evaluation of the DA system and behavioral effects, we evaluated 

possible neuroinflammatory effects induced by repeated JWH-018 exposure (0.25 mg/kg ip, daily 

for 14 days). In particular, we focused on astrocyte and microglia expression in different DA brain 

areas, using specific markers for these two types of glial cells (GFAP and IBA-1, respectively). 

As shown in Fig 24, 24 hours after the last injection, we observed that repeated JWH-018 exposure 

induces astrogliosis (an increase in GFAP expression) in all DA brain areas examined (the mPFC, 

the NAc shell and core, the CPu, and VTA), together with an increase of IBA-1 positive cells in the 

NAc shell, in the Nac core, and in the CPu. 

Considering GFAP expression, our result shows for the first time that repeated exposure to the 

SCRA JWH-018, induces changes in astrocytes in mesocorticolimbic DA areas, which are involved 

in reward and addiction mechanisms. In fact, despite there being an abundance of evidence about 

alteration of astrocytes after repeated exposure to different classes of addictive drugs, such as 

opioids, alcohol and cocaine (Lacagnina et al., 2017; Kim et al., 2018) as well as Δ9-THC (Cutando 

et al., 2013; Zamberletti et al., 2016; Melis et al., 2017), so far no evidence about SCRA-induced 

astrocyte changes has been reported. 

Furthermore, considering cannabinoid exposure, to the best of our knowledge, the limited number 

of studies has not investigated the effects of SCRA treatment/exposure at adulthood but has been 

focused on the effects of natural cannabinoid, such as Δ9-THC, exposure in prenates (Suarez et al., 

2000) or adolescents (Lopez-Rodriguez et al., 2014; Zamberletti et al., 2016). The research reveals 

either an increase (astrogliosis) or a decrease (astrocytopathy) of astrocytes. Interestingly, opposite 

astrocytes alteration/adaptation has been observed also in other neuropsychiatric disorders, such as 

in schizophrenia (Trepanier et al., 2016). However, by analyzing the available literature a 

preponderance of evidence for astrocytopathy associated with depression, with generally 

inflammatory effects (astrogliosis) with drugs of abuse (also schizophrenia) that may normalize or 
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revert to astrocytopathy over a period of withdrawal (Kim et al., 2018) emerge. In the case of drugs 

of abuse, it is important to consider the time course, route of administration, drug classes, dose, 

length of withdrawal, and other methodological factors when considering their effects on properties 

and the function of astrocytes, since either astrogliosis or astrocytophaty have been reported (Song 

& Zhao, 2001; Fattore et al., 2002; Bowers & Kalivas, 2003; Evrard et al., 2006; Dalcik et al., 

2009; Miguel-Hidalgo, 2009; Friend & Keefe, 2013; Castelli et al., 2014; Schwalm et al., 2014; 

Scofield et al., 2016). 

Of note, considering GFAP expression during abstinence, we observed an astrogliosis (increase of 

GFAP expression) in different DA areas during acute JWH-018 withdrawal (24 hours after the last 

injection), which is consistent with the increase of GFAP expression observed during acute cocaine, 

methamphetamine, and morphine withdrawal (Fattore et al., 2002; Granado et al., 2011; Berta et 

al., 2012; Harada et al., 2013; O'Callaghan et al., 2014). Interestingly, in parallel with alteration of 

astrocytes, several studies reported changes in astrocyte glutamate transport-function (i.e. GLT-1 

reduction) during withdrawal from cocaine, ethanol, and morphine (Wu et al., 2008; Fischer-Smith 

et al., 2012; Abulseoud et al., 2014; Das et al., 2016; Kim et al., 2018), supporting the role of 

astrocytes in glutamate homeostasis at neuronal synapses (Danbolt, 2001; Bjornsen et al., 2014; 

Takahashi et al., 2015) and in line with the concept of the “tripartite synapse” (Hammond et al., 

2015). In this view, eCB signaling seems to play a pivotal role, since several studies point out a 

strong relationship between glial cells (i.e. astrocytes and microglia) and the eCB systems and 

disruptions in glial cell function and/or maladaptive astrocyte response may be implicated in drug 

abuse liability and addictive behavior (Navarrete & Araque, 2008; Stella, 2010; Han et al., 2012; 

Bosier et al., 2013; Navarrete et al., 2014; Belluomo et al., 2015). 

 

Therefore, the increase of reactive astrocytes in DA areas that we observed during acute JWH-018 

withdrawal might be considered either a neuroinflammatory effect of repeated exposure to JWH-

018 (likely due to alterations of eCB signaling) or, one of the reasons/causes of neurochemical (DA 
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dyregulation) and behavioral abnormalities (emotional state alteration) observed in our study. In 

fact, a reciprocal relationship between glial cells and drug of abuse (also drug-induced effects) has 

been demonstrated (Block et al., 2007; Corty & Freeman, 2013; Brown & Neher, 2014) (see 

Introduction). 

In our study we also observed an increase of microglia cells, as revealed by increased IBA-1-IR in 

the NAc shell, core, and in the CPu of JWH-018 treated rats. Thus, besides astrogliosis, our results 

pointed out an increase of microglia cells specific to DA limbic areas, supporting the idea of the 

important involvement of glial cells in drug addiction (Lacagnina et al., 2017; Melis et al., 2017). 

Consistent with our results, the implication of microglial cells (as well as astrocytes) in the effects 

of repeated Δ9-THC exposure (Cutando et al., 2013; Zamberletti et al., 2015) has been 

demonstrated, supporting the involvement of the eCB system and its dysregulation in glial cell 

physiology, as well as in neuroinflammatory processes. These studies reported that cognitive 

impairments and depressive-like behaviors induced by repeated Δ9-THC exposure were associated 

with alterations in microglial morphology (increased CD11b-positive cells), neuronal CB1R down 

regulation, microglial CB2R up regulation, increased expression of the pro-inflammatory cytokines, 

and reduction of the anti-inflammatory cytokines (Cutando et al., 2013; Zamberletti et al., 2015). 

Collectively these data from the literature allows us to speculate that the observed perturbation of 

glial cells (increased GFAP and IBA-1 expression) induced by repeated JWH-018 exposure, might 

play an important role in the alteration of DA activity (reduced basal DA neuronal activity and 

decreased NAc shell DA sensitivity to rewarding stimuli) and behavioral abnormalities (increased 

anxiety and compulsive-like behavior) observed during acute JWH-018 withdrawal. Further studies 

to further elucidate possible cytokine perturbation, as well eCB signaling (CBR expression) 

alteration induced by repeated JWH-018 administration are in progress.  

Moreover, our study demonstrated that this neuroinflammatory state of mesocorticolimbic DA areas 

endures also seven days after JWH-018 discontinuation. In fact, as shown in Fig. 27, a persistent 

astrogliosis (increased GFAP-IR) in all examined DA areas (in the mPFC, NAc shell, NAc core, 
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CPu and VTA) or an increase of microglia cells (increased IBA-1 IR) in the NAc shell and core is 

present in JWH-018 treated rats as compared to Veh-treated rats. Similar to the changes observed 

after acute JWH-018 withdrawal, we demonstrated an increase of GFAP expression in all analyzed 

DA areas. These results are consistent with the increase of GFAP expression observed after 

“prolonged withdrawal” (at least 6 days) from cocaine (Bowers & Kalivas, 2003) and amphetamine 

(Granado et al., 2011; Occhieppo et al., 2017), even though, as observed during acute withdrawal, 

other studies showed contradictory results (Bowers & Kalivas, 2003; Harada et al., 2013; Bull et 

al., 2015; Scofield et al., 2016). 

Indeed, our immunohistochemical results are associated with the parallel changes in either basal DA 

neuronal activity (reduction) or in responsiveness of mesocorticolimbic DA transmission observed 

seven days after JWH-018 discontinuation (see results “DA dysregulation induced by repeated 

JWH-018 administration”), confirming the possible involvement of astrocytes in DA dysregulation. 

Considering microglia, our study revealed an increase of IBA-1 positive cells in the NAc shell and 

core also seven days after JWH-018 discontinuation, while no difference in the CPu was observed. 

Thus, our data evidenced that changes in microglia cells persist only in the NAc (shell and core), 

showing that alteration of JWH-018-induced microglia cells is brain region-specific as compared to 

astrocyte alteration. Thus, it is reasonable to hypothesize the specific involvement of activated 

microglia cells in mesolimbic DA pathway alteration, that might reflect either an important 

involvement of CB2R (i.e. CB2R upregulation, see Introduction) in the observed mesolimbic DA 

dysregulation, or a stronger neuroinflammation of the NAc (i.e. astroglyosis and activation of 

microglia), thereby a stronger impact of glial cells in JWH-018-induced DA alterations in the NAc.  

 

In conclusion, altogether our results show that, besides neurons, repeated JWH-018 administration 

affect glial cells, likely inducing an abnormal interaction between these two cell populations, which 

in turn could be implicated in JWH-018-induced neurochemical and behavioral abnormalities. 
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Further studies to better understand either the underlining mechanisms or the relationship between 

JWH-induced neuroinflammation, DA dysregulation and behavioral abnormalities are required. 

However, considering our results and those of the literature, it is plausible to hypothesize that 

repeated JWH-018 exposure may induce changes in eCB signaling (i.e. down-regulation CB1R and 

up-regulation CB2R), which either directly might induce a perturbation of glutamate signaling, as 

well as of glutamate-GABA balance, or indirectly through changes in glial cell expression (i.e. 

astrogliosis and increased microglia) and activity (i.e. decreased GLT-1 and increased pro-

inflammatory citokines) that in turn might lead to a dysregulation of the mesocorticolimbic DA 

system and behavioral abnormalities.  
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F-Conclusion 

Initially developed for therapeutic proposed, the SCRAs, such as JWH-018, have been detected in 

herbal blend called Spice drugs (known also as “K2 drugs” in the USA) sold on websites as  

cannabis-like mixtures since 2004(Dresen et al., 2010). Despite the long history and the initial 

proposed, the SCRAs, in particular those of the last generations appear to not possess any of the 

therapeutic effects of Δ9_THC (De Luca & Fattore, 2018). Hence, clinical reports showed that 

SCRAs induce more adverse reactions, long-term effects and psychiatric consequences (Papanti et 

al., 2014; Schifano et al., 2015), several withdrawal symptoms, and more prevalence of dependence 

after their chronic use (Miliano et al., 2016; Pintori et al., 2017). 

In the present study we demonstrated for the first time, that repeated exposure to JWH-018 (0.25 

mg/kg ip, daily for 14 days) during the adulthood induces dysregulation of mesocorticolimbic DA 

system, either on basal DA neuronal activity or on DA responsiveness to drug and non-drug stimuli, 

which persist at least seven days after JWH-018 discontinuation and might be associated with loss 

of control of motivational evaluation of rewarding stimuli. In parallel with DA dysregulation, JWH-

018 treatment induces alteration of glial cells (neuroinflammatory phenotype) in the same DA areas, 

and behavioral abnormalities in particular during acute JWH-018 withdrawal. Therefore, our data, 

besides confirming the high abuse liability of the SCRA JWH-018 and the possible severe health 

risk lead to their chronic use, support the evidence that identified mesocorticolimbic DA 

dysregulation as critical features in drug addiction (Kalivas & Volkow, 2005; Jensen et al., 2008; 

Goldstein & Volkow, 2011; Deserno et al., 2013; De Luca, 2014). Moreover, this study supported 

by the literature, pointed out the possible relationship between neuroinflammation and 

dysregulation of DA system in the drug addiction (Lacagnina et al., 2017; Melis et al., 2017; Kim et 

al., 2018). 
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Taken together, these results suggest that JWH-018 repeated treatment may reflect a model of 

addiction, and this study could be useful to understand if dysfunctions of cortical-limbic-striatal DA 

circuit, as well as glial cells alterations, can lead or are related to specific detrimental effects of 

recurring use of Spice/K2 drugs. 
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