Chapter 16
Interactions of Cannabis and Amphetamine-
Type Stimulants

Simone Tambaro and Marco Bortolato

Abstract Amphetamine-type stimulants (ATSs) are a large family of substances
of abuse, characterized by well-known mood- and performance-enhancing proper-
ties. This class encompasses several high-potency stimulants and entactogens, such
as the precursor compound d-amphetamine (AMPH), its synthetic N-methylated
derivatives methamphetamine (METH) and 3, 4-methylenedioxy-N-methylamphet-
amine (MDMA, or “ecstasy”), as well as novel designer drugs, based on substi-
tuted forms of the natural alkaloid cathinone. ATSs (and in particular METH) are
among the most commonly abused substances worldwide, second only to Cannabis
sativa; indeed, the rate of concurrent consumption of METH and cannabis has been
increasing over the last decade, particularly among adolescents. Anecdotal evidence
suggests that marijuana may offset some unpleasant subjective effects of ATSs,
such as anxiety and paranoia. Both drugs have been shown to increase schizophre-
nia vulnerability in young vulnerable individuals, raising the possibility that their
concurrent intake may have synergistic effects with respect to the development of
psychotic manifestations. In addition, the combination of these two substances may
affect their subjective effects and exacerbate their abuse liability. Although current
evidence on the neurobiological interactions of cannabis and ATSs remains mostly
elusive, initial studies in animal models suggest that the cannabinoid system may
play a relevant role in the motivational and addictive properties of ATSs; further-
more, cannabinoids may modify the behavioral effects and even attenuate some
untoward long-term consequences of ATSs. In this chapter we review the available
evidence on these potential interactions and outline some key mechanisms that may
account for the mutual modulatory influence of these substances.
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Fig. 16.1 Chemical structures of p-Phenethylamine and some of the major amphetamine-type
stimulants (ATSs)

Introduction

Amphetamine-type stimulants (ATSs) are a large family of psychoactive drugs
characterized by a common phenylethylamine core structure. The precursor of this
class, d-amphetamine (AMPH; 1-phenylpropan-2-amine) and its N-methylated de-
rivative methamphetamine (METH; N-methyl-1-phenylpropan-2-amine), were re-
spectively synthesized in 1887 [1] and 1893, and marketed as decongestants under
the commercial names of Benzedrine and Methedrine [2]. Following the discovery
and characterization of the psychostimulant properties of these drugs, they were
originally proposed and used for numerous illnesses, such as depression, migraine,
alcoholism and obesity'. With the growing diffusion of AMPH and METH as thera-
peutic agents, it was recognized that high doses of these agents could lead to prom-
inent euphoria and excitement, disinhibition, increased libido and arousal, sense
of invincibility, fatigue resistance and sleeplessness; furthermore, it soon became
apparent that both drugs had a high addiction liability, and that their abuse was as-
sociated with a higher risk for mania and psychosis. Nowadays, the class of ATSs
is known to encompass a large variety of different synthetic compounds (the struc-
tures of the main ATSs are represented in Fig. 16.1, as well as the natural alkaloids
ephedrine and cathinone, respectively obtained from the plants Ephedra sinica and
Catha edulis. The behavioral properties of the ATSs vary depending on the chemi-
cal structure; for example, the effects of 3, 4-methylenedioxy-methylamphetamine
(MDMA, also known as “ecstasy) and similar compounds induce effects typically

! Nowadays, the therapeutic applications of ATSs are mostly limited to low-potency compounds,
which carry a very limited liability for dependence. Notably, low doses of the dextrorotatory en-
antiomers of AMPH and METH are still approved by the Food and Drug Administration for the
treatment of narcolepsy and attention-deficit hyperactivity disorder (ADHD).
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different from those elicited by AMPH and METH, typically described as an en-
hances sense of emotional closeness and empathy.

METH features greater potency and a significant longer half-life than cocaine or
other common stimulants (ranging from 10-30 h) [3]; because of these properties,
its misuse for recreational purposes (generally by smoking or snorting) gained mo-
mentum in the 1960s and has reached the proportions of a veritable epidemic in the
past decades [4], particularly among adolescents of North America, East Asia and
Oceania [5-9]. A recent report released by the United Nations Office on Drugs and
Crime has ranked METH and other ATSs as the world’s most widely abused type of
illicit substance after cannabis [10].

Until the late 1980s, the concomitant abuse of cannabis products and ATSs was
generally regarded as a relatively infrequent phenomenon [11], possibly due to the
divergence in the sociocultural milieux traditionally associated with the consump-
tion of either substance. In the early 1990s, however, this trend was rapidly reversed
by the introduction of large amounts of high-purity METH by Mexican drug cartels
in the illicit market of the Western and Midwestern regions of the United States.
The increased availability of pure METH at lower prices led to its growing popular-
ity among the local communities of cannabis users [12]. By 2002, it was estimated
that cannabis was the most common secondary substance of abuse among METH-
dependent individuals [13]. In striking contrast with the skyrocketing proportion of
the comorbid abuse of cannabis and METH, research on the interactions of these
two substances has considerably lagged behind. To the date of this writing (Decem-
ber 2013), only few systematic clinical studies on the combined effects of ATSs and
cannabis have been published in peer-review publications.

In this chapter, we will outline the available evidence on the interactions of
cannabis and ATSs, as well as their underlying neurobiological mechanisms. In
particular, we will mainly focus on the interaction of AMPH and METH with the
two most abundant ingredients of cannabis, namely its main psychoactive alka-
loid A9-Tetrahydrocannabinol (THC), and cannabidiol (CBD). Nevertheless, it is
worth noting that similar effects and mechanisms are predicted for the interaction
of newly-developed synthetic cannabinoids (“Spice”) and new-generation ATSs
(“Bath salts™). The latter, which include mephedrone, methylone, methcathinone,
amfepramone and pyrovalerone, are mainly synthetic cathinone derivatives [14].
Conversely, synthetic cannabinoids (including bicyclic compounds, benzopyrans
and aminoalkylindole derivatives) [15] were originally developed as experimen-
tal drugs, but have recently reached the illicit market (see Chap. 10 of this book).
Unfortunately, these compounds are often sold in combination; in particular, it has
been recently reported that new drugs that combine the pharmacological properties
of both categories may have already been developed [16]. This alarming scenario
raises the urgency of a better understanding of the interactions of cannabinoids and
ATSs, particularly with respect to their behavioral and toxic consequences.
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Effects and Mechanisms of Action of AMPH and METH

Although the clinical and behavioral effects of AMPH and METH have been docu-
mented for longer than 50 years, their mechanism of action still remains partially
elusive. Several molecular mechanisms of AMPH and METH are posited to mimic
the actions of their endogenous analog -phenylethylamine (B-PEA), a naturally oc-
curring trace amine that acts as a neuromodulator of monoamine neurotransmitters,
such as dopamine (DA), norepinephrine (NE) and serotonin (5-HT) [17]. B-PEA is
mainly present in monoaminergic neurons, where it is synthesized by decarboxyl-
ation of the amino acid phenylalanine [17] and metabolized by monoamine oxidase
(MAO) B [18]. Although the synthesis of B-PEA is thought to occur with a rate
similar to that of DA and NE, its concentration are significantly lower than those
of catecholamines, because of its significantly higher metabolism by MAO B [19].
Physiological concentrations of B-PEA play an important role in the modulation of
DAergic neurotransmission, by inducing DA release, inhibiting its reuptake and
limiting the responses of D, autoreceptors [20-23]. Most of these actions are as-
cribed to the activation of the main receptor of B-PEA, named trace amine associ-
ated receptor 1 (TAART1) [24]. This G_-protein-coupled receptor appears mainly lo-
cated within intracellular membranes [25, 26] of monoaminergic neurons [24, 27].

Effects of AMPH and METH on DA Neurotransmission

In addition to their analogy to B-PEA, AMPH and METH bear a strong structural
resemblance with DA, and compete with this neurotransmitter for their uptake into
the presynaptic terminals of DAergic neurons by the DA transporter (DAT) [28,
29]. Indeed, the intracellular transport of AMPH and METH enhances DA concen-
trations in the extracellular space by reducing its uptake and facilitating its release
through DAT-mediated antiport [30-32] (Fig. 16.2). Once AMPH and METH are
carried in the cytosol, they activate TAAR1 [33], stimulating the protein kinases A
(PKA) and protein kinases C delta (PKCA) [34-36]. The ensuing phosphorylation
of DAT leads to its endocytosis, accumulation in endosomes and reduced recycling
[37].

Although AMPH and METH are potent TAARI agonists, this receptor is not
thought to play a primary role in the ability of these drugs to enhance the activity of
DAergic neurons; accordingly, TAARTI activation has been shown to reduce, rather
than increase, the firing of DAergic neurons [38]. The mechanisms that likely sup-
port the psychostimulant properties of AMPH and METH are based on their ability
to bind to the vesicular monoamine transporter 2 (VMAT?2), which results in the
inhibition of DA transport within the vesicles [39]. The inactivation of VMAT?2 has
been shown to counter some of the phenotypical effects of METH and AMPH, such
as the enhancement of DA efflux [40—43], as well as the behavioral effects of these
drugs [44, 45]. A third mechanism that contributes to the enhancement of extracel-
lular DA levels by AMPH and METH is afforded by their inhibition of MAOs,
which catalyze the metabolism of DA and other monoamines [46, 47].
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Fig. 16.2 Schematic model of the actions of amphetamine-type stimulants (ATSs) in the pre-
synaptic terminal of the dopaminergic neuron. a In physiological condition DA is released in the
synaptic cleft by a calcium-dependent system. The uptake is accomplished by a membrane carrier
(1), which can transport DA into and out of the terminal depending on the existing concentration
gradient. Cytoplasmic DA is transported into storage vesicle by vesicular monoamine transport 2
(VMAT?2). b ATSs enter the presynaptic bouton across through DAT. AMPH and METH enhance
DA concentrations in the extracellular space by reducing its uptake and facilitating its release
through DAT-mediated antiport. Once AMPH and METH are carried in the cytosol, they activate
TAARI, stimulating the protein kinases PKA and PKC (not represented). The phosphorylation of
DAT leads to its endocytosis. AMPH and METH interfere also with the vesicular carrier VMAT?2,
thereby reducing the intravesicular uptake of DA and facilitating its release in the cytosol

The combination of the mechanisms outlined above results in a general enhance-
ment of DA neurotransmission in the nigrostriatal and mesocorticolimbic projec-
tions, the two main pathways of the DAergic system that regulate movement and
reward-associated responses. These functions account for the marked stimulant ef-
fects of these substances, which lead to the enhancement of motoric and motivation-
based activity.

It is worth noting that the effects of AMPH and METH are largely due to the
increase of DA volume transmission, one of the two main modalities of DA neu-
rotransmission. Volume transmission consists in the non-vesicular release of DA
from non-junctional varicosities of its neurons, leading to the activation of DAergic
receptors in the extrasynaptic and perisynaptic space [48—51]. In the striatum and
nucleus accumbens, the fine regulation of the balance between volume and synap-
tic transmission of DA is considered to play a key role in encoding informational
salience with respect to locomotor modulation or the execution of motivated be-
haviors.

Low doses of AMPH lead to a modest increase in volume transmission, which
may be essential to enhance focused attention. Conversely, higher doses of ATSs are
likely to lead to a more robust DA spillover, which may facilitate the development
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of psychotic responses through a generalized attribution of salience to irrelevant
information and thoughts [52]. This impairment leads to a deficit of the signal-to-
noise ratio, leading to deficits of sensorimotor gating and information filtering [53].
In confirmation of this theory, only high doses of AMPH have been found to result
in the disruption of the prepulse inhibition of the startle reflex, the most common
operational index for the measurement of sensorimotor gating [54].

The role of AMPH and METH in the modulation of attentional and cognitive
processes may reflect the distribution of the two main classes of DA receptors, D,
and D,, in the nucleus accumbens and striatum. Low doses of AMPH are likely to
lead to activation of D, receptors in the postsynaptic terminal or in direct contigu-
ity with the presynaptic bouton. Accordingly, low doses of AMPH has been shown
to affect D,, but not D, binding [55]. The increase in DA release corresponding to
these dosages may not be sufficient to stimulate D, receptors, which are generally
localized in spines and dendrites of medium-spiny GABAergic neurons in proxim-
ity of glutamatergic synapses, further away from the synapse than D, receptors
[56-60]. Conversely, higher doses of AMPH may lead to the joint activation of
extrasynaptic D, and D, receptors. The hyperlocomotion and sensorimotor gating
deficits of AMPH have been shown to be dependent on either class of receptors
[61-65], even though their differential role may reflect specific differences in re-
ceptor distribution and sensitivity among different strains and species.

Higher doses of ATSs are thought to produce a marked increase of striatal ex-
trasynaptic and perisynaptic DA levels [66]. The D, receptors are actually essential
to induce a prolonged and robust excitatory action in the extrasynaptic terminals
of the striatum [67]. Presynaptic D, receptors have been shown to mediate effects
not only as DA autoreceptors, but also on y-aminobutyric acid (GABA) [68-70]
and glutamate [71] in the striatum. Thus, it is tempting to hypothesize that a robust
DA spillover may have effects also on the release of GABA and glutamate through
activation of these receptors. Future studies are needed to confirm this possibility
and evaluate its functional significance.

Non-DAergic Mechanisms of AMPH and METH

The actions of AMPH and METH as analogs of B-PEA have repercussions also on
the other monoamine neurotransmitters, namely 5-HT and NE. Both drugs have
been found to reduce the uptake and increase the extracellular levels of these neu-
rotransmitters, and these mechanisms have been shown to play an essential role in
the behavioral effects of ATSs [72—74]. However, the role of TAARI in these pro-
cesses has not been fully clarified yet. While it is assumed that the actions on 5-HT
neurotransmission may be similar to those observed for DA, the mechanisms may
differ with respect to NE. For example, the internalization of NE transporter has not
been observed in response to AMPH. The effects of ATSs are likely not limited to
the monoaminergic systems, but are likely to involve also other neurotransmitters,
such as glutamate and GABA [75-77]. The details of these processes, however,
await further clarification.
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Neurotoxic Effects and Mechanisms of METH

One of the most problematic consequences of METH lies in the permanent damage
of midbrain, striatal and cortical neurons, which leads to long-lasting depletions of
striatal DA and 5-HT [78, 79]. The molecular mechanisms supporting the neuro-
toxic effects of METH are not fully understood, but they are generally thought to
be related to excessive concentrations of DA (and, possibly, 5-HT) in the cytosol.
In this compartment, DA undergoes non-enzymatic oxidation with the production
of quinones and other oxyradicals [80, 81], which trigger oxidative stress, mito-
chondrial dysfunctions and the formation of oligomeric protein aggregates of DAT
as well as a-synuclein [82-85], ultimately leading to the death of DAergic cells.
One of the most common and dangerous effects of METH neurotoxicity is a life-
threatening hyperthermia, which accompanies alterations of the blood-brain barrier
and brain edema [86], and is a primary cause of lethality following METH overdose
and toxicity [87, 88].

The neurotoxic mechanisms of METH, albeit still partially unclear, have been
recently shown to be inversely related to the availability of VMAT?2 [43, 89, 90]
and involve the activation of D, receptors [91]. It should also be noted that METH-
induced neurotoxicity has been shown to involve glutamatergic excitotoxicity in
the striatum [92], likely due to the enhancement of glutamate level in the striatum,
which may potentiate the oxidative stress induced by DA [93]. Other METH-in-
duced neurotoxic mechanisms appear to involve the activation of caspase 3 and
other apoptotic mechanisms [94—96].

Interactions of Cannabis and ATSs

The well-documented role of ATSs and cannabis in the pathogenesis of psychiatric
disorders, ranging from anxiety-spectrum to psychotic and cognitive disorders [97,
98] raises serious concerns about the sequelae of their combined use. This issue may
become even more problematic with the recent diffusion of synthetic designer drugs
in both categories, which are often sold as mixtures.

As mentioned above, marijuana and other hemp products are the most common
secondary substances of abuse among METH users [13], and, in particular, ado-
lescents. This scenario is really concerning, in view of well-documented evidence
linking both substances to psychotic manifestations in youth [99, 100]. Indeed, as
widely reviewed in Chapt. 12 of this book, cannabis abuse in adolescence has been
highlighted as a key risk factor for schizophrenia for genetically vulnerable indi-
viduals [101, 102]. Thus, it is likely that the combined consumption of cannabinoids
and ATSs may be particularly dangerous and addictive.

Based on anecdotal reports, it has been suggested that cannabis may prolong and
intensify the sensation of euphoria associated with consumption of ATSs [103] as
well as other psychostimulants [104]. In addition, the calming and relaxing prop-
erties of cannabis may offset some of the psychological untoward consequences
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of ATS, such as anxiety and agitation. This possibility is supported by preclinical
evidence in rodents subjected to both acute and chronic administration of METH
[105]. However, cannabis has been shown to produce variable effects with respect
to anxiety [106] and may even exacerbate some of the negative subjective sensa-
tions induced by ATSs, such as panic and paranoia.

Pending the expansion of research on the topic, the current state of the art gen-
erally relies on the assumption that cannabis may interact with ATSs in a fashion
similar to those documented with cocaine, another psychostimulant whose mecha-
nism of action is largely based on the enhancement of DAergic neurotransmission.
Indeed, several behavioral and physiological effects of METH resemble those of
cocaine. Nevertheless, this vista does not account for key mechanistic differences
between cocaine and ATSs: while the latter blocks DA uptake, ATSs also increase
the release and inhibit the metabolism of this neurotransmitter. In addition, as men-
tioned above, METH has a significantly slower clearance and wider brain distri-
bution than cocaine [107]. Because of these differences, METH produces a much
more prolonged sensation of “high” than cocaine. In addition, the higher amounts of
extra-vesicular DA are likely to result in greater neurotoxicity levels, due to reactive
oxygen species (ROSs) from non-enzymatic catabolism of DA.

In the next sections, we will summarize the available evidence on the interac-
tions of cannabis and ATSs and elaborate on their putative mechanisms. This dis-
cussion will be preceded by a brief preamble on the endocannabinoid system and
its relevance to the mechanisms of cannabis, specifically designed to facilitate the
readers who may be unfamiliar with the key neurobiological mechanisms of THC
and other cannabinoids. For a more thorough treatment of these topics, however, the
interested reader is referred to the excellent reviews by De Petrocellis et al. [108]
and Mechoulam and Parker [109].

A Brief Outline on the Endocannabinoid System

Most of the actions of THC are mediated by two major cannabinoid receptors, both
coupled to G, proteins [110], respectively termed CB, [111] and CB, [112]. CB,
receptors are abundantly expressed in the brain and implicated in the majority of
the psychotropic actions of cannabis. These receptors are typically localized on
the membrane of presynaptic terminals of GABAergic and glutamatergic neurons
[113, 114], where they control the release of either neurotransmitter in response to
retrograde activation from the postsynaptic terminal [115—118]; furthermore, these
receptors are involved in other key plasticity mechanisms, such as short- and long-
term synaptic depression [119]. CB, receptors also form heteromeric complexes
with other G-protein complex receptors, such as dopamine D,, p-opioid and ad-
enosine A, [120-122].

In contrast with CB, receptors, CB, receptors are abundantly expressed in most
peripheral organs (and particularly in immune cells, where they regulate cytokine
secretion and modulate cell trafficking) [123]. Although the presence of CB, recep-
tors in neurons has been revealed [124, 125], their function remains poorly under-
stood and awaits further characterization.
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Cannabinoid receptors are bound by the two endogenous ligands (endocannabi-
noids) 2-arachidonoylglycerol (2-AG) [126, 127] and N-arachidonoylethanolamine
(also termed anandamide) [128].

2-AG acts as a full agonist at both CB, and CB, receptors, and mediates the
mechanisms of short-term control of glutamate and GABA release [116, 117]. Con-
versely, anandamide acts as a high-affinity partial agonist for both CB, and CB,
receptors. In addition, this endocannabinoid interacts also with the vanilloid chan-
nel receptors 1 (TRPV1), which are abundantly distributed in DAergic neurons.
Interestingly, TRPV1 receptors are also activated by the main non-psychotropic
ingredient of cannabis, CBD, raising the interesting possibility that some of the
therapeutic effects of this alkaloid may be mediated by these channels.

Anandamide is synthesized on demand by enzymatic hydrolysis of the mem-
brane phospholipid N-arachidonoyl phosphatidylethanolamine (NAPE), a process
catalyzed by several phospholipases [129, 130]. Following release and activation of
CB receptors, anandamide is rapidly removed from the synaptic cleft by a carrier-
mediated system [131-134] and subsequently hydrolyzed by the membrane enzyme
fatty acid amide hydrolase (FAAH) [135-137]. Anandamide appears to be mainly
involved in plastic mechanisms such as long-term depression (LTD) [138]. It should
also be noted that, in the striatum, 2-AG and anandamide may serve different roles
with respect to the release of glutamate and GABA. 2-AG acts preferentially on
CB, receptors in GABAergic neurons; in fact, the simulation of its synthesis was
found to reduce GABAergic, but not glutamatergic neurotransmission [139, 140].
Conversely, anandamide may inhibit the release of glutamate by activating CB,
receptors in glutamatergic neurons [141].

Effects of METH and Cannabis on Schizophrenia

In comparison with other psychostimulants, such as cocaine, METH consumption is
associated with a markedly high schizophrenia risk [100]. This aspect is particularly
noteworthy in consideration of its potential interactions with cannabis, the only
other substance of abuse that has been unequivocally linked to a significantly higher
vulnerability for schizophrenia and other psychotic disorders [99, 100]. Based on
this premise, several studies have been recently focused on the possibility of syner-
gistic effects of cannabis and METH with respect to the pathogenesis of schizophre-
nia. Although the evidence on these interactions is still rudimentary, recent studies
have shown that the combined abuse of cannabis and ATSs is indeed associated with
an earlier age of schizophrenia onset, in comparison with consumption of either
cannabis or ATSs alone [142].

To understand the nature of the interactions of cannabis and METH with respect
to schizophrenia, it is useful to briefly review the evidence on the role of the en-
docannabinoid system in this disease (for an extensive overview of the topic, see
[143—145]. Schizophrenia patients have been found to feature elevated anandamide
levels in plasma [146] and cerebrospinal fluid (CSF) [144], as well as higher CB,
receptor density in prefrontal and cingulate cortex [147—149]. Notably, the levels
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of CB, receptors in schizophrenia patients are down-regulated by antipsychotics
[150].

The pathogenic mechanism whereby cannabis and METH may lie to schizophre-
nia has been posited to lie in DA-induced maladaptive interpretations of contextual
cues, which may reflect developmental alterations in adolescence and may be fur-
ther exacerbated by environmental and psychosocial adversity [151]. Whereas there
is general consensus on the primary involvement of DA in the mechanisms support-
ing METH-induced acute psychotic states [152, 153], the role of this neurotransmit-
ter in cannabis-induced psychosis is more controversial. It has been reported that,
in schizophrenia patients, doses of THC that exacerbate psychotic symptoms are
associated with a rapid reduction of D, receptor binding in the ventral striatum and
precommissural dorsal putamen [154, 155]. However, similar phenomena were not
observed in healthy volunteers [156]. Furthermore, the psychotomimetic effects of
THC are not attenuated by the benchmark typical antipsychotic haloperidol, which
acts as a D, receptor antagonist. Indeed, this drug was even found to exacerbate
some of the cognitive deficits induced by THC, such as distractibility and reduced
vigilance [157].

Irrespective of the mechanism, emerging evidence supports that METH’s psy-
chotomimetic properties may be modulated by cannabis through activation of CB,
receptors. A recent genetic study [158] found that the latency to the onset of psy-
chotic responses to METH consumption is associated with variants of a single-nu-
cleotide polymorphism (Rs806379) of the gene CNRI1 (encoding the CB, receptor).
Notably, this gene has been associated with schizophrenia vulnerability in several
studies [159, 160]. While preclinical results have suggested that antagonism of CB,
may attenuate schizophrenia symptoms [161, 162], preliminary clinical trials have
failed to support this possibility [163].

Effects of METH and Cannabis on Abuse and Dependence

Another important domain of investigation on the clinical interactions of ATSs and
cannabis concerns the establishment of abuse and dependence. Cannabis has long
been posited to serve as a “gateway” drug, which may facilitate the subsequent
abuse and dependence of other substances [164—166]. This characteristic may be
potentiated by METH abuse and dependence, which have been associated with a
higher proclivity to engage in risky behaviors [167, 168]. Indeed, the concurrent
abuse of cannabis and METH has been recently found to be associated with earlier
initiation to ecstasy use [169].

A plausible interpretation for a combined effect of METH and cannabis on the
initiation to the use of other drugs is likely to reflect abnormalities in DA striatal
neurotransmission, resulting in abnormal decision-making processes related to mo-
tivational responses. In keeping with this interpretation, Churchwell and collabora-
tors [170] found higher novelty-seeking and striatal volume in adolescents reporting
comorbid abuse of METH and cannabis.
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Several lines of evidence suggest that the endocannabinoid system may play a
role in the subjective effects of ATSs, and therefore influence the risk for abuse and
dependence [171]. Allelic variants of the FA4H gene have been associated with the
subjective response to AMPH [172], as well as a higher risk for substance abuse
and dependence [173, 174]. Similarly, genetic variants of the [AAT]n trinucleotide
short-tandem repeat polymorphism of the CNRI gene (encoding CB, receptors)
have been associated with an increased risk for intravenous use of AMPH [175] as
well as other drugs [176]. The role of CB, receptors in the subjective properties of
ATSs is also supported by the finding that its blockade in Cebus monkeys reduced
the arousal induced by AMPH [177].

The facilitatory role of cannabis with respect to METH abuse and dependence
is generally supported by several lines of evidence on rodent models. Indeed, while
pre-exposure to THC does not appear to affect the self-administration of AMPH
in rats [178], the blockade of CB, receptors attenuates METH self-administration
[179, 180]. Notably, this effect may not reflect an intrinsic reduction of the re-
warding properties of METH, but rather the acquisition and consolidation of the
preference for this drug [181, 182], suggesting that the key effect of cannabis may
modulate the plastic and adaptive response to repeated administrations of ATSs.
In particular, these phenomena are likely to be mediated by CB, receptors in the
nucleus accumbens, possibly in relation to the modulation of acetylcholine neu-
rotransmission [183, 184]. In keeping with this hypothesized mechanism, CB, re-
ceptors may also affect the reinstatement of METH self-administration [185, 186].
Notably, CB, receptor antagonists have also been shown to reduce METH-induced
deficits in operant responding [187] and inhibitory control [188]. Of note, THC has
been shown to potentiate the extinction of AMPH-induced conditioned preference
learning [189], but this mechanism was not reversed by CB, receptor blockade, sup-
porting a possible role of CB, receptors.

Role of CB, Receptors in the Psychostimulant Properties of ATSs

As mentioned above, the clinical evidence on the role of CB, receptors on the psy-
chostimulant effects of AMPH and METH is only limited to anecdotal evidence
and indirect inferences based on genetic studies. Conversely, several studies on
the topic have been performed in rodent models. In general, the bulk of evidence
suggests that CB, receptors in the nucleus accumbens may contribute to some of
the motor effects of ATSs, including AMPH and METH-induced hyperactivity and
stereotyped behaviors [190-193]. These effects are posited to reflect a negative
modulatory action on DAergic neurotransmission; in fact, CB, receptor blockade
has been shown to potentiate, rather than attenuate, the stereotyped behavior in-
duced by co-administration of D, and D, receptor antagonists [194]; furthermore,
activation of CB, receptors has been shown to reduce the hyperactivity induced by
D, receptor stimulation [195]. In apparent contrast with this evidence, several stud-
ies have indicated that the genetic inactivation of CB, receptors may attenuate the
hyperactivity induced by AMPH [162]; these effects, however, have not been con-
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sistently replicated [ 196, 197], possibly in relation to different influences of genetic
and environmental vulnerability factors. The alterations of ATS-induced effects in
CB, knockout (KO) mice may reflect their lower levels of striatal DA [198], as well
as abnormalities in D, (but not D, ) receptor binding in the striatum [196].

Finally, several studies have shown that CB, receptors play a role in the develop-
ment of motor sensitization to AMPH. Chronic THC administration facilitates this
phenomenon [199], while CB, receptor inactivation decreases the development of
motor sensitization to AMPH [200-202].

Mechanisms of Interactions of Cannabinoids and ATSs

Cannabinoids and ATSs are posited to interact on multiple levels, through a com-
plex array of intersecting mechanisms across several brain regions. In this synoptic
overview, we will summarize the best-characterized lines of evidence on the collec-
tive implication of these substances on the regulation of DAergic neurotransmission
and its behavioral and pathophysiological correlates. Nevertheless, we should point
out that these mechanisms are part of a broader network that incorporates the ac-
tions of the other neurotransmitters affected by both ATSs and cannabinoids, such
as NE and 5-HT. With respect to the role of DAergic pathways, the interplay of can-
nabis and ATSs is likely related to the endogenous modulatory mechanisms of this
system, which involve both trace amines (such as f-PEA) and endocannabinoids as
well as their attending receptors in DA neurotransmission and signaling [203-210].

As noted above, although CB, receptors are expressed in DAergic neurons [211—
213], most of the effects of cannabinoids on DAergic neurotransmission are posited
to be the result of indirect mechanisms, primarily mediated by the activation of CB,
receptors on presynaptic terminals of neighboring GABAergic and glutamatergic
neurons (Fig. 16.3). This modulation occurs both around the somata of DAergic
neurons in the midbrain, as well as along their terminals, in the dorsal striatum,
nucleus accumbens and prefrontal cortex [214]. The actions of cannabinoids mimic
the molecular activity of 2-AG and anandamide on the activity of mesolimbic and
mesocortical DAergic neurons.

In general, the effects of cannabinoids on the activity of these cells are highly
variable, and may follow dose-dependent patterns, likely reflective of the progres-
sive recruitment of different subpopulation of neurons subserving different modu-
latory roles in relation to DAergic activity. In line with this concept, the loss of
GABAergic inhibition in CB,-positive neurons has been recently shown to counter
the DA-releasing properties of AMPH [215]. In addition, the variability of the ef-
fects of cannabis depends on a wide set of genetic and environmental vulnerability
factors [216], including sex (see Chap. 12 of this book); some of these variable,
such as stress, are known to affect the sensitivity to ATSs [217, 218]. In summary,
the direction and verse of the modifications of DAergic activity ensuing the co-
administration of ATSs and cannabinoids are heterogeneous, depending on specific
individual characteristics as well as dose-dependent modalities of action on various
circuitries associated with DAergic pathways. In spite of this high variability, pre-
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Fig. 16.3 Schematic representation of CB, receptor-mediated effects in GABAergic (a) and glu-
tamatergic neurons (b). Activation of CB, receptors in these two neurons exert opposite effects
with respect to the modulation of DAergic neurons. This mechanism, which plays a key role in the
adaptive plasticity of the DAergic system, sets the stage for some of the most critical interactions
between cannabinoids and ATSs (which act as DA releasers)

clinical studies in animal models have enabled a preliminary characterization of the
key domains of mutual interaction between cannabinoids and ATSs.

The stimulation of D, receptors (one of the key direct molecular effects of ATS)
triggers anandamide synthesis in the striatum [219]; it appears that such process is
teleologically directed at the attenuation of DA release and the reduction of DAer-
gic psychomotor activation [219]. Notably, this mechanism may be contributed by
TRPV1 receptors [220], which are abundantly expressed in DAergic neurons. In
contrast, higher doses of cannabinoids (which are posited to stimulate CB, and CB,
receptors across multiple sites) generally increase the activity of mesolimbic DAer-
gic system including neuronal firing, DA release and metabolism and expression of
D, receptors [221]. Accordingly, CB, receptor stimulation leads to the exacerbation
of DA release in the nucleus accumbens induced by METH and AMPH [187, 222].

The bulk of evidence indicates that the endocannabinoid system is one of the
main orchestrators of the plasticity of DAergic neurons [223-227]; accordingly, DA
deficiency leads to a pronounced up-regulation of CB, receptors [228-230]. Based
on these premises, it is possible that the interactions of ATSs and cannabinoids may
be supported by mechanisms aimed at shaping short-term and long-term adaptive
plasticity of the DAergic system.



422 S. Tambaro and M. Bortolato

These processes are likely to be regulated also by trace amines, and particularly
B-PEA. This trace amine is likely to exert a modulatory role on DAergic plasticity
through modifications of DA efflux modality in response to salient environmental
inputs. Indeed, DA volume transmission may lead to differential patterns of activa-
tion of D, and D, receptors across the spines of medium-spiny neurons, the main
population of output neurons in the striatum. The stimulation of these targets is in
turn instrumental to the enactment of plasticity phenomena, such as long-term po-
tentiation (LTP) and long-term depression (LTD). D, and D, receptors have differ-
ential roles in these two processes within the striatum: LTP is favored by D, receptor
stimulation, but inhibited by D, receptor activation [231-233].

It is highly likely that ATSs may influence the synaptic plasticity of DAergic
neurons by adopting mechanisms akin to those described above. For example, the
repeated administration of ATSs leads to behavioral sensitization to the motoric re-
sponses induced by these drugs [234-236]. The stimulation of DA receptor, in turn,
contributes to the synthesis of endocannabinoids, which shape plasticity processes
through their action on GABAergic and glutamatergic neurons in close proximity
with DAergic cells (see Chapt. 19 of this book). For example, the modulatory role
of CB, receptors on the firing and activity of DAergic neurons is largely mediated
by both glutamatergic and GABAergic neurons in the ventral tegmental area (VTA)
of the midbrain, where they are abundantly expressed [237, 238].

On one hand, the GABAergic neurons of the VTA are posited to exert a tonic
inhibition of DAergic neurons; thus, the activation of presynaptic CB, receptors
leads to a reduction of GABA release, thereby increasing the activity of DAergic
neurons [239, 240]. Physiologically, these CB, receptors are activated by 2-AG
synthesized by the somatodendritic compartments of the DAergic neurons in the
VTA. This phenomenon appears to be instrumental for habit formation [241] and
may be essential for the enactment of responses to chronic ATS administration, such
as sensitization to AMPH.

On the other hand, the initiation of sensitization to AMPH-induced hyperactivity
is related to changes in glutamatergic transmission within the VTA [242], which
lead to alterations in plasticity of the DAergic neurons in this area [243-247]. In-
deed, the sensitization to AMPH is contributed by enhancements in glutamate re-
ceptor expression and increased responsiveness to glutamate in the synapses of the
VTA, with a resulting suppression of LTD mechanisms [248-252]. This process
is likely shaped by endocannabinoids. Although the mechanisms of this involve-
ment are not completely clear, it is known that the cell bodies of DAergic neurons
in the VTA auto-regulate their firing and bursting activity through the synthesis of
2-AG in response to metabotropic glutamate receptor stimulation [223]; the newly-
synthesized 2-AG activates presynaptic CB, receptors by retrograde action, leading
to the reduction of glutamate release [223].

Cannabinoids may also interact with ATSs by affecting D, and D, receptor
responses in medium-spiny neurons. These interactions are based on the role of
endocannabinoids as key modulators of DAergic neurotransmission in the basal
ganglia [253-255]. Notably, CB, receptors are abundantly expressed in striatal neu-
rons [256-259] and interact with both D, and D, receptors [260, 261]. Preliminary
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evidence suggests that the combined activity of ATSs and cannabinoids may have
differential effects on these two receptors. Accordingly, the transcripts of D, and D,
receptors in striatum are respectively up-and down-regulated by the repeated treat-
ment with METH and the anandamide analog methanandamide [262].

CB, receptor activation is posited to modulate the effects of striatal D, receptor
signaling, as well as their effects on motor function [195, 219, 260, 263-265]. CB,
receptors in the striatum are thought to condition the trafficking the D, receptors
in response to activation [266]. The interaction of CB, and DAergic receptors is
likely instrumental for the enactment of key plasticity processes, such as LTD and
LTP. In the striatum, these mechanisms are actually influenced by both D, and D,
receptors [235, 267-270]. The enactment of long-term plasticity at the striatal level
is likely essential to shape the pattern of activation of this region in response to glu-
tamatergic inputs from cortical neurons [271]. The effects of CB, receptors on D,
and D, receptor signaling involve dopamine- and cAMP-regulated phosphoprotein
of 32 kDa (DARPP-32) [265, 272], whose activation is also a fundamental require-
ment for LTD and LTP [273]. Furthermore, CB, and D, receptors are known to
form heteromeric complexes, which, unlike the two individual receptors (which are
coupled to G /G, proteins), is coupled to a G, protein [254, 274]. This suggests that
the formation of these complexes can lead to significantly different phenotypical
results than those produced by stimulation of each receptor [122].

One of the principal processes that may support the interactions of ATSs and
cannabis with respect to the regulation of DAergic neurotransmission is LTD. This
mechanism requires endocannabinoids in the striatum [224]. Several lines of evi-
dence support the possibility that anandamide may be particularly implicated in
this process. Indeed, this endocannabinoid has been shown to play an essential role
in the developmental orchestration of LTD mechanisms [138]. Anandamide, but
not 2-AG, is selectively produced by activation of D, receptors in striatum [219].
D, receptors have been shown to be necessary for LTD induction [232]. Notably,
the implication of this anandamide in LTD is not limited to the striatum, but has
also been attested in other brain regions, such as amygdala [275] and hippocampus
[276]. In the latter region, it has been notably found that anandamide mediates LTD
through activation of TRPV1, but not CB, receptors [276].

Indeed, it is interesting to note that some of the effects of cannabis may be me-
diated by TRPV1 receptors [277]. CBD and other ingredients of cannabis (such
as cannabigerol, cannabigevarine and A9-Tetrahydrocannabinol) have been shown
to activate these receptors [278-280]. Interestingly, Moreira and Guimaraes [281]
found that CBD countered the hyperlocomotive effects of AMPH, without induc-
ing extrapyramidal-like effects. TRPV1 are activated by anandamide as well as N-
arachidonoyl-dopamine (NADA), which is formed by DA linked to arachidonic
acid by an amide bond, conferring properties of endocannabinoid and endovanil-
loid ligand [282]. This mechanism consists in the conjugation of arachidonic acid
directly with DA [283]; while the role of this compound is not fully understood,
recent evidence supports the possibility that it may be an antioxidant and exert neu-
roprotective properties [284]. Notably, anandamide has been shown to inhibit DAT
through a mechanism not dependent on G-protein-coupled proteins [285], which
may be related to the activation of TRPV1 receptors.
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CB, receptors may be also implicated in the interactions of cannabis and ATSs.
Accordingly, CB, receptors have been recently discovered in the brain and may play
arole in certain mental disorders [124, 286]. The involvement of CB, receptors in
the modulation of DAergic transmission is supported by the reduced expression of
D, receptor in the prefrontal cortex of CB, knockout mice, as well as their enhanced
responsiveness to cocaine [287]. Nevertheless, the involvement of CB, receptors in
the outcomes of METH has been partially challenged by recent studies, finding the
lack of implications of this receptor in the behavioral effects of METH [200].

Role of Cannabis in the Outcomes of METH Neurotoxicity

Another important theme of the potential combined role of cannabis and METH con-
cerns the influence of cannabinoids on the neurotoxic sequelae induced by METH.
In the striatum, METH neurotoxicity reflects deficits of DAergic, glutamatergic and
GABAergic parvalbumin-positive neurons [288]; given the profound involvement
of the endocannabinoid system in the regulation of GABA and glutamate signaling,
it is expectable that METH neurotoxicity may be affected by cannabinoids and, in
turn, alter the subjective responses to cannabis.

Although this important theme has been targeted by few clinical studies, a semi-
nal contribution in this respect has been afforded by a study by Gonzalez and col-
leagues [289], who reported that heavy cannabis use did not exacerbate METH-in-
duced cognitive impairments. On the contrary, users of both substances were found
to display a milder severity of their neuropsychological deficits in comparison with
users of METH alone, suggesting a protective role of cannabis against METH-in-
duced abnormalities [289].

To verify the mutual interactions of cannabinoids and METH neurotoxicity, our
group examined the effects of a “binge” schedule of METH (consisting in repeated
administrations of high METH doses at short time intervals) on the expression and
behavioral function of brain CB, receptors. METH neurotoxicity led to a signifi-
cant increase of CB, receptor expression across key brain regions implicated in
behavioral regulation (prefrontal cortex, striatum, amygdala and hippocampus)
[216]. This up-regulation of CB, receptors following METH excitotoxicity is in
line with previous evidence on similar phenomena consequent to neurotoxic insults
[290, 291]. The bases of this phenomenon may be related to the well-characterized
neuroprotective and anti-inflammatory actions of cannabinoids [292-296]. Thus,
it is possible that the toxicity caused by ROSs may have stimulated CB, receptor
upregulation as a countermeasure to curtail the deleterious impact of this drug. In
addition, DA receptors may be involved in these phenomena. Interestingly, CB,
receptor expression is increased by the lesion of DA terminals due to lesions [297].
Specifically, it is possible that the up-regulation of CB, receptors may limit gluta-
mate efflux, which serves a key mediating role in METH-mediated neurotoxicity
[117,255].
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The neuroprotective properties of cannabis may lie in the ability of THC to
mimic the actions of 2-AG in inhibiting the release of glutamate by depolarization-
induced suppression of excitation (DSE). Accordingly, CB, receptor agonists have
been shown to reduce glutamate-mediated excitotoxicity in rodent brains [298—
300]. Interestingly, both THC and CBD have been shown to have potent antioxidant
properties [301, 302] and reduce the formation of ROSs. Cannabinoids have also
been shown to reduce brain injury in ischemia models [292, 303—-308], and may be
therapeutically efficacious in the treatment of head trauma patients [309].

This background, together with the well-characterized neuroprotective and anti-
inflammatory actions of CB, receptor agonists [292-296] highlights the possibility
that CB, receptor synthesis may be stimulated by METH neurotoxicity in specific
regions, as a countermeasure to curtail its deleterious impact. This may represent a
compensatory mechanism to correct for the impaired GABA transmission.

Interestingly, the up-regulation of CB, receptors in METH-exposed rats were as-
sociated with an enhancement of anxiolytic properties of cannabinoids. This scenar-
io suggests that METH neurotoxicity may result in altered responsiveness of CB,
receptors, possibly due to selective damages of specific subpopulation of neurons
and homeostatic imbalances of the endocannabinoid system in the brain areas that
regulate the modality and intensity of environmental reactivity, such as amygdala,
prefrontal cortex and hippocampus [106, 310].

Concluding Remarks

In this review, we have outlined the current knowledge and recent advances on the
clinical and preclinical effects of cannabis and ATSs, a growing phenomenon that
may have important negative repercussions particularly with respect to the devel-
opment of psychotic disorders and addiction. We have also explored the mecha-
nisms underlying these interactions, which represent the way for cannabinoids to
interfere with the consequences of ATSs. As shown in the review, the interactions
among these substances occur at multiple, highly integrated levels, reflecting a
complex modulatory mechanism of endocannabinoids and dopamine, as well as
other monoamines. Although the specific possibility of direct interactions between
CB,, TRPV1 and TAARI remains to be explored, it is likely that studies on these
mechanisms may contribute to determine a number of pivotal discoveries in relation
to the regulation of DA (also with respect to synaptic and extrasynaptic activation)
and shed light on the neurobiological underpinnings of the psychiatric outcomes of
the comorbid cannabis and ATS abuse.
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Glossary of Acronyms

2-AG 2-arachidonoylglycerol

5-HT Serotonin

ADHD Attention-deficit hyperactivity disorder
AMPH d-amphetamine

ATSs Amphetamine-type stimulants

CB1 Cannabinoid receptors type 1

CB2 Cannabinoid receptor type 2

CBD Cannabidiol

CSF Cerebrospinal fluid

DA Dopamine

DARPP-32 Dopamine and cAMP-regulated phosphoprotein, 32 kDa
DAT Dopamine transporter

DSE Depolarization-induced suppression of excitation
FAAH Fatty acid amide hydrolase

GABA y-aminobutyric acid

KO Knockout

LTD Long-term depression

LTP Long-term potentiation

MAO Monoamine oxidase

MDMA 3, 4-methylenedioxy-N-methylamphetamine
METH Methamphetamine

NAPE N-arachidonoyl phosphatidylethanolamine
NE Norepinephrine

PKA Protein kinases A

PKCA Protein kinases C delta

ROSs Reactive oxygen species

TAARI Trace amine associated receptor 1

THC A9-tetrahydrocannabinol

TRPVI Transient receptor potential cation channel subfamily V member 1
VMAT?2 Vesicular monoamine transporter 2

VTA Ventral tegmental area

B-PEA B-phenylethylamine
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