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Preface

Memory, emotions, reward, motivation, dependence, appetite, sociability. These 
are only some of the multiple domains in which the (endo)cannabinoid system is 
involved. We usually think of marijuana and cannabis derivatives as recreational 
compounds. But what do we know about their actions on the brain, about how the 
endocannabinoid system modulates such numerous and important aspects of our 
life? Are we really aware of the uniqueness of this, until recently unknown but, 
ubiquitous neuromodulatory system? What can we learn from recent progress in 
research?

These are all questions that recent research allowed us to start addressing. After 
the finding of specific receptors that are activated by smoking marijuana, it was the 
time of the discovery of a number of endogenous marijuana-like substances called 
endocannabinoids followed by the identification of metabolic enzymes for such 
ligands. Other groundbreaking advances in the field then paved the way for an en-
thusiastic research activity on this fascinating regulatory system. And the more we 
know the more we want to know. This book is intended to offer an all-embracing 
overview of the most recent discoveries on the role played by the endocannabinoid 
system in the modulation of memory, emotions, reward and motivation, and how it 
interferes with the actions of other drugs of abuse and underlying neurotransmission 
systems.

In Cannabinoid Modulation of Emotion, Memory, and Motivation leading ex-
perts in the field critically illustrate and discuss in dedicated chapters recent break-
throughs on the effects of cannabinoids on memory, learning and cognition, fear-
coping strategies and emotional processing, motivation and reward. A particular 
emphasis is given to the delicate issues of cannabis use by adolescents and the 
emerging role of gender and sexual hormones in the frequency and consequences of 
its use, the problem of poly-substance abuse, and the diffusion of potent synthetic 
cannabinoids on the internet.

The book is organized into three distinct sections. Part I focuses on the modula-
tion of memory and emotions by cannabinoids, featuring the underlying neurobiol-
ogy and emphasizing their effects on fear, anxiety and depression. Part II is centered 
on reward and motivation; it discusses subjective, cognitive, and social effects of 
cannabinoids and their impact of the motivational brain system with a particular 



viii Preface

attention on age and sex effects. Finally, interactions of cannabinoids with other 
drugs of abuse such as nicotine, alcohol, opioids and methamphetamine are illus-
trated in Part III, with a special focus on their interaction with the dopaminergic 
neurotransmission system.

This book will stimulate curiosity toward research on (endo)cannabinoids from 
molecular neurobiology to behavior to therapeutic implications and will be of help 
to students, scientists and clinicians for better appreciating this captivating brain 
endogenous system and its powerful modulatory action.

Patrizia Campolongo
Liana Fattore
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Chapter 1
Endocannabinoid Modulation of Memory 
for Emotionally Arousing Experiences

Maria Morena and Patrizia Campolongo

© Springer Science+Business Media New York 2015
P. Campolongo, L. Fattore (eds.), Cannabinoid Modulation of Emotion,  
Memory, and Motivation, DOI 10.1007/978-1-4939-2294-9_1

P. Campolongo () · M. Morena
Department of Physiology and Pharmacology, Sapienza University of Rome, 
P.le A. Moro 5, 00185 Rome, Italy
e-mail: patrizia.campolongo@uniroma1.it

Abstract There is extensive evidence that the endocannabinoid system is a key 
modulator of memory for emotionally arousing experiences. We have demonstrated 
that endocannabinoids play an essential role in regulating glucocorticoid effects on 
different memory processes.

In this chapter we will summarize findings describing cannabinoid effects on 
emotional memory acquisition, consolidation, retrieval and extinction. Then, we 
will present evidence indicating a critical involvement of the endocannabinoid 
 system in mediating stress effects on memory. Finally, we will describe how endo-
cannabinoids bidirectionally modulate memory processes depending on the level 
of stress at the time of drug administration, raising the possibility that endocan-
nabinoids may act as an emotional buffer modulating stress effects on memory for 
emotional experiences.

Keywords Basolateral amygdala · Emotional arousal · Endocannabinoids · 
Glucocorticoids · Memory consolidation

Introduction

A large body of evidence indicates that the endocannabinoid system is crucially 
involved in the modulation of memory consolidation for stressful experiences 
[1–5]. However both impairing and enhancing effects have been reported with re-
spect to cannabinoid effects on memory. Nowadays, the hypothesis is emerging 
that cannabinoid drugs can induce distinct, and often opposite, effects on behavior 
depending on the level of stress and/or aversiveness induced by the environmental 
context [6–9]. In this chapter we will first summarize the different effects induced 
by endocannabinoid system modulation on learning and memory functions, com-
paring the results obtained with different methodological approaches. Then we will 
 focus on the fact that cannabinoid effects on cognitive processes are often biphasic, 
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providing evidence that such effects are strongly dependent on the aversiveness of 
environmental context and on the level of stress at the time of drug administration. 
Finally, we will provide hypotheses that may help to explain cannabinoid dual ef-
fects on emotional memory functions.

The Endocannabinoid System in the Brain

The endocannabinoid system is a neuromodulatory lipid system which consists of 
the cannabinoid receptor type 1 and type 2 (CB1 and CB2, respectively) [10–12] 
and the two major endogenous ligands for these receptors, the N-arachidonoyl etha-
nolamine (anandamide, AEA) [10] and the 2-arachidonoyl glycerol (2-AG) [13]. 
Endocannabinoids are synthesized on demand from phospholipid precursors on 
the postsynaptic membrane by Ca2 + -dependent and independent mechanisms [3]. 
These lipophilic molecules are released directly into the synaptic cleft and act in 
a retrograde manner on the presynaptic neuron where the cannabinoid receptors 
are expressed. Activation of the CB1 receptor modulates intracellular transduction 
pathways through activation/inhibition of several ion channels and kinases, thus 
inducing the inhibition of further neurotransmitter release [3, 14]. AEA and 2-AG 
are subsequently taken back into the cell by a still poorly defined uptake process 
mediated by a transporter mechanism [15, 16] and mainly degraded by the fatty acid 
amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL) [3], respectively.

CB receptors couple to Gi/o proteins which function to inhibit adenylyl cyclase 
activity, activate potassium channels and inhibit voltage-gated calcium channels 
[17]. CB1 receptors represent the most abundant class of G-protein-coupled recep-
tors in the central nervous system, but are also present in a variety of peripheral 
tissues [17], while CB2 receptors are mostly peripherally located on immunological 
tissues and, only recently, detected in neuronal and glial cells in diverse rat brain ar-
eas, including the cerebellum and hippocampus [18, 19]. Within the cortico-limbic 
system, the most prominent expression of CB1 receptors has been detected in the 
hippocampus, the basolateral complex of the amygdala (BLA), and the prefrontal 
cortex (PFC) [20, 21]. Only recently, CB1 mRNA expression has been clearly de-
tected at low levels in the central nucleus of the amygdala (CeA) [22]. Similar to 
the CB1 receptor, FAAH and MAGL are found in high levels in the BLA, whereas 
only low levels can be found in the CeA [23]. Several compounds, able to inhibit 
endocannabinoid transport or degradation, have been characterized and are current-
ly used as pharmacological tools to increase endocannabinoid tone. Among them, 
the most well characterized compounds are the transport inhibitor AM404 [24], 
the FAAH inhibitor URB597 [25], the MAGL inhibitor JZL184 [26] and the dual 
FAAH and MAGL inhibitor JZL195 [27]. Moreover, several extensively used drugs 
such as acetaminophen [28] and propofol [29, 30] are able to indirectly increase 
endocannabinoid tone trough inhibition of FAAH.

Within the limbic regions, CB1 receptor is expressed at very high levels in chole-
cystokinin-positive GABAergic interneurons [31–33] and at moderate to low levels 
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in glutamatergic terminals [3, 34, 35]. Additionally, this receptor has also been de-
tected on serotonergic, noradrenergic and dopaminergic terminals [36–38]. As en-
docannabinoids and CB1 receptors differentially mediate homeostatic, short- and 
long-term synaptic plasticity processes [39–41], and neuronal firing [42] throughout 
the brain, the endocannabinoid system has been reported to be crucially involved in 
learning and memory processes [1–5].

Cannabinoid Effects on Different Memory Stages

Discrepant findings have been described concerning the role of the endocannabi-
noid system in the modulation of cognitive processes. Some studies report that can-
nabis users present short-term memory deficits [43, 44] and impairments in various 
aspects of executive functioning such as planning, working memory, and mental 
flexibility [45] after cannabis consumption. However, other studies did not detect 
any cannabis-related deficit in executive function [46]. Due to the different partici-
pant selection strategies used, in terms of poly-drug abuse, pre-existing cognitive 
and emotional criteria and widely differing methodologies (i.e. chronic vs acute 
use) it is difficult to draw any clear conclusion from human studies [43, 47].

In this context, basic research is of critical importance to elucidate the neural 
mechanisms of cannabinoid effects on cognition. However, also preclinical studies 
in this field are producing some apparent controversial results.

Early studies, examining the effects of systemic pretraining administration of 
the cannabinoid agonists ∆9-Tetrahydrocannabinol (∆9-THC) and WIN55,212-
2 (WIN) on memory acquisition reported impairing effects on several behavioral 
tasks in rodents [48–50], whereas other studies reported that intraperitoneal ad-
ministration of the cannabinoid antagonist rimonabant induces similar effects to 
those induced by the agonists [51]. Similarly, the exogenous amplification of the 
endocannabinoid tone induces impairments in memory acquisition in a recognition 
memory task [6] and in the inhibitory avoidance task [52]. Local infusions into 
distinct brain regions have given clearer results in this regard. Pretraining adminis-
tration of a CB1 receptor agonist into the hippocampus has consistently been shown 
to impair spatial learning [48, 53–55], whereas bilateral blockade of BLA CB1 re-
ceptor transmission has been reported to prevent the acquisition of associative fear 
memory in an olfactory fear conditioning paradigm [56].

Concerning cannabinoid effect on memory consolidation, systemic post-training 
administration of cannabinoid receptor agonists or of the FAAH inhibitor URB597 
have been shown to impair memory consolidation [57–59]. Consistently, system-
ic post-training injection of cannabinoid receptor antagonists improves the same 
memory process [60, 61]. Central effects of cannabinoid compound on memory 
consolidation appear more controversial. Post-training intra-hippocampal adminis-
tration of the synthetic cannabinoid receptor agonist WIN has been reported to im-
pair memory consolidation [58, 62, 63]. However, other authors reported enhancing 
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effects of anandamide when infused into the hippocampus [64] and of WIN when 
infused into the BLA [2].

Evidence regarding cannabinoid effects on memory retrieval is still scarce but 
very consistent. Cannabinoid agonists seem to impair memory retrieval when ad-
ministered either systemically [65, 66] or in discrete brain areas [67–69].

With regard to memory extinction, literature data have abundantly demonstrated 
that the cannabinoid system facilitates this memory process. Using a fear condition-
ing procedure, Marsicano et al. (2002) and subsequent investigators demonstrated 
that inhibition of endocannabinoid transmission robustly inhibits fear extinction 
[55, 70–72]. Conversely, stimulation of the endocannabinoid system accelerates 
fear extinction [71, 73, 74]. Interestingly, Niyuhire and coworkers (2007) reported 
that rimonabant administration significantly disrupted extinction in two differ-
ent aversively motivated behavioral tasks (e.g., conditioned freezing and inhibi-
tory avoidance) but failed to affect extinction in an appetitively motivated operant 
conditioning task [75].

Cannabinoid heterogeneous effects on learning and memory may be due to dif-
ferences on the dose and route of drug administration, the nature of the task used, 
the kind of memory (emotional vs non-emotional) [1], the brain areas involved 
and the memory stage under investigation (acquisition, consolidation, retrieval, and 
extinction).

However, variations in the stressful conditions employed in the different studies 
are implicated as well. Recent evidence suggests that the neural processes underly-
ing emotional memory formation seem to be differently sensitive to cannabinoids 
depending on the levels of emotional arousal associated to the experimental context 
[9, 76]. In the next paragraph we will briefly describe the interaction between glu-
cocorticoids and arousal-induced norepinephrine in modulating emotional memory, 
providing evidence which demonstrates how endocannabinoids are crucial media-
tors of stress effects on memory.

Stress and Endocannabinoids in the Regulation of Memory 
Function

Memories for emotional events are more persistent and vivid than other memo-
ries [77]. Studies examining emotional memory have focused on the highly arous-
ing nature of emotional stimuli or experimental contexts as the key component 
contributing to enhanced memory [77–80]. The brain regions mainly involved in 
emotionality are represented by cortico-limbic structures, such as the amygdala, 
hippocampus, ventral striatum, and medial and orbital regions of the PFC [81]. 
Among these brain regions, the amygdala represents a key structure for assign-
ing emotional salience to external stimuli and for orchestrating the use of various 
memory systems in different brain regions, for fear and anxiety responses but also 
for processing of positive emotions, during periods of emotional arousal [82–86].
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Emotional and stressful experiences, via the activation of specific hormonal 
and brain systems, modulate brain function and regulate memory storage. The re-
sponse to stress involves the release of epinephrine and glucocorticoids (cortisol 
in humans; corticosterone in rodents) from the adrenal gland into the bloodstream. 
Consequently, the peripheral stimulation of the vagal nerve and the activation of 
the nucleus tractus solitarius (NTS) induce a strong noradrenergic input from the 
locus coeruleus (LC) to several limbic structures including the amygdala shortly 
after stress [87]. The same neurons also receive high levels of corticosterone which 
binds with higher affinity to mineralcorticoid receptors (MRs) and lower affinity to 
glucocorticoid receptors (GRs) [88], so that during basal conditions only MRs are 
occupied while during stress conditions both MRs and GRs are occupied and medi-
ate genomic and rapid non-genomic actions [89, 90]. Typically, stress hormones 
mediate the selective enhancement of consolidation of memory for emotionally 
significant experiences [89, 91–94]. Conversely, glucocorticoids impair memory 
retrieval and working memory during emotionally arousing tests [93, 95–98].

Considerable evidence indicates that emotional memory modulation requires ac-
tivation of the BLA specifically. Lesions of the BLA block the memory enhancing 
effects of systemic injections of GR agonists on inhibitory avoidance retention, 
whereas lesions of the CeA are ineffective [99]. During emotionally arousing train-
ing, norepinephrine is also released into the amygdala to enhance memory consoli-
dation [77, 100–102], whereas β-adrenoceptor antagonists infused into the BLA, 
but not into the CeA, block the memory enhancement induced by a glucocorticoid 
administered either systemically or directly into the BLA [103, 104]. Considerable 
evidence indicates that glucocorticoids interact with this training-induced noradren-
ergic activation within the amygdala in enhancing the consolidation of memory of 
emotionally arousing training experiences [105]. The selective influence of gluco-
corticoids in modulating memory for emotionally arousing information [106] indi-
cates that glucocorticoid effects on memory processes require concurrent noradren-
ergic activation in the amygdala [93, 107].

Compelling evidence has been reported in the literature demonstrating a strong 
bidirectional interaction between endocannabinoids and stress-activated hormones 
such as glucocorticoids and norepinephrine. For instance, stressful experiences sig-
nificantly alter endocannabinoid content in limbic brain regions resulting in oppos-
ing actions that can both increase and terminate the stress response [108]. Converse-
ly, in the hypothalamus, glucocorticoids induce endocannabinoid signaling [109], 
which suppresses hypothalamic-pituitary-adrenal (HPA) axis activity by inhibiting 
the release of glutamate in the paraventricular nucleus [109, 110]. Furthermore, 
the existence of CB1 receptors in the LC and NTS suggests that cannabinoids may 
modulate noradrenergic activity [111–115]. Intravenous injection of cannabinoid 
agonists dose-dependently increases the firing rate of LC noradrenergic neurons via 
the activation of CB1 receptors [116] as well as noradrenergic release in cortical and 
limbic brain regions [117, 118]. In concert with this glucocorticoid-noradrenergic 
interaction, the endocannabinoid system has emerged as a crucial key mediator of 
stress effects on memory function. Indeed, we and others have shown that the can-
nabinoid receptor antagonist AM251 is able to block the ability of systemically 
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injected corticosterone (or the synthetic analogue dexamethasone) to enhance mem-
ory consolidation of inhibitory avoidance training when directly infused into the 
BLA (Fig. 1.1) [2] or into the hippocampus [119]. These findings provided the first 
in vivo evidence in mammals of the existence of this pathway [120]. Additionally, 
we reported that also the endocannabinoid oleoylethanolamide (OEA) enhances 
memory consolidation via a norepinephrine-dependent mechanism by demonstrat-
ing that the β-adrenoceptor antagonist propranolol, infused into the BLA, blocks 
the memory enhancing effects induced by systemic administration of OEA [121]. 
Besides the enhancing effects of glucocorticoids on memory consolidation, many 
studies demonstrated that such hormones typically impair memory retrieval and 
working memory during emotionally arousing tests [93, 96–98].

Recently, we investigated the interaction between glucocorticoids and the en-
docannabinoid system in modulating contextual fear memory retrieval. The can-
nabinoid antagonist AM251 infused into the dorsal hippocampus blocked the im-
pairing effects on memory retrieval of systemic administered corticosterone; such 
impairing effects were mediated by elevation of hippocampal 2-AG. Moreover, 
the β-adrenoceptor antagonist propranolol blocked the impairing effect of WIN on 
memory retrieval and, conversely, the CB1 receptor antagonist AM251 infused into 
hippocampus together with an impairing dose of norepinephrine failed to abolish 
the impairing effect of norepinephrine, thus indicating that norepinephrine is func-
tionally located downstream from the endocannabinoid system [67]. Research from 
clinical studies demonstrated that exposure to a psychosocial stressor impaired the 
retrieval of emotional, but not neutral, words learned 24-h before [122]. Other evi-
dence also shows that cannabinoid drugs preferentially modulate memory for emo-
tionally arousing, and not mundane, experiences [123]. Collectively, these findings 
indicate that endocannabinoids interact with glucocorticoids and, depending on the 

Fig. 1.1  Endocannabinoids in the BLA enable glucocorticoid modulation of memory. Immediate 
post-training bilateral infusions of the CB1 receptor antagonist AM251 (0.14 ng/0.2 µ(micro)l) 
into the BLA block retention enhancement induced by systemic injection of corticosterone (CORT; 
3.0 mg/kg, subcutaneously). Data represent step-through latencies (mean ± SEM) in seconds on the 
48-h inhibitory avoidance retention test. *P < 0.05 vs the corresponding vehicle group; ♦  P < 0.05 
vs the corresponding AM251 group. (Adapted from [2]; used with permission)
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availability of arousal-induced activation of noradrenergic system, they might dif-
ferentially modulate memory functions.

In the next paragraphs we report evidence demonstrating how cannabinoid ef-
fects on memory can strongly depend on: (i) the level of emotional arousal associ-
ated to the experimental context which is originated by elements strikingly related 
to the cognitive tasks (i.e. footshock intensity on an inhibitory avoidance task); and 
on (ii) previous stress experiences completely unrelated to the cognitive task; or (iii) 
to the combination of both factors.

Influence of Emotional Arousal Associated to the Experimental 
Context

The evidence that CB1 receptor is highly expressed in limbic structures [112, 124] 
suggests that endocannabinoid signaling has a key role in the control of neuronal 
responses induced by environmental challenges involving an emotional dimension. 
We recently demonstrated that exogenously-induced enhancement of endocannabi-
noid signaling before the training trial, impaired the acquisition of a novel object 
recognition task in rats tested under high arousal (HA) condition, but had no ef-
fect in rats tested under low arousal (LA) condition [6]. Rats under the HA condi-
tion were not handled and tested under bright light in an empty arena, whereas 
animals in the LA condition, were daily handled, habituated to the experimental 
arena for 1 week and tested under dim red light in an arena with a familiar bedding 
[6]. Our study demonstrated that cannabinoid effects on memory are dependent on 
the arousal state at the time of testing. In a subsequent study we investigated the 
importance of emotional arousal in influencing cannabinoid effects on short- and 
long-term object recognition memory retention [125]. By following a previous de-
scribed procedure [106], in order to induce in rats two different levels of emotional 
arousal, one group of rats received extensive prior habituation to the training ap-
paratus (in the absence of any objects), while a second group was never exposed 
to the experimental apparatus until the training trial. Unlike the previous study, rats 
were administered with the CB receptor agonist WIN immediately after the training 
trial. As shown in Fig. 1.2, WIN induced different effects on short- and long-term 
memory depending on the level of emotional arousal at the time of training and 
drug injection. The cannabinoid agonist impaired short-term memory retention in 
rats not habituated to the experimental arena, while enhanced it in well habituated 
rats (Fig. 1.2a, b). In contrast, the effects of post-training WIN administration on 
long-term memory of the object recognition training were different: WIN enhanced 
long-term retention of object recognition memory in non-habituated rats, but had 
no effect on long-term memory of extensively habituated animals (Fig. 1.2c, d). 
WIN effects on memory in not habituated rats were highly comparable to those 
induced by glucocorticoids in the same experimental protocol [106, 126]. This evi-
dence, together with the fact that cannabinoids closely interact with glucocorticoids, 
prompted us to explore the possibility that the divergent effects of systemic WIN 
administration on object recognition memory could be related to differential effects 
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of WIN on training-induced glucocorticoid levels in rats in these two habituation 
conditions. Confirming our hypothesis, WIN elevated plasma corticosterone lev-
els in non-habituated rats whereas it decreased corticosterone levels in habituated 
rats. Furthermore, we also demonstrated that adrenocortical suppression with the 
corticosterone-synthesis inhibitor metyrapone in non-habituated rats altered the ef-
fect of post-training WIN administration on both short- and long-term recognition 
memory in such a way that their cognitive performance became similar to that seen 
in habituated animals (Fig. 1.3) [125]. It is likely that post-training WIN administra-
tion on short-term memory could have influenced memory retrieval, while in the 
long-term, WIN could have specifically affected memory consolidation. Similarly, 
de Oliveira Alvares et al. (2010) reported that hippocampal endocannabinoid sys-
tem is recruited to enhance memory consolidation in a contextual fear conditioning 
paradigm only under high arousal condition. In this study the cannabinoid antago-
nist AM251 infused into the dorsal hippocampus impaired the consolidation of a 
strong conditioning training (0.7 mA) while it did not induce any effect on a weak 
paradigm (0.3 mA) [119]. Clearly, these findings indicate that some degree of train-
ing-associated emotional arousal is essential for enabling glucocorticoid effects on 
memory acquisition, consolidation and retrieval, supporting the idea that the origin 
of the altered sensitivity to cannabinoids results from a differential activation of the 
noradrenergic system during arousing versus low-arousing conditions [117, 118, 
127, 128].

Fig. 1.2  Effects of the CB receptor agonist WIN on short- and long-term retention of object rec-
ognition training are influenced by the level of training-associated emotional arousal. Rats were 
either habituated for 7 days (WITH) or not habituated (WITHOUT) to the training context. On 
day 8, they were given a 3-min training trial during which they could freely explore two identical 
objects, and training was followed by an intraperitoneal (i.p.) administration of WIN (0.1, 0.3 or 
1 mg/kg,). Retention was tested 1 h or 24 h later. Data represent discrimination index (%) at the 
retention trial, expressed as mean ± SEM. The discrimination index was calculated as the differ-
ence in the time spent exploring the novel and the familiar object, expressed as a ratio of the total 
time spent exploring both objects. Post-training WIN dose-dependently impaired 1-h object recog-
nition performance of non-habituated rats (a) but enhanced performance of habituated rats (b). In 
contrast, post-training administration of WIN, at a dose that impaired 1-h retention, enhanced 24-h 
object recognition performance of non-habituated rats (c) but not of habituated rats (d). *P < 0.05 
vs. vehicle. (Adapted from [125]; used with permission)
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Influence of Stress Unrelated to the Behavioral Task

Few studies have been reported in the literature investigating the effects of stress 
experience completely unrelated to the experimental context and its interaction with 
endocannabinoid system in modulating cognitive functions. De Oliveira Alvares 
and coworkers (2010) showed that intra-hippocampal infusions of the cannabinoid 
antagonist AM251 had no effect per se on memory consolidation of a weak contex-
tual fear conditioning paradigm (i.e. 0.3 mA footshock intensity) but reverted the 
memory enhancing effects of a stressor (i.e. two 0.1 mA footshocks in a different 
context) administered immediately before conditioning [119]. It has been reported 
that exposure to an out-of-context stressor (i.e. elevated platform) after an object 
recognition training enhances long-term memory only in rats that were not previ-
ously habituated to the experimental apparatus [129]. The same group has recently 
shown that intra-BLA infusions of the cannabinoid agonist WIN inhibit the increase 
in plasma corticosterone levels in rats exposed for 30 min to a stressor (i.e. elevated 
platform) [130]. Moreover, they demonstrated that WIN infusion did not have any 
effect by itself but prevented the memory enhancing effects on the acquisition and 
the impairment on the extinction of an inhibitory avoidance task induced by the 
elevated platform stress exposure [130]. In a separate study, they also reported that 
WIN (5 µ(micro)g/side) infused into the BLA did not show any effect on memo-
ry consolidation by itself. Conversely, when administered before stress exposure 
(i.e. elevated platform for 30 min), it blocked the enhancing effects on memory 

Fig. 1.3  Effects of the CB receptor agonist WIN on short- and long-term retention of object rec-
ognition in rats trained under high arousal conditions and pretreated with the corticosterone syn-
thesis inhibitor metyrapone (Mety). Metyrapone (35 mg/kg, i.p.) administered to non-habituated 
rats 40 min before training reverted the impairing effect of post-training WIN (0.3 mg/kg, i.p.) on 
1-h retention performance (a) and the enhancing effect of WIN (0.3 mg/kg, i.p.) on 24-h retention 
performance (b) in such a way that their performances became similar to that seen in habituated 
animals. Data are expressed as means ± SEM. *P < 0.05; **P < 0.01 vs. the corresponding vehicle 
group; ##P < 0.01 vs. WIN alone group. (Adapted from [125]; used with permission)
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 consolidation induced by stress [131]. This evidence appears to be at odd with our 
finding that intra-BLA infusions of WIN (50 ng/side) immediately after the train-
ing trial of an inhibitory avoidance task enhanced memory consolidation [2]. It is 
likely that differences in doses or/and in the behavioral task used may account for 
such discrepancy. In a very recent study Segev et al. (2014) reported that 3 days of 
WIN administration during a 21-day exposure to a chronic mild stress (a common 
paradigm for stress-induced depression) prevents the stress-induced alterations in 
memory extinction via CB1 receptor activation [132].

Taken together, these findings give evidence that factors related to arousal, stress, 
and emotional state at the time of training may differentially influence cannabinoid 
effects on memory.

Assumption to Explain Biphasic Cannabinoid Effects  
on Memory: A Putative Model

To summarize the findings reported above, the role of the endocannabinoid system 
on memory modulation is strictly dependent on the aversiveness of the environmen-
tal condition and on the level of emotional arousal at the time of training. Therefore, 
the interaction with glucocorticoids and norepinephrine is of crucial importance in 
determining the impairing or enhancing effects of cannabinoids on memory. Stress 
effects on both consolidation and retrieval of emotionally arousing experiences re-
quire concurrent glucocorticoid and noradrenergic activity [107, 133]. Corticoste-
rone rapidly elevates endocannabinoid levels in the amygdala [134], conversely, 
cannabinoid administration can both activate and inhibit the HPA axis [130, 135] 
and a blockade of CB1 receptor activity in the BLA prevents corticosterone-induced 
memory enhancement [2]. Extensive evidence indicates that the BLA preferentially 
modulates memory of emotionally arousing training experiences [77]. In the BLA, 
CB1 receptors are expressed in GABAergic cells, thus, an activation of CB1 re-
ceptors can suppress the release of GABA [136–138]. It is well established that 
the amygdala GABAergic transmission is involved in memory modulation [133] 
and that inhibition of GABAergic activity within the BLA enhances memory con-
solidation by increasing the release of norepinephrine [139]. Thus, in view of this 
evidence, we and others previously proposed a model: glucocorticoids via a rapid, 
non-genomic effect [140], bind to a membrane bound receptor in the BLA that acti-
vates a G-protein signaling cascade to stimulate the synthesis of endocannabinoids. 
Therefore, endocannabinoids might increase BLA neuronal activity by decreasing 
GABAergic neurotransmission, leading to increased noradrenergic activity within 
the same brain region (Fig. 1.4). Nevertheless, it is possible that glucocorticoid-
induced memory effects might be also a result of the endocannabinoid-mediated 
changes in glutamatergic signaling [141].
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Several characteristics of the endocannabinoid system may also account to the 
opposing effects of cannabinoids on memory functions. Endocannabinoids are syn-
thesized on demand and, as a result, they are released only in those brain regions 
where and when there is an active endocannabinoid signaling. As a consequence, 
depending on the pharmacological tool used for a certain experiment, it is possible 
to appreciate different effects. For instance, direct agonists can bind all cannabinoid 
receptors both in the brain and in the periphery regardless of their specific involve-
ment in a particular process. In contrast, drugs inducing an amplification of endo-
cannabinoid response act only in those brain areas where and when the signaling is 
already active. Furthermore, CB1 receptors can suppress the release of neurotrans-
mitters such as GABA and glutamate [3, 31, 32, 34] which often act in an opposite 
way in the control of several neurophysiological processes related to memory and 
emotional responses [39, 142–144]. Besides CB1-dependent effects, endocannabi-
noids also activate CB2 receptors, the peroxisome proliferator-activated nuclear re-
ceptor (PPAR) and the transient receptor potential vanilloid type 1 (TRPV1) which 
have been shown to modulate both emotional responses [145] and aversive memory 
processes [19, 52, 121].

Fig. 1.4  Putative model of role of the endocannabinoid system in the modulation of memory 
consolidation within the BLA. Stress hormones (i.e. CORT and epinephrine) are released into the 
bloodstream during training. CORT binds metabotropic GRs within the BLA, activating the Gs–
cAMP/PKA pathway to induce endocannabinoid (eCB) synthesis. Endocannabinoids are released 
into the synaptic cleft where they bind CB1 receptors on GABAergic terminals, thereby inhibiting 
GABA release. Suppression of GABAergic transmission results in the disinhibition of noradren-
ergic neurons and increases noradrenergic activation of postsynaptic β-adrenoceptors, enhancing 
the consolidation of emotionally arousing memories. (Adapted from [76]; used with permission)
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Conclusions

The evidence summarized in this chapter indicates that the endocannabinoid system 
plays a key role in mediating emotional arousal and stress effects on memory, shed-
ding light on the neurobiological mechanism involved in the differential impact of 
stress on memory processes.

The endocannabinoid system modulates cognitive function in a manner strictly 
dependent on the aversiveness of the environmental condition and on the level of 
emotional arousal at the time of testing, thus making it possible to hypothesize that 
the interaction with stress hormones is of crucial importance in determining modu-
latory effects of cannabinoid compounds on memory processes. It is likely that, 
depending on the availability of stress hormones, the subsequent interplay between 
endocannabinoids and glucocorticoids and/or norepinephrine might result in oppos-
ing effects on memory processes.

Further research is warranted to disentangle the complex neurobiological mecha-
nisms involved in the unique endocannabinoid modulatory action on memory.
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Abstract The endocannabinoid system (ECS) is involved in regulating the stress 
response and subsequent changes in neuroendocrine function and emotional behav-
ior. It is also a critical neuromodulatory system that affects learning and memory. 
Generally systemically administered cannabinoid agonists have an impairing effect 
on memory processes although enhancing effects are also reported.

Stress is a potent modulator of brain function and cognition that has differential 
effects on memory function depending on a number of factors (such as stress dura-
tion, stress intensity, timing and the source of the stress, as well as the learning type 
under study). Most of the tasks to investigate learning and memory in laboratory 
rodents are stressful for the animals (i.e. the cognitive task includes intrinsic stress) 
as opposed to extrinsic stress which refers to outside stress that occurs before or 
after the cognitive task. Several lines of evidence suggest that cannabinoids dif-
ferentially affect different memory phases (acquisition, consolidation, retrieval and 
extinction), and that the type of cognitive task (emotional or aversive versus non-
emotional) also determines the neural substrates underlying the effects of cannabi-
noids on memory.

In this chapter I will describe the interaction between the effects of activating the 
ECS and stress exposure on emotional (i.e., aversive) and non-emotional learning 
and memory processes in animal models. I will argue that administering cannabi-
noid agonists in proximity to extrinsic stress exposure normalizes stress modulation 
of emotional memory. A possible model of the effects of cannabinoids on emotional 
memory after stress is also presented.

Keywords Endocannabinoids · Learning and memory · Emotional learning · 
Stress · Hypothalamic-pituitary-adrenal axis
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Introduction

The endocannabinoid system (ECS) plays a modulatory role in many cogni-
tive and emotional processes. Cannabis has been used recreationally for its 
mood-enhancing and stress-alleviating properties for centuries. The discovery of  
Δ9-tetrahydrocannabinol (THC), the primary psychoactive constituent of mari-
juana, along with its biologically active analogs has stimulated extensive research 
devoted to understanding how these compounds exert their effects on emotionality 
within the brain.

Multiple animal models have been used to assess the effects of the ECS on vari-
ous stages of memory (acquisition, consolidation, retrieval and extinction), using a 
wide range of behavioral paradigms [1–5]. Both acute and chronic exposure to can-
nabis is associated with impairments in attention, working memory, verbal learning 
and memory functions [5–8]. Working memory refers to a brain system that pro-
vides temporary storage and manipulation of the information necessary for complex 
cognitive tasks. Long-term heavy cannabis users show impairments in memory and 
attention that, depending on the task analyzed, might be reversible [9], although 
in some cases they persist beyond the period of intoxication and get worse with 
increasing years of regular cannabis use [10].

Most of the studies that examined the effects of the ECS on hippocampal-depen-
dent memory focused on spatial learning [3]. Spatial learning is the acquisition of 
information about one’s surroundings. In general, the findings are that exogenous 
and endogenous cannabinoid agonists impaired working memory and the acquisi-
tion of long-term memory [11], but had no effect on memory retrieval [12–13]. Oth-
er studies, usually focused on fear-related paradigms, demonstrated that activating 
the ECS facilitated extinction [4, 14–15]. Hence cannabinoids differentially affect 
the different memory phases but it seems that the type of cognitive task (emotional 
or aversive versus non-aversive) also determines the neural substrates underlying 
the effects of cannabinoids on memory [5]. The effects of inhibiting the ECS on 
learning and memory has been reviewed elsewhere [16].

Most of the tasks currently used to investigate learning and memory in labora-
tory rodents can be considered as being stressful for the animals: they are based 
on the application of stressful manipulations and/or stimuli to motivate animals 
to learn. “Intrinsic stress”, refers to situations in which stress is originated by ele-
ments related to the cognitive task, and “extrinsic stress”, refers to those situations 
in which stress is originated by conditions completely unrelated to the cognitive 
task and thus generally occurring temporally dissociated from such task (i.e., either 
before or afterwards) [17].

Intrinsic stress that is related to the cognitive task generally enhances the con-
solidation of memory through actions of norepinephrine and glucocorticoids on the 
neural circuits activated by the learning experience (see review by [17]). When the 
stress derives from conditions other than the cognitive task (i.e. extrinsic stress), 
then the effects are more varied and more specific to the type of learning involved 
[17]. For example, acute extrinsic stress enhanced aversive hippocampal-depen-
dent tasks such as contextual fear conditioning and trace eye-blink conditioning 
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(e.g., [18–19]), but impaired hippocampal-dependent spatial memory retrieval (see 
review by [20]). In contextual fear conditioning an animal learns the association 
between the shock (i.e., the unconditioned stimulus) and the context in which con-
ditioning occurs (the conditioned stimulus) whereas in trace eye-blink conditioning 
the animal learns the association between a shock or an air puff (i.e., the uncondi-
tioned stimulus) and a tone (the conditioned stimulus).

Stress is known to be a potent modulator of brain function and cognition. While 
prolonged and/or excessive stress generally exerts negative effects on learning and 
memory processes, acute stress can have differential effects on memory function 
depending on a number of factors (such as stress duration, stress intensity, timing 
and the source of the stress, as well as the learning type under study).

In this chapter I will describe the modulatory effects of activating the ECS on 
aversive (i.e., emotional) and non-aversive learning and memory processes in ani-
mal models, with or without exposure to extrinsic environmental stress. I will argue 
that activating the ECS has a different effect on learning and memory processes 
when ECS activation occurs shortly before or after an exposure to a stressful ex-
perience. Hence, the administration of cannabinoid agonists or exposure to stress 
may enhance or impair memory, but when cannabinoid agonists are administered 
in proximity to stress exposure (i.e., before or after stress exposure), they prevent 
the stress-induced alterations in memory. To summarize I present a possible model 
of the effects of cannabinoids on memory after stress that involves the interaction 
between the ECS and the hypothalamic-pituitary-adrenal axis system.

The Endocannabinoid System and Emotional Memory

The ECB system, which includes cannabinoid receptors (CB1 and CB2) and endo-
cannabinoids ( N-arachidonylethanolamine [anandamide; AEA] and 2-arachidono-
yl-glycerol [2-AG]) [21–23], has been repeatedly implicated in the effects on emo-
tionality within the brain. The ECS has recently emerged as a promising therapeutic 
target for the treatment of stress-related emotional disorders [24–27]. In support, a 
growing literature base has collectively demonstrated that facilitation of endocan-
nabinoid signaling promotes antidepressant- and anxiolytic-like responses in pre-
clinical animal models [15, 28–33].

Emotional learning is extremely important for the survival of an individual. In 
studies of emotional behavior, the amygdala, medial prefrontal cortex, and hippo-
campus have received the most attention because structural and functional abnor-
malities within these regions are most commonly associated with mood disorders 
in clinical populations [34]. These three areas are a key circuit in the adaptive and 
maladaptive responses to stress as they undergo stress-induced structural remodel-
ing, which alters behavioral and physiological responses, including anxiety, aggres-
sion, mental flexibility, memory and other cognitive processes [35, 36]. This is in 
accordance with the fact that both glucocorticoid receptors and CB1 receptors are 
located within this brain circuit [37–40].
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The amygdala acts as an interface between sensory inputs and cortical process-
ing, and activation of this structure is directly linked to the generation of fear and 
anxiety [41–42], and promotes activation of the hypothalamic-pituitary-adrenal axis 
[43]. The prefrontal cortex is involved in higher-order processing and is explicitly 
involved in the recognition of aversive stimuli and in drawing conclusions about 
the controllability of stimuli [44–45]. The hippocampus interacts with the prefrontal 
cortex to suppress the hypothalamic-pituitary-adrenal axis and promote recovery to 
homeostasis following a stressful expeirence [46].

The Effects of Cannabinoids on Aversive and Non-Aversive 
Learning Tasks

There have been reports of deficits in memory following administration of cannabis 
extracts or cannabinoid agonists in rodents and in humans and this has been re-
viewed extensively before [47–55]. Nevertheless, several reports suggest enhancing 
effects of cannabinoids on memory [56–57].

I will briefly describe some of these studies that together demonstrate appar-
ent discrepancies in the effects of cannabinoid agonists on learning and memory. 
Several reasons could explain these effects, among them are different spatial and 
temporal ways of activating cannabinoid receptors by exogenous pharmacological 
agents; the time point of drug administration in relation to the cognitive task being 
examined; systemic versus local intra-cerebral administration of the drugs; the dif-
ferent pharmacokinetics of each drug that can affect the system for hours or days. 
Other reasons are related to the memory phase under investigation, the aversiveness 
of the cognitive task etc.

Non-Aversive Memory Tasks

As described earlier, most of the memory tasks in animals involve an aversive com-
ponent. In recognition tasks, on the other hand, no rewarding or aversive stimula-
tion is used during training, so the learning occurs under conditions of relatively 
low stress or arousal [58]. Object recognition memory is the ability to discriminate 
the familiarity of previously encountered objects and it is based on the spontaneous 
exploration behavior of the rat.

Systemic administration of Δ9-THC or the CB1/2 receptor agonist WIN55,212–
2 impaired object recognition in rats [59–60]. Suenaga & Ichitani [61] found that 
intra-hippocampal WIN55,212–2 (1–2 μg/side) did not affect object recognition 
memory but impaired the ability to recognize an object that was moved to another 
location (hippocampal-dependent spatial recognition).

Recently, Campolongo et al. [62] investigated the effects of cannabinoid admin-
istration on both short- and long-term object recognition memories under two ex-
perimental conditions that differed with respect to their training-associated arousal 
level (i.e., by manipulating the level of habituation to the apparatus). They found 
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differential effects of cannabinoids depending on the rats’ level of arousal and the 
memory under investigation (short- versus long-term memory). Post-training sys-
temic administration of WIN55,212–2 (0.3 mg/kg) impaired short-term retention 
while enhancing long-term retention in non-habituated highly aroused rats. In ha-
bituated rats, WIN55,212–2 enhanced short-term retention with no effect on long-
term retention.

The social recognition test is similar to the object recognition test but uses con-
specifics instead of objects as the stimuli. WIN55,212–2 (0.6 and 1.2 mg/kg) im-
paired the performance of rats in the social and object recognition task [63]. We 
found that WIN55,212–2 (5 µg/side) impaired acquisition and retrieval of social 
recognition when microinjected into the hippocampus and impaired acquisition 
when microinjected into the medial amygdala [64]. See Table 2.1 for a general 
summary of the pharmacological studies examining the effects of exogenous can-
nabinoids on non-aversive memory paradigms.

Aversive Memory Tasks

Water maze procedures which focus on spatial memory have been extensively used 
to test the effects of cannabinoids on different stages of hippocampal-dependent 

Table 2.1  The effects of cannabinoids on performance in non-aversive tasks
Species Drug Test Effect on memory References
Rat Δ9-THC

5 mg/kg, IP
Object 
recognition

Impaired 
acquisition

[59]

Rat WIN55,212–2
1.2 mg/kg, IP

Object 
recognition

Impaired 
acquisition

[60]

Rat WIN55,212–2
1–2 µg, 
intra-hippocampal

Object 
recognition

No effect [61]

Rat WIN55,212–2
0.3 mg/kg, IP

Object recogni-
tion-habituated

No effect retrieval [62]

Rat WIN55,212–2
1–2 µg, 
intra-hippocampal

Spatial 
recognition

Impaired 
acquisition

[61]

Rat WIN55,212–2
0.6 or 1.2 mg/kg, IP

Object 
recognition

Impaired 
acquisition

[63]

Rat WIN55,212–2
0.6 or 1.2 mg/kg, IP

Social 
recognition

Impaired 
acquisition

[63]

Rat WIN55,212–2
5 µg, intra-hippocampal

Social 
recognition

Impaired acquisi-
tion and retrieval

[64]

Rat WIN55,212–2
5 µg, intra-BLA

Social 
recognition

Impaired retrieval [64]

A general summary of the pharmacological studies examining the effects of exogenous cannabi-
noids on non-aversive memory paradigms. Δ9-THC, Δ9- tetrahydrocannabinol, IP Intraperitoneal
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memory. In the water maze task, the animals are trained to escape to a submerged 
platform in a tank filled with opaque water suggesting that this task is aversive.

In mice and rats, acute systemic administration of Δ9-THC [8 mg/kg, Intraperi-
toneal (IP)] or WIN55,212–2 (1 and 3 mg/kg) before the training session disrupted 
acquisition in the water maze test [65–66]. However, Δ9-THC in doses known to 
impair acquisition did not impair memory retrieval in the water maze [67–68]. Im-
paired place-learning in the water maze was also demonstrated in rats treated re-
peatedly with Δ9-THC [69] or acutely with Δ8-THC [70] or synthetic CB1 receptor 
agonists such as HU-210 [50], but not with the synthetic agonist nabilone [70].

In contextual fear conditioning, the agonist WIN55,212–2 (2.5 and 5.0 mg/kg), 
given 30 min before the conditioning phase, impaired acquisition of contextual fear 
conditioning [54]. When WIN55,212–2 (10 or 30 ng in 0.5 μL) was infused into the 
hippocampus 1 h before the retention test, it impaired retrieval of contextual fear 
memory [71].

In the inhibitory (passive) avoidance task, systemic injections of Δ9-THC or 
intra-hippocampal injections of WIN55,212–2 impaired memory acquisition, con-
solidation, and recall in rats and mice [67, 72]. We found that intra-basolateral 
amygdala or intra-CA1 WIN55,212–2 (5 µg) had no effect on inhibitory avoidance 
conditioning [14, 73]. In the light-dark inhibitory avoidance paradigm the animal 
experiences a pairing of a previously neutral stimulus, the dark context, with an 
aversive stimulus, footshock, a pairing which results in an increase in latency to 
enter the dark chamber at testing. Interestingly, several studies found that canna-
binoid agonists may enhance memory consolidation. Intra- basolateral amygdala 
WIN55,212–2 (5–50 ng per side), infused immediately after inhibitory avoidance 
training, induced dose-dependent enhancement of 48-h retention [56] and propofol, 
which inhibits fatty acid amide hydrolase, the enzyme that degrades the endocan-
nabinoid anandamide, administered intraperitoneally after training also significant-
ly increased memory consolidation [57]. See Table 2.2 for a general summary of 
the pharmacological studies examining the effects of exogenous cannabinoids on 
aversive memory paradigms.

Taken together, these results suggest that the type of cognitive task can deter-
mine the neural substrates underlying the memory impairment produced by canna-
binoids. The time of drug injection in relation to the learning phase under examina-
tion is also a critical factor. Finally, it should be noted that the fact that cannabinoid 
receptors are localized in different brain structures suggests the modulation of dis-
tinct memory process and may explain cases where microinfusion of cannabinoid 
compounds into specific areas can produce effects different from those seen with 
systemic administration.

Extinction

Fear inhibition in the form of extinction learning is also considered as an aversive 
or at least an emotional learning paradigm. In the majority of the studies described, 
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cannabinoids impaired learning and memory with an aversive (water maze, con-
textual fear conditioning) or non-aversive (object recognition, spatial recognition, 
social recognition) nature [54, 60]. On the other hand, it was reported that the ECS 
has a specific role in facilitating fear associated extinction [4, 12, 14–15, 74].

The anandamide uptake inhibitor AM404 [IP: 10 mg/kg; 1 μg/μL, intracere-
broventricular (ICV)] administered during extinction training facilitated the ex-
tinction of startle or freezing elicited by a shock-associated context [53, 75–76]. 
We found that intra-CA1 WIN55,212–2 facilitated the extinction of inhibitory 
avoidance whereas intra- basolateral amygdala WIN55,212–2 had no effect on 
extinction [14, 73].

Table 2.2  The effects of cannabinoids on performance in aversive tasks
Species Drug Test Effect on memory References
Mice Δ9-THC

6 or 10 mg/kg, IP
Water maze Impaired acquisition [65]

Rat WIN55,212–2
1 or 3 mg/kg, IP

Water maze Impaired acquisition [66]

Rat Δ9-THC
6 or 10 mg/kg, IP

Water maze No effect retrieval [67]

Mice Δ9-THC
3, 10 or 30 mg/kg, IP

Water maze No effect retrieval [68]

Rat WIN55,212–2
2.5 or 5 mg/kg, IP

Contextual fear 
conditioning

Impaired acquisition [54]

Rat WIN55,212–2
10 or 30 ng, 
intra-hippocampal

Contextual fear 
conditioning

Impaired retrieval [71]

Rat WIN55,212–2
5 µg, intra-amygdala

Inhibitory 
avoidance

No effect acquisition [73]

Rat WIN55,212–2
5 µg, intra-hippocampal

Inhibitory 
avoidance

No effect acquisition [14]

Rat Δ9-THC
10 mg/kg, IP

Inhibitory 
avoidance

Impaired acquisition [67]

Mice WIN55,212–2
0.25, 0.5 or 1 5 µg, 
intra-hippocampal

Inhibitory 
avoidance

Impaired retrieval [72]

Rat WIN55,212–2
5–50 ng intra-BLA

Inhibitory 
avoidance

Enhanced 
consolidation

[56]

Rat WIN55,212–2
0.3 mg/kg, IP

Object rec-
ognition-not 
habituated

Enhanced retrieval [56]

Rat Propofol
300 or 350 mg/kg, IP

Inhibitory 
avoidance

Enhanced 
consolidation

[57]

A general summary of the pharmacological studies examining the effects of exogenous cannabi-
noids on aversive memory paradigms. Δ9-THC: Δ9-tetrahydrocannabinol, IP Intraperitoneal
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Lin and coworkers have shown that direct infusion of a CB1 receptor agonist, 
fatty acid amide hydrolase inhibitor, or uptake inhibitor into the ventromedial pre-
frontal cortex facilitated extinction of a cue-induced fear-potentiated startle re-
sponse, while infusion of a CB1 receptor antagonist retarded this form of extinction 
learning [74]. Furthermore, activation of CB1 receptors within this region also re-
duced startle potentiation in the absence of cue presentation, suggesting that these 
receptors are not only involved in the extinction of conditioned fear, but also in 
adaptation to aversive situations in general [74]. Direct microinjection of canna-
bidiol, a non psychoactive cannabinoid compound, into the prelimbic prefrontal 
cortex reduced freezing induced by re-exposure to a context previously paired with 
footshocks [77]. However, in the more ventrally located infralimbic region of the 
prefrontal cortex, cannabidiol produced an opposite result, increasing the expres-
sion of contextual fear conditioning [77]. See Table 2.3 for a general summary of 
the pharmacological studies examining the effects of exogenous cannabinoids on 
extinction.

Table 2.3  The effects of cannabinoids on extinction
Species Drug Test Effect on extinction References
Rat WIN55,212–2

5 μg, intra-CA1
Inhibitory 
avoidance

Facilitated [14]

Rat AM404
200 ng, intra-CA1

Inhibitory 
avoidance

Facilitated [14]

Rat WIN55,212–2
0.25 mg/kg, IP

Contextual fear 
conditioning

Facilitated [13]

Rat WIN55,212–2
0.25 mg/kg, IP

Contextual fear 
conditioning

Facilitated [53]

Rat AM404
10 mg/kg, IP

Contextual fear 
conditioning

Facilitated [53]

Rat AM404
1 μg, ICV

Contextual fear 
conditioning

Facilitated [75]

Rat CBD
2 μg, ICV

Contextual fear 
conditioning

Facilitated [75]

Rat AEA
0.17 ng, intra-CA1

Contextual fear 
conditioning

Facilitated [12]

Rat WIN55,212–2
0.05 μg, intra-IL

Fear-potentiated 
startle

Facilitated [74]

Rat AM404
10 mg/kg, IP

Fear-potentiated 
startle

Facilitated [76]

Rat AM404
0.2 μg, intra-IL

Fear-potentiated 
startle

Facilitated [74]

Rat URB597
0.3 μg, intra-IL

Fear-potentiated 
startle

Facilitated [74]

Rat WIN55,212–2
5 mg/kg, IP

Fear-potentiated 
startle

No effect [76]

A general summary of the pharmacological studies examining the effects of exogenous cannabi-
noids on extinction. AEA N-arachidonylethanolamine, CBD cannabidiol, IP Intraperitoneal, ICV 
intracerebroventricular, IL infralimbic
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It should be noted that the facilitating effects on extinction were not generalized 
to another aversively motivated test, the water maze, in which THC did not affect 
extinction [78]. Furthermore, no effect on extinction was observed in tasks based on 
appetitive conditioning [79–81].

The Interaction Between Stress and Cannabinoids  
in Their Effects on Emotional Learning

Although cannabinoid agonists may have different effects on learning and memory, 
depending on several factors (such as the aversiveness of the task, the memory 
phase under investigation etc), accumulating data suggest that when cannabinoid 
agonists are administered in proximity to an environmental stressor, i.e., shortly 
before or after an exposure to a stressful experience, cannabinoids can normalize 
the effects of stress on learning and memory [28, 30–32, 73, 82].

We found that the agonist WIN55,212–2 (5 μg) microinjected into the basolat-
eral amygdala had no effect on inhibitory avoidance conditioning or extinction by 
itself. However, microinjecting WIN55,212–2 into the basolateral amygdala before 
exposing the rats to an elevated platform stress reversed the enhancing effects of the 
stressor on inhibitory avoidance conditioning and its impairing effects on extinc-
tion [73]. Intra-basolateral amygdala WIN55,212 before elevated platform stress 
exposure also prevented the stress-induced enhancement of memory consolidation 
for reduction in reward magnitude [82]. In this negative emotional learning task we 
measure the decrease in the magnitude of the expected quantity of reinforcements in 
an alley maze. In contrast to other fear-related negative experiences, reward reduc-
tion is more associated with frustration and is assessed by measuring the latency to 
run the length of the alley to consume the reduced quantity of reward. These find-
ings suggest that cannabinoid receptors in the basolateral amygdala are important 
modulators of stress-induced modulation of emotional memory [73, 82].

However, when we examined the effects of elevated platform stress on con-
solidation of memory in a non-emotional object location task, a different picture 
emerged. Rats were exposed to the elevated platform stress after the acquisition of 
a non-aversive hippocampal-dependent learning paradigm, the object location task. 
These rats were exposed to extensive prior habituation to the arena which reduced 
novelty stress/arousal level. Exposure to the elevated platform stressor impaired 
consolidation of the location task. The agonist WIN55,212–2 (5 μg) microinjected 
into the basolateral amygdala did not prevent the stress-induced impairment in con-
solidation [83].

Taken together, the data strongly points to the integration of endocannabinoids in 
the stress response and their role in normalizing emotional memory processes, sug-
gesting that the effects of endocannabinoids become evident only in highly aversive 
situations.

Indeed, using a much more intensive stressor, the single-prolonged stress (SPS) 
(i.e., restraint for 2 h, forced swim for 20 min, and anesthesia) we found that intra- 
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basolateral amygdala WIN55,212–2 (5 μg) prevented the SPS-induced enhanced 
conditioned avoidance and the SPS-induced impaired extinction [30]. SPS also 
impaired contextual fear extinction tested one week after stress exposure and in-
tra-basolateral amygdala or intra-hippocampal WIN55,212–2 (5 μg) prevented the 
SPS-induced impairment in extinction [31].

Chronic WIN55,212–2 administration also prevented the effects of chronic 
stress on memory. WIN55,212–2 prevented the impairing effects of chronic stress 
on memory, even in the case in which WIN55,212–2 by itself, with no stress ex-
posure, impaired memory. Chronic restraint-stress (2 weeks, 1 h per day) impaired 
hippocampal short-term memory in the spatial location task, when measured 30 
days after stress termination [28]. Chronic WIN55,212–2 administration with no 
stress exposure (1.2 mg/kg IP, 2 weeks) also impaired performance, consistent with 
our previous findings of impaired short-term spatial location memory even after 75 
days of withdrawal [84]. However, a combination of chronic WIN55,212–2 admin-
istration with chronic stress resulted in an intact spatial location memory [28].

It is interesting that WIN55,212–2 by itself impaired short-term location memo-
ry, but when administered in proximity to stress exposure, it attenuated the impair-
ing effects of the stressor on memory. It seems that the effects of WIN55,212–2 on 
memory are dependent on the emotional state of the animal; this is supported by our 
previous findings that chronic WIN55,212–2 impaired short-term memory in the 
non-aversive spatial location task, but had no effect on spatial short-term memory 
in the aversive water-maze task [14]. In general, the cannabinoid system and the 
stress system are highly interconnected [25, 85–88] and it has been suggested that 
the ECS might become activated specifically in highly aversive situations, but not 
in non-aversive situations [79–81]. See Table 2.4 for the effects of exposure to stress 
and WIN55,212–2 on memory. Taken together, the data indicate that the agonist 
WIN55,212–2 alters the behavioral effects of environmental conditions, such as 
stressful experiences, on learning.

In a recent study, we found that exposure to chronic mild stress (CMS) for 3 
weeks, which is considered as a rat model for depression, impaired inhibitory 
avoidance extinction tested 2 and 7 days after CMS ended. Importantly, 3 days 
administration of WIN55,212–2 (0.5 mg/kg, IP) prevented the CMS-induced im-
pairment of extinction tested 2 and 7 days after the last stressor [32]. Figure 2.1 
shows the effects of WIN55,212–2 and the CB1 receptor antagonist AM251, with 
or without CMS exposure, on fear retrieval and extinction tested 2 and 7 days after 
the last drug injection.

Rats were exposed to CMS or handled on days 1–21. The agonist WIN55,212–2 
or vehicle were administered on days 19–21 (IP; 0.5 mg/kg) and rats were tested 
for conditioned avoidance and extinction on days 23 and 28 (Fig. 2.1a, b). When no 
CMS was administered, rats were injected with Vehicle, WIN55,212–2 or AM251 
on days 1–3 and tested for inhibitory conditioning on day 5 (Fig. 2.1c; equivalent 
to testing conditioning on day 23 in Fig. 2.1a, after the drugs were injected on 
days 19–21) or day 10 (Fig. 2.1d; equivalent to testing conditioning on day 28 in 
Fig. 2.1b, after the drugs were injected on days 19–21) [32].
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Fig. 2.1  WIN55,212–2 prevents the CMS-induced impairment in extinction a Vehicle (Veh), 
WIN55,212–2 (WIN) or AM251 (AM)+WIN IP on days 19–21. Conditioning (Cond) was tested 
on day 23. When tested on day 23, the no CMS-Veh group demonstrated decreased latency com-
pared to all groups on Ext1. On Ext2, Ext3 and Ext4, the no CMS-Veh and the CMS-WIN groups 
demonstrated decreased latency compared to CMS-Veh and CMS-WIN+AM groups. On Ext5, the 
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We found that when WIN55,212–2 (and AM251) were injected without stress 
exposure 2 days before avoidance conditioning, rats showed impaired fear retrieval. 
A possible explanation for the different effects of WIN55,212–2 and AM251 on 
avoidance when administered 2 days versus a week before training could be that 
cannabinoids have delayed effects on acquisition of the avoidance memory. In any 
case, although the drugs impaired fear retrieval when administered 2 days, but not 7 
days, before conditioning, WIN55,212–2 prevented the CMS-induced impairment 
in extinction on both occasions suggesting again that WIN55,212–2 has a different 
effect on learning and memory that is dependent on the presence (or absence) of an 
environmental stressor [32].

A Possible Model for the Effects of WIN55,212–2  
on Memory After Stress

One of the effects of stress exposure is to activate the hypothalamic-pituitary-ad-
renal axis and the consequent release of glucocorticoids. It has been suggested that 
glucocorticoids recruit endocannabinoids signaling in the basolateral amygdala 
and the hippocampus to modulate aversive memory consolidation [69, 56, 89]. Ac-
cording to this model, corticosterone, which is released after a stressful experience, 
binds to a yet-uncharacterized membrane-bound glucocorticoid receptor that acti-
vates the Gs–cAMP/PKA pathway to induce endocannabinoids synthesis. Endo-
cannabinoids are released into the synapse where they bind to CB1 receptors on 
GABAergic terminals inhibiting GABA release. This inhibition of GABA release 
disinhibits norepinephrine release and increases norepinephrine activation of post-
synaptic β-adrenoreceptors, increasing the consolidation of emotionally-aversive 
memories [69, 56, 89].

no CMS+Veh group demonstrated decreased latency compared to CMS+Veh and CMS+WIN+AM 
groups (*p < 0.05; **p < 0.01). Hence, CMS impaired extinction and WIN55,212–2 reverted this 
effect. b Vehicle (Veh), WIN or AM+WIN IP on days 19–21. Conditioning was tested on day 28. 
When tested on day 28, the CMS-WIN group demonstrated decreased latency compared with 
the CMS-Veh and CMS+WIN+AM group on Ext1. On Ext2, the no CMS+Veh group demon-
strated decreased latency compared with the CMS-Veh. On Ext3, Ext4 and Ext5, the no CMS+Veh 
and the CMS+WIN groups demonstrated decreased latency compared to the CMS-Veh and 
CMS+WIN+AM groups (*p < 0.05; **p < 0.01; ***p < 0.001). Hence, CMS impaired extinction 
and WIN55,212–2 reverted this effect. c To examine the effects of the drugs on inhibitory avoid-
ance without exposure to CMS, rats were injected with Vehicle, WIN, or AM on days 1–3 and 
tested for conditioning on day 5. When the drugs were injected with no stress exposure two days 
before conditioning, the Vehicle group demonstrated decreased latency compared with the other 
groups on Cond and increased latency on Ext1 and Ext2 (*p < 0.05; **p < 0.01; ***p < 0.001). 
Hence, WIN55,212–2 and AM251 impaired retrieval. d To examine the effects of the drugs on 
inhibitory avoidance without exposure to CMS, rats were injected with Vehicle, WIN, or AM on 
days 1–3 and tested for conditioning on day 10. When WIN55,212–2 or AM251 were injected 
without stress exposure a week before conditioning, conditioned avoidance and extinction levels 
were not significantly different from vehicle treated rats. Hence, WIN55,212–2 and AM251 had no 
effect on retrieval. (Data was published by [32] in Neuropsychopharmacology)
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De Bitencourt et al. [90] suggested a mechanism for fear memory extinction 
involving the interaction between the glucocorticoid and endocannabinoid systems. 
On the basis of the data suggesting that endocannabinoids [14–15] and glucocor-
ticoids [91–92] mediate the extinction of aversive memories and that glucocorti-
coids can increase endocannabinoids levels [93–95], they suggested that endocan-
nabinoids are recruited by glucocorticoids in the process of extinction of aversive 
memories. As endocannabinoids are released in the basolateral amygdala during 
fear extinction [15], and glucocorticoids can trigger endocannabinoids release at 
this location, they hypothesized that an endocannabinoid-mediated feedback of the 
hypothalamic-pituitary-adrenal axis, which is dependent on glucocorticoid release, 
is an important component of the mechanism of fear memory extinction. In sup-
port, we have recently found that the ameliorating effects of WIN55,212–2 on the 
extinction of contextual fear after exposure to SPS are mediated by glucocorticoid 
receptors in the basolateral amygdala and hippocampus [31].

I have recently proposed a model suggesting that the ameliorating effects of 
exogenously administered cannabinoids on emotional learning after acute stress 
are mediated by the decrease in the activity of the hypothalamic-pituitary-adrenal 
axis via GABAergic mechanisms in the amygdala [96]. The model is presented in 
Fig. 2.2. The mechanisms underlying the ameliorating effects of exogenously ad-
ministered cannabinoids on emotional learning after chronic stress requires further 
research [28, 32].

Evidence suggest that enhancing cannabinoids prevented the stress-induced in-
crease in glucocorticoid levels [73, 87, 97] and the stress-induced modulation of 
emotional memory [30–31, 73, 82]. Stressful events and the release of stress hor-
mones can either impair or enhance emotional memory through the modulation of 
the basolateral amygdala [98–103].

It has been hypothesized that the anxiolytic effects of cannabinoids are mediated 
via CB1 receptor activation of GABAergic [40] or glucocorticoid [104] mecha-
nisms within the amygdala. CB1 receptors are densely localized to a distinct pop-
ulation of GABAergic interneurons in the lateral and basal (BLA) nuclei of the 
amygdala [40]. The basolateral amygdala has a majority of glutamatergic neurons 
and a minority of GABAergic interneurons and the central amygdala (CeA) has 
mainly medium spiny-type GABAergic neurons [105]. The basolateral amygdala 
is thought to process aversive sensory stimuli via afferent inputs to CeA [106]. It is 
also believed that GABAergic neurons in the intercalated nuclei serve as an inter-
mediate relay station to generate feedforward inhibition of CeA after activation by 
basolateral amygdala [107].

Intra- basolateral amygdala CB1 receptor agonist (e.g., WIN55,212–2) adminis-
tered before or after stress exposure, reduces GABA release in basolateral amygdala 
interneurons, thereby reducing their inhibition of the GABAergic neurons of the 
intercalated nuclei, which, in turn, increases their inhibition of the pyramidal neu-
rons of the CeA [40]. Hence, the reduction in inhibitory tone may in turn indirectly 
reduce the effects of stress on memory by enhancing the activity of intercalated 
GABAergic cells that inhibit activation of the CeA. The end result of the reduction 
in inhibitory tone may be reduced hypothalamic-pituitary-adrenal axis activity and 
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a reduction in the stress-induced increase in corticosterone levels. Corticosterone 
easily re-enters the brain to affect glucocorticoid receptors in brain areas that are 
highly involved in memory processes (e.g. the hippocampal formation). Hence, the 
reduction in hypothalamic-pituitary-adrenal axis activity may prevent the enhanc-
ing or the impairing effects of stress on emotional memory. In support, it has been 
shown that CB1 receptor agonists decrease the excitability of projection neurons in 
the rat basolateral amygdala [108]. Several studies have shown that activating CB1 
receptors or increasing AEA signaling, prevents some of the effects of stress in the 

Fig. 2.2  Intra-basolateral amygdala CB1 receptor agonist immediately after stress exposure and 
hypothalamic-pituitary-adrenal axis activation reduces the stress response via GABAergic mecha-
nism. The lateral amygdala (LA) is connected to basolateral amygdala (BLA) and central amygdala 
(CeA). A sub-population of LA neurons innervates inhibitory interneurons, which in turn are con-
nected to CeA by inhibitory synapses. The CeA represents a main output station of the amygdala to 
the brain stem and hypothalamus (and the hypothalamic-pituitary-adrenal axis). A most dominant 
distribution of CB1 receptors is found in GABAergic (full arrow) and glutamatergic (empty arrow) 
neurons in the BLA and CeA. Intra-BLA CB1 receptor agonist administered immediately after 
stress exposure reduces GABA release in BLA interneurons, thereby reducing their inhibition of 
the GABAergic neurons of the intercalated nuclei, which, in turn, increases their inhibition of the 
pyramidal neurons of the CeA. Hence, CB1 receptor agonists can reduce hypothalamic-pituitary-
adrenal axis activation (and corticosterone release) and modulate the effects of stress on emotional 
memory. Hence, cannabinoid receptor activation after stress exposure prevents the stress-induced 
increase in corticosterone levels. The BLA is reciprocally connected with the hippocampal forma-
tion. Hence, the amygdala may modulate hippocampal-dependent memory processes directly or 
indirectly via its effects on the hypothalamic-pituitary-adrenal axis (e.g. as corticosterone readily 
enters the brain and binds to glucocorticoid receptors in the hippocampus to affect memory). (Data 
was published by [95] in Neurosci Biobehav Rev)
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amygdala and hippocampus and can reduce stress-induced hypothalamic-pituitary-
adrenal axis activation [25, 30–31, 73, 87]. Also, a study using imaging in humans 
has shown that a cannabinoid agonist significantly reduced amygdala reactivity to 
social signals of threats [109]. We have shown that WIN55,212–2 administered into 
the basolateral amygdala prevented the stress-induced elevation in corticosterone 
levels [71]. Finally, it has been suggested that the inhibition of GABA release from 
axon terminals of local-circuit GABAergic interneurons in the basolateral amygdala 
by presynaptic CB1 receptors may constitute an important aspect of the neurobio-
logical substrates of cannabinoid-induced emotional responses [40].

Taken together, the data suggest that one possible mechanism underlying can-
nabinoid modulation of emotional learning after stress is the decrease in the activity 
of the hypothalamic-pituitary-adrenal axis, through the basolateral amygdala GA-
BAergic system.

Conclusions

Mounting evidence supports a role for the ECS in emotionality. From a neuroana-
tomical perspective, CB1 receptors are abundantly located throughout corticolim-
bic regions implicated in proper emotional responding. Consequently, facilitating 
endocannabinoid signaling within this corticolimbic network may someday prove 
to be an effective strategy in combating the pathophysiological development of 
emotional disorders that are precipitated by stress.

The diversity of the effects of cannabinoids on memory suggest that by enhanc-
ing endocannabinoids signaling we may change the impact of environmental influ-
ences on emotional and cognitive behavior. The data provide a rationale for explor-
ing novel therapeutic strategies that target the cannabinoid system for disorders of 
anxiety and stress-related diseases. Specifically, this may have potential implica-
tions to developing pharmacological approaches to correct the prolonged retention 
of memories of negative events in depression and other stress-related states.
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Abstract CB1 Cannabinoid receptors are widely expressed throughout the brain, 
particularly in areas involved in learning and memory, such as the hippocampus. In 
the CA1 area, they are mainly present at the presynaptic terminals of both GABAer-
gic and glutamatergic neurons. The antagonist/inverse agonist AM251 is a useful 
pharmacological tool due to its selectivity and ability to tap into the endocannabi-
noid system (ECS). When infused into the brain, it interferes with the natural func-
tioning of the local pool of endocannabinoids present in each memory phase, and 
by suppressing the natural course of events, exposes its function in each situation. 
Anandamide (AEA) was also studied, but results were less consistent. In a large set 
of experiments spanning several years we have shown that different memory phases 
are modulated in opposite, complementary ways: AM251 was amnestic (and AEA, 
facilitatory) when infused into CA1 both after training (consolidation) or after a 
long reactivation session (extinction), suggesting that ECS modulates positively 
these phases. On the other hand, AM251 facilitated (and AEA frequently disrupted) 
memory before test (retrieval) or after a short reactivation session (reconsolidation), 
suggesting a negative modulatory role. Thus, simmetrically opposed actions are the 
rule for the ECS in the CA1 area, suggesting both plastic events and complex selec-
tive roles taking place under its control, e.g. “switching” between extinction and 
reconsolidation. Results were interpreted according to known CA1 circuitry and 
the most probable position of cannabinoid CB1 receptors, pointing to a complex, 
multifunctional modulatory system that is perfectly consistent with its ubiquity in 
mammal brains.
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Memory consolidation · Memory retrieval · Memory extinction · Memory 
reconsolidation · AM251 · CA1 neural circuit · Switching mechanism
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The plant Cannabis has been used by humans for thousands of years for religious, 
medicinal and recreational proposes [1]. Extensive evidence from animals to hu-
mans indicate that cannabinoids affect cognitive performance mainly by modifying 
the brain endocannabinoid system (ECS) [2]. This endogenous modulatory system 
is involved in a plethora of physiological functions, including pain, appetite control, 
motricity, cognition—and one particularly important cognitive function is memory.

ECS is composed by a machinery that involves endocannabinoid ligands, such as 
anandamide and 2-arachidonoyl glycerol (2-AG), the whole set of enzymes respon-
sible for their synthesis, degradation and reuptake, and the receptors, both canonical 
(CB1 and CB2), and putative (GPR55, GPR119 and GPR18)—notwithstanding the 
fact that some endocannabinoids, such as anandamide, can also bind to the transient 
receptor potential vanilloid 1 cation channel (TRPV1) and other targets [3–7].

Cannabinoid receptors are widely expressed throughout the brain, and noticeably 
higher levels of CB1 are expressed in brain areas involved in learning and memory, 
such as the hippocampus and amygdala [8–10]. At the cellular level, CB1 recep-
tors are mainly present at the presynaptic axon terminals of both GABAergic and 
glutamatergic neurons [11, 12]. Endocannabinoids such as anandamide or 2-AG are 
synthesized on demand, and released as retrograde messengers from post-synaptic 
neurons into the synaptic cleft, inhibiting the neurotransmitter release [11, 13].

Ample evidence indicates that either exogenously injected or endogenously re-
leased cannabinoids—or their interaction—may have pronounced, yet contradic-
tory effects on learning and memory. In this chapter we will focus on the distinct 
modulatory roles played by the hippocampal ECS on memory consolidation, re-
trieval, reconsolidation and extinction.

Temporal Phases of Memory

Memory is a non-instantaneous, complex physiological process that evolves in 
time—from seconds to minutes, hours, days and even months or years—recruiting 
different molecular agents in order to produce more or less durable plastic changes 
in the connections among neural cells of different brain areas, i.e. “recording” the 
experience in an engram. Different phases can be identified according to the tem-
poral position relative to the behavioral experience, and the molecular markers and 
brain areas engaged [14].

Acquisition

Acquisition, also known as learning or encoding: takes place during the behavioral 
experience itself, and integrates information from a whole set of cognitive func-
tions—sensory data, emotional response, attention, motivation, motricity and ex-
ploratory strategy [14]. Since each one of those are different functions with different 
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mechanisms and brain location, treatment before acquisition—“training”—session 
usually produces results difficult to interpret because it affects several confounding 
variables, requiring additional control groups.

Consolidation

Right after the acquisition session, memory is labile and can be easily modified by 
any competitor experience, in which it may be either strengthened or disrupted. The 
experience begins to amalgamate into a memory trace that stabilizes in a process 
called consolidation [15, 16]. At first the so called synaptic consolidation [17, 18] 
takes place at cellular and subcellular levels, especially in temporal areas such as the 
hippocampus [19] and the amygdala [20], but also in several cortical areas. After a 
few weeks, the engram establishes itself in the neocortex in a more persistent way 
(would this be the real “memory storage”?), becoming less and less dependent on 
hippocampus—a phenomenon known as systems consolidation [18, 21, 22].

Retrieval or Recall

The only actual way to assure that a memory trace was retained is the animal ex-
hibiting a consistent behavioral change in a posterior “test” session [23, 24]. This 
change must be somewhat measurable, e.g., in an apparatus designed to evince the 
memory class, be it spatial, emotional/aversive, recognition or appetitive. Retrieval 
may be tried at any time after training, but if done just seconds or minutes later, it 
will show only working memory; if tests are performed from 2 to 6 h after training, 
engrams are not considered fully consolidated, and only a short-term memory can 
be expressed; after that, and up to days, weeks or months, a consolidated, long-term 
memory should be accessible. However, even well-consolidated memories will fade 
away with time, the phenomenon known as forgetting.

Post-retrieval Memory Phases

In the recent years it became largely recognized that consolidated traces are not 
in any sense “unchangeable”, but may undergo modifications if some “boundary 
conditions” are achieved (the right re-exposure time, etc) during its retrieval. Then, 
a previously consolidated memory may undergo extinction (be replaced by a sec-
ond, different trace that blocks the first) [25] or reconsolidation (change its original 
qualities in different ways, including erasure). Particularly in the case of recon-
solidation, the re-exposure to the training context (in the absence of the Uncon-
ditioned Stimulus (US—e.g., a shock) seems to destabilize/relabilize the memory 
trace, that later re-consolidates in a process that is dependent on protein synthesis 
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[26]. Extinction involves a “consolidation of extinction” phase that also depends on 
protein synthesis, with a dynamics quite similar to that of a first-time consolidation.

Memory Consolidation is Positively Modulated by the ECS 
in the CA1 Area: the Cannabinoid Antagonist/Inverse 
Agonist AM251 is Disruptive

Memory consolidation can be selectively targeted in a simple experimental de-
sign requiring only one learning trial (e.g., the inhibitory avoidance paradigm in 
rodents): by injecting/infusing the drug immediately after training it is possible to 
selectively affect the memory consolidation phase, since all the intervening cogni-
tive aspects of learning—attention, motivation, motricity, emotions and information 
acquisition itself—have been already completed at the time of drug administration. 
This approach results in “cleaner” interpretation of the obtained data [14], since any 
observed effect can only be attributed to an interference with whatever takes place 
in the first hours after training—i.e., the consolidation process [15, 17], avoiding all 
the other possible confounding variables.

Consolidation plays an important and adaptive role in defining the fate of a 
memory according to the relevance of its content. For instance, stress hormones 
released in a threatening situation, such as glucocorticoids or noradrenaline, en-
hance memory consolidation [27, 28]. The mechanisms behind the memory con-
solidation processes rely on several cellular and molecular events that occur in brain 
structures such as the hippocampus. Important steps are the activation of NMDA 
and AMPA glutamatergic and other metabotropic receptors which leads to an in-
crease of calcium intracellular levels, the consecutive mobilization of a collection of 
second messengers and the activation of several important enzymes such as PKA, 
PKC, CAMKII, and MAPK. This will affect both receptors’ sensibility and signal-
ing cascades, with some enzymes entering to the nucleus and inducing changes 
such as the phosphorylation of CREB, promoting gene expression and a change in 
protein synthesis [17]. In this view, it is important to employ a clear terminology: 
the endogenous cannabinoid system operates as a neuromodulatory system, whose 
molecular agents perform the fine-tuning of the effector excitatory (glutamatergic) 
and inhibitory (GABAergic) synapses present at the local circuits, resembling, for 
instance, the operation of the cholinergic, dopaminergic or glucocorticoid systems.

The involvement of the hippocampal endocannabinoid signaling in memory 
consolidation has been extensively demonstrated, but results may be quite con-
tradictory. Several studies have demonstrated that CB1 receptor agonists impair 
hippocampus-dependent memory consolidation of inhibitory avoidance, contextual 
fear conditioning or Morris water maze tasks when injected systemically [29–31] 
or infused directly into the hippocampus [30, 32]. Moreover, electrophysiological 
studies show that CB1 receptor activation inhibits long-term potentiation (LTP) in-
duction [33–35].
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Our behavioral-pharmacological screening began in 2004–2005, when we first 
showed that the intra-CA1 infusion of the selective antagonist/inverse agonist1 
AM251, disrupts memory consolidation of the Step-Down Inhibitory Avoidance 
(IA), but not of the Open Field Habituation (HAB), a less aversive task (see Figs 2 
and 3 of ref. [36]). This behavioral effect was later confirmed and extended to an-
other aversive task, Contextual Fear Conditioning (CFC) [37].

Learning situations are known to be highly sensitive to a great deal of non-mne-
monic factors [34], including animal strain, basal stress levels and/or differences in 
protocol details, for instance, employed doses, time elapsing between infusion and 
the task, etc. This is why we carefully controlled for possible locomotor/exploratory 
unexpected effects in all the above experiments in order to avoid false positives 
(or negatives) due to behavioural measures misinterpreted for reasons other than 
mnemonic.

We employed the antagonist/inverse agonist AM251 to interfere with the endo-
cannabinoid system in order to understand its physiological function. Once selectiv-
ity is the true “Holy Grail” of neuropsychopharmacology, we opted to use AM251, 
known to be more selective for CB1 receptors than, for instance SR141716A [38–
40]. This aspect was further emphasized by the beautiful “U” dose-effect curve 
we found (see Fig. 2 in ref. [36]), where the maximum effect took place with an 
intermediate low concentration of AM251, probably the one more selective for CB1 
receptors [36].

Notice that AM251, in the exact same concentration found effective on the be-
havioral experiments, was able to suppress LTP induction in the CA1 region (see 
Fig. 1 of ref. [41]) in a specially designed ex vivo slice preparation [41].

Consistently with the AM251 findings, we were able to show a weak, yet repro-
ducible facilitatory effect of a small concentration of anandamide (AEA) infused 
immediately after IA training [37]. The effect was absent at higher concentrations, 
which is consistent with a CB1 receptor-mediated effect. Indeed, anandamide is a 
poorly selective ligand that can bind to different molecular targets, from the vanil-
loid TRPV1 receptors [42, 43] to other important targets such as NMDA [44] and 
muscarinic receptors [45], and possibly also acting as a neurotrophic blocker [46] 
and/or a modulator of glycine transport [47]. Again, the absence of effect of any 
drug at higher doses may be explained by its binding to other, “non-specific” sites, 
where the effect could be different, even opposite to the first one, neutralizing or 
compensating for it. Being so unspecific, AEA effects may be hard to interpret, 
except when low doses are used, because binding to lower affinity targets is less 
probable in this case, favoring activation of the CB1 receptors.

Since neither AM251 nor anandamide were effective when infused before train-
ing in this task (see Figs. 2 and 3 in ref. [37]), we are confident that, at least in 
our experimental setup, the CB1-mediated plasticity events underlying memory 
formation were confined to the post-training, consolidation phase, certainly ignited 

1 AM251 is an inverse agonist [126–129], however, since it also acts as a competitive antagonist 
displacing endocannabinoids at CB1 receptors and because it is not possible to discriminate be-
tween both effects in vivo [130], we prefer to classify AM251 as some authors already do, calling 
it an “antagonist/ inverse agonist”.
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by the new experience. The absence of pre-training effects contradicted some previ-
ous reports [31, 48–50], but considering how hard it may be to separate mnemonic 
from other cognitive/emotional/motor aspects in this experimental design, we de-
cided not to pursue the acquisition avenue much longer.

Taken together, the results with post-training-infused AM251 or AEA in two dif-
ferent aversive (and one non-aversive) tasks suggest that, in the CA1 region of the 
dorsal hippocampus, memory consolidation mechanisms depend on the integrity 
of the local endocannabinoid system. The infusion of an antagonist/inverse agonist 
such as AM251 effectively disrupted the aversive memory, suggesting an action in 
the opposite direction of any endogenous agonism, possibly by blocking the bind-
ing of endogenously released cannabinoids to their CB1 targets. The AEA low dose 
result nicely fits to this suggestion, showing that some exogenously supplemented 
molecules may be “reinforcing” (within certain concentration limits), possibly by 
pooling themselves to the endogenously released molecules—the “physiological” 
pool. There is still no direct proof of endocannabinoids being released in CA1 as 
consequence of inhibitory avoidance or context fear training, but concentrations of 
both AEA and 2-AG peaked after a similarly aversive auditory fear conditioning 
task [72, suppl.]. Also, endocannabinoids were shown to be released in response to 
stressful/alerting factors at least in the periaqueductal grey substance [50] and the 
amygdala [9].

A Classical Source of Conflicting Data: Systemic vs. 
Local Infusions

Some years ago (2004–2005), our findings were apparently at odds with the lit-
erature, since most authors were used to find just the opposite: amnestic effects 
with cannabinoid agonists, and facilitatory with antagonists. However, ours was 
one of the first few works to investigate AM251 effects employing intra-cerebral 
infusions, i.e. we administrated the drug bilaterally directly into the CA1 area of 
the dorsal hippocampus, while most of the previous studies employed systemic 
treatments (i.p.). As discussed elsewhere [36, 41] the two approaches should show 
converging results only if the systemic effect would be relayed by the exact brain 
structure being targeted, which clearly seems not to be the case here. Indeed, our 
results strongly suggest that the hippocampus is not the mediator of the observed 
systemic effects. In spite of some evidence supporting the contrary [34], due to the 
high concentration of CB1 receptors and their dispersion among different brain ar-
eas, the systemic effects may probably be the result of a “multitarget” action.

This is not to say that systemic studies are too consistent with the “amnestic-
with-agonist/facilitating-with-antagonist” cannabinoid rule: although most agonists 
exhibit an amnestic effect [34, 51–53], the antagonist/inverse agonist SR141716A 
(Rimonabant) was shown to produce either facilitatory [53–56] or no effect upon 
memory [34, 57].

Concerned with this contradictory scenario in those years, we performed some 
intracerebroventricular infusions of both AM251 and AEA. Our results were very 
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different from the intra-hippocampal infusions: a significant facilitatory effect of 
AM251, but not of AEA, upon IA consolidation (none of the drugs caused any 
effect upon the less aversive task HAB). Notice that, since these IA results did 
not conform to a normal distribution, they are expressed as median (interquartile 
range), but regardless of the dispersion in the test groups, the effect was statistically 
significant (Fig. 3.1).

We brought the above data in support of a principled stand: we should refrain 
from straightforward comparison of systemic to local infusion results. No matter 
how important any pharmacological study is, these two approaches carry very dif-
ferent information most of the time. Besides, the more we delve into more ana-
tomically restricted studies in order to understand the exact role of each brain struc-
ture and/or neuromodulator system, the less generalizable information becomes. 
Systemic studies continue to be fundamental, especially when looking for possible 
clinical applications, but we should be careful to analyze them in the light of intra-

Fig. 3.1  Effect of post-training intracerebroventricular infusions of AM251 (55 ng/uL) or AEA 
(0.1 ug/uL) upon the performance on IA (a, c) or HAB (b, d) tasks. Since IA data (a, c) were 
not normally distributed, they were expressed as median (interquartile range) and analyzed with 
nonparametric statistics (Mann-Whitney for independent groups and Wilcoxon for repeated mea-
sures). HAB data were expressed as mean + S.E.M. and analyzed with One-Way ANOVA (inde-
pendent groups) and Studentʼs t test (dependent groups). a Significantly different from training of 
the same group, P < 0.05 (Wilcoxon in a and c; t test in b and d). b Significantly different from 
the control group test (Mann-Whitney, P = 0.015). Vehicle x Drug test values did not differ sig-
nificantly between groups in the HAB task for any of the tested drugs (b and d) and also in the IA 
task for AEA (c)
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cerebral findings. Hopefully, complex synergic interactions between multiple areas 
and/or systems seem not to be the rule, otherwise things may be even more compli-
cate experimentally.

Interpreting the Basic Findings According to CA1 Inner Circuitry 
I: Algebra Doesnʼt Lie

Since CB1 receptors are present mainly in presynaptic terminals of a subclass 
(CCK-expressing cells) of the local GABAergic/inhibitory interneurons and, with 
lower density, in glutamatergic/excitatory “main” neurons [12, 58], we believe it is 
much simpler to interpret our results in terms of circuitry operation. The trisynaptic 
circuitry of the hippocampus is well-described since the 60s [59, 60] and brings 
both frameworks together—CB1 positions upon the trisynaptic circuitry constitut-
ing cells, in particular, the CA1 local circuitry including one main excitatory cell 
and different local interneurons, allowing us to integrate the first findings nicely 
(Fig. 3.2). The inspiration for this approach comes from the outstanding work of 
James McGaugh in deciphering the functional (micro)neuroanatomy of the baso-
lateral amygdala, a much more intricate structure, where a putative “circuit” was 
patiently built over the years through a puzzle-solving strategy that integrated psy-
chopharmacological findings with local infusions of selective drugs [61].

The hippocampal role of these supposedly learning-recruited endocannabi-
noids is purely speculative at this point: we hypothesize that their endogenous role 

Fig. 3.2  Intrinsic circuitry of CA1 area with CB1 receptor positioned in glutamatergic cells and 
CCK-expressing GABAergic interneurons. The general hypothesis here is that CA1 glutamatergic 
efferences are directly involved in the building of the engram. Since there are 20 times more CB1 
receptors in the presynaptic terminals of the inhibitory cells than in the excitatory neurons, these 
CB1 receptors are considered the “target” that explain our results—AM251 amnestic and AEA 
facilitatory effects
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could modulate the strength of the memory trace (or engram) under consolidation. 
Endocannabinoids are retrograde messengers released on demand that act to de-
crease the activity of inhibitory networks, which leads to the disinhibition of pyra-
midal neurons [62–65]. These glutamatergic cells project important hippocampal 
efference putatively involved in feeding the engram formation network, and repre-
sent one of the many intra-hippocampal sites where long-term potentiation (LTP) 
takes place. LTP, or any similar/derived glutamatergic-driven, calcium-dependent 
process, is a neural plasticity phenomenon long considered a putative mechanism 
of memory formation [66–69].

The CA1 circuit-based hypothesis is tailored to explain the post-training results, 
especially the AM251 data, as this antagonist/inverse agonist directly taps into the 
local ECS, suppressing any natural endogenous functions going on, and thus telling 
us what might be their nature. An amnestic effect of the antagonist means that the 
ECS was acting as a natural disinhibitor of local plasticity, since CB1 is an inhibitory 
G-coupled metabotropic receptor. This is also fully consistent with the observation 
that endocannabinoids might facilitate hippocampal long-term potentiation through 
the DSI phenomenon of retrograde inhibition of presynaptic GABA release [70], and 
in support of that involvement, we have demonstrated that AM251 also suppresses 
LTP induction in the CA1 region in an ex vivo hippocampal slice preparation, with 
the exact same concentration being effective in the behavioral tasks [41].

Considering that these receptors are located mainly in pre-synaptic terminals of 
both excitatory and inhibitory cells, in order to interpret the observed drug effects, 
we will have to resort to some simple algebra (Table 3.1). Considering activation/
agonism/facilitation as equivalent to a positive (+) sign, and inhibition/antagonism/
amnesia, to a negative (−) one, Table 3.1 synthetizes most of the results covered in 
this chapter.

Consistency, however, is not enough for a model to be considered proven. Hope-
fully, the functional circuitry hypothesis depicted in Fig. 3.2 and Table 3.1 seems 
fully testable, something that assures its scientificity. The challenge includes, of 
course, accommodating also the different findings from other authors.

Table 3.1  Algebraic model to interpret the present findings in the light of the hypothetical 
anatomo-functional circuitry depicted in Fig. 3.2

A B C A X B X C the “algebra”
Cell type in 
CA1

Natural role 
on engram 
recording

ECS tonus act-
ing upon this 
cella

AM251 on CB1 
receptors

Memory LTP

GABAergic 
interneuron

− − − − −

Glutamatergic 
neuron

 + − −  +  +

Mechanism? Excitatory/
Inhibitory 
Action

ECs activate 
inhibitory CB1 
receptors

Antagonists displace 
ECs or inv.agon.
 = inv.response

OBS: + enhancement/facilitation, − inhibition/blocking
a same (or absence of) effect obtained by exogenously infused agonist AEA
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Notwithstanding the fact that a CB1 receptor-sensitive hippocampal LTP appears 
to be necessary for the consolidation of the aversive IA memory [41], since AM251 
did not affect HAB, LTP seems NOT necessary for the memory consolidation of 
this less aversive task (see Fig. 3 of ref. [36]), at least in this particular brain region.

Aversive Memory Consolidation Requires a Crosstalk Between 
Stress Hormones and Endocannabinoids

From the first experiments, it was clear that some degree of aversiveness or alert-
ness was necessary for the cannabinoid drugs to produce any effect, since the Open 
Field Habituation task (HAB) remained refractory to both AM251 and AEA [36, 
41], and the same effects observed in the IA task [36, 37, 41] were also confirmed 
for CFC [71]. Regardless some reports with knockout (KO) animals on ECS in-
volvement in less aversive situations [72, 73] the aversive/ECS-sensitive-nona-
versive/ECS-insensitive pattern was already observed by others [31, 74, 75]. That 
aversive/emotional aspects play a critical role in memory formation is not a novelty 
[61, 76–78]. For instance, either corticosterone or stress promote the enhancement 
of memory consolidation [76, 78]. Another suggestive clue comes from the fact 
that cannabinoids can influence synaptic events taking place in areas such as the 
hippocampus, particularly after an aversive stimulation [65, 70]. Finally, several 
studies demonstrate both the endocannabinoid and the glucocorticoid systems inde-
pendently improving memory consolidation and suppressing memory retrieval [77, 
79], reinforcing the connection that can be either of causality (one promotes the 
other) or complementarity (one compensates for or substitutes the other).

We then decided to investigate deeper this putative connection between stress 
and the ECS. The fact that IA and CFC are sensitive to post-training AM251 raises 
the possibility that the endogenous cannabinoids competing with the antagonist/
inverse agonist AM251 were somewhat being recruited by the concomitant stress-
related hormones. Indeed, Kamprath et al. [80] have demonstrated that endocan-
nabinoid action depends on the intensity of the footshock in a fear conditioning 
task that associates tone-response with previous shock treatment. Moreover, several 
studies prove that both stress and glucocorticoids increase endocannabinoid levels 
in areas, such as the hypothalamus [81, 82] and the periaqueductal grey matter [50], 
involved in the fear response. Later, an increase in endocannabinoids released in 
response to behavioral factors was demonstrated in memory-related areas such as 
the amygdala [9] and the hippocampus [28, 72], and 2-AG was the main endocan-
nabinoid mobilized in these cases.

In our experiments we did not measure the release of endocannabinoids directly, 
but managed to approach this possibility in an indirect way. First we showed that 
CFC memory can be retained after a 0.7 mA, but not a 0.3 mA footshock alone, and 
that the first result was—exactly like the previous IA consolidation results—reversed 
by post-training intra-hippocampal AM251 administration. Then we found that the 
effect of the weak shock was somewhat enhanced by a pre-training procedure,  
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either a single stress session or an i.p. infusion of the corticosteroid dexamethasone, 
reaching a freezing level compatible with the one observed with the strong shock. 
In this case, the response was again blocked by AM251 [27], suggesting that the 
hippocampal ECS interacts with the glucocorticoid system. Intensity of the stimu-
lus was not the only factor, since both reinforcing procedures were effective when 
presented immediately, but not 30 min before the training session, a time interval 
that also fits to the kinetics of corticosterone release [83].

These hippocampal findings are consistent with two similar findings in the 
amygdala [84, 85]. In the first paper, the memory-enhancing effect of the gluco-
corticoid system (GCs) was attributed to an ECS-mediated disinhibitory influence 
on noradrenaline release, a mechanism that facilitated the formation of the aversive 
memory trace [84, 86]. In the second work, intra-BLA AM251 disrupted the extinc-
tion of an avoidance memory, and the agonist WIN55,212–2 (locally or systemi-
cally infused) was able to modulate the behavioral enhancement effect of stress, 
prompting a small increase in plasma corticosterone levels [85]. Thus, not only the 
dorsal hippocampus and the basolateral amygdala may share an analogous mecha-
nism, but they might even be functionally connected in order to modulate a cogni-
tive process such as the formation of a new contextual fear memory trace [87–89], 
an important avenue of research still open to contributions.

What is sure to this point is that the activation of the hippocampal ECS requires 
a certain level of aversiveness in order to exert its modulatory role on fear memory 
consolidation. The negative emotional state may be provided by [1] the task stimu-
lus itself (e.g., a strong shock), [2] a previous stress session, or, alternatively, [3] 
the availability of stress hormones such as glucocorticoids. Glucocorticoids may be 
the putative endogenous mediators of this aversive-dependent hippocampal ECS 
recruitment, even though itʼs not clear if this functional link would be taking place 
in the same or nearby brain structures.

More on the interaction between stress and endocannabinoid modulation of 
memory can be found in chap. 1 and 5.

Memory Retrieval is Negatively Modulated by the ECS 
in the CA1 Area: AM251 is Facilitatory

When AM251 was infused before the test session, the effect was exactly the op-
posite of the post-training one, i.e., we observed a clear-cut facilitatory effect on 
memory retrieval (see Fig. 6 of ref. [37]). AEA, on the other hand, was ineffec-
tive. Other authors had also failed to find an effect with AEA [32], possibly due 
to the low selectivity of AEA as a cannabinoid agonist or to its rapid degradation 
because of its endogenous nature. Synthetic agonists produce different results; for 
instance, WIN55,212–2 impaired retrieval when infused into the hippocampus 
[28]. We should also consider the fact that, for technical reasons, our infusion 
was made 15 min before test and it is possible that with the longer delay, the 
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already low dose of exogenous AEA had diffused away and was not effective 
anymore. Again, additional behavioral tests exclude the possibility of locomotor, 
non-cognitive actions of the employed pretest concentrations, both for AM251 
and AEA. The possibility of a state-dependent phenomenon for AM251 was not 
fully investigated here.

Although the synthetic cannabinoid agonist WIN55,212–2 did not cause state-de-
pendency [31], this phenomenon has been detected with the infusion of endogenous 
agonists [90, 91]: the confirmation of an endogenous state-dependency can be un-
derstood because AM251 is an antagonist/inverse agonist somehow interfering with 
the natural functioning of the endogenous pool of endocannabinoids. Independent 
of any AEA result, we believe the findings of major relevance here are the AM251 
effects due to its ability to tap into the ECS.

Memory retrieval is known to share some molecular mechanisms with consoli-
dation—after all, the same cells and brain structures are demanded—but there are 
also important differences. In particular, retrieval requires neither protein synthesis 
nor the activation of NMDA receptors and CaMKII, even though there is also a role 
for CREB phosphorylation [23]. The opposite action of AM251 in memory retrieval 
vs. consolidation asks for an explanation, and the first thing that comes to mind is 
that, wherever the drug is acting upon, something changed. Thus, following the 
lead of the circuitry hypothesis outlined above (Fig. 3.2 and Table 3.1), we suppose 
that some durable changes took place in the CA1 region between the consolidation 
process and the test moment, that modified the logical attributes of the pharmaco-
logical response, changing from disruption to facilitation. Of course, this remains 
to be proven.

Same Drug, Opposite Effects Demands Explanation: May They 
Predict Plastic Changes?

At this point, it is interesting to note that while several pharmacological studies 
show the same effect with the same drug in the two different memory phases de-
scribed above (see Table 3.2 [92–102]), there is cumulative evidence on the con-
trary for at least two other important neuromodulatory systems—the cholinergic 
and the glucocorticoid systems.

Thus, a phenomenon similar to what was found with AM251 was previously 
described by our lab for a different endogenous modulatory system, the cholinergic 
system acting though the M4 muscarinic receptors, in the very same structure and 
behavioral task [92]. The biological nature of such “change” is under investiga-
tion in both cases, but we have good reasons to believe they both are of neural 
circuitry nature, and can be interpreted in the same framework depicted in Fig. 3.2 
and Table 3.1. It may well involve either an increased expression of CB1 receptors 
over the excitatory/pyramidal output pathway as consequence of the learning pro-
cess—as similarly suggested by ref. [92], or a down-regulation of the CB1 receptors 
modulating the GABAergic interneurons, or even a combination of such plastic 
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events at the same time. Any of these possibilities could equally well explain our 
results, and fortunately, notwithstanding the technical difficulties, this is a fully test-
able hypothesis.

In the same sense, both stress and glucocorticoids were shown to promote an 
analogous response pattern, enhancing memory consolidation and impairing re-
trieval [79]. Based on this, it has been suggested that the ECS and the glucocorticoid 
system interact in order to modulate memory retrieval. Indeed, a recent paper has 
shown that corticosterone increases the endocannabinoids levels in the hippocam-
pus [28], and, complementarily, the local infusion of AM251 into the hippocampus 
blocks the impairing effect of corticosterone in contextual fear conditioning [102]. 
Hence, under a stressful situation such as the retrieval of a fear memory, glucocor-
ticoids are released from the adrenal cortex, acting in the hippocampus through 
the activation of the glucocorticoid receptors that, somehow, induce the synthesis 
of endocannabinoids that, for their turn, bind to the CB1 receptors, inhibiting the 
release of neurotransmitters.

Taken together, the same-drug-opposite-effect class of pharmacological findings 
may provide support for a promising circuit-based theoretical framework useful 
to evince mechanisms behind relevant plastic phenomena related to learning and 

Table 3.2  Similar vs. opposite effects of drug treatments upon memory consolidation and retrieval 
phases involving different neurotransmitter and neuromodulator systemsa

Same treatment, same effects
Treatment Memory phase
Drug Target system Consolidation Retrieval
Muscimol
(GABA-A agonist)

GABAergic (GABAA ) Impairement [93] Impairement [94]

Nicotine
(NAChR agonist)

Cholinergic (nicotinic) Enhancement [95] Enhancement 95

Scopolamine
(MAChR antagonist)

Cholinergic 
(muscarinic)

Impairement [96]b Impairement [97]

Noradrenaline
(Adrenergic agonist)

Cathecolaminergic Enhancement [98] Enhancement [99]

Same treatment, opposite effects
MT3 (ACh M4 
antagonist)

Cholinergic 
(muscarinic)

Impairement [100] Enhancement [92]

AM251
(CB1 antagonist/inverse 
agonist)

ECS Impairement [27 36, 
41]

Enhancement [37]

Win55,212-2 (CB1 
agonist)

ECS Enhancement [84] Impairement [102]

RU28362 (GR agonist) Glicocorticoid Enhancement [76] Impairement [79]
a A non-exhaustive compilation, only for illustrative reasons. Reference numbers are informed 
above
b The same effect was observed with pirenzepine, a selective muscarinic M1 receptor antago-
nist, the most common muscarinic receptor and the probable target of less selective muscarinic 
ligands [101]
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memory. Given the fact that Table 3.2 is far from exhaustive, we cannot assure 
the generality of this phenomenon, but the suggestion is fertile enough to deserve 
further investigation.

Memory Extinction is Positively Modulated by the ECS  
in the CA1 Area: AM251 is Disruptive

The extinction phenomenon was first described by Ivan Pavlov, using dogs as sub-
jects [103]. He paired a sound (conditioning stimulus, CS), with the presentation 
of a piece of meat (unconditioning stimulus, US). The CS alone did not promote 
any particular response in the animals, however, after being paired with the US, 
the sound elicits a salivatory response. The prolonged exposure to the conditioned 
environment without the US led to a gradual reduction of the conditioned response, 
a process called extinction [25, 104, 105]. In the last decades, memory extinction 
has been studied by several laboratories, with a dominant use of rodents in fear con-
ditioning to the CS (the context or a tone), with US consisting mostly represented 
by foot-shocks. In our case, a single, prolonged re-exposure to the context without 
reinforcement was enough to promote extinction [71].

Thus, when AM251 was locally infused in CA1 after a 25 min re-exposure to 
the CFC context, fear response in a posterior test was higher than that exhibited by 
the controls, suggesting that this drug has disrupted the consolidation of extinction 
[106–108]. Complementarily, intra-hippocampal administration of exogenous AEA 
has facilitated extinction, an effect reversed by a concomitant sub-effective concen-
tration of AM251 (see Figs. 3 and 6 of ref. [71]). Chhatwal et al. [109] also reported, 
for Conditioned Fear, a disruption of extinction with the antagonist/inverse agonist 
SR141716A, and facilitation with the AEA uptake inhibitor and a TRPV1 receptor 
agonist AM404, that increased the endogenous cannabinoids tonus, an effect then 
reversed by a concomitant sub-effective concentration of SR141716A. There are 
other converging studies reporting from extinction attenuation in CB1 KO mice to 
CB1 receptor blockers disrupting the extinction of a variety of tasks [9, 31, 49, 110, 
111]. Although most studies indicate an essential role played by the ECS in memory 
extinction, its effects seem not to be ubiquitous. There are some types of memory 
that seem to be independent of CB1 activation, such as those memories with lower 
levels of aversiveness [36, 41, 74, 75].

The process of fear extinction demands great attention of psychologists and neu-
roscientists due to its implications in treating PTSD and phobias, as extinction is a 
core component of most major behavioral-cognitive therapies that approach those 
devastating, resilient pathologies, despite being plagued by drawbacks like spon-
taneous recovery and rapid reacquisition. In this scenario, reconsolidation repre-
sents new hope, due to its intrinsic qualities whose comprehension is necessary to 
consolidate it as a promising therapeutically alternative. For more details about the 
possible therapeutic potential of the endocannabinoid system in PTSD see Chap. 1.



593 The Hippocampal Endocannabinoid System in Different Memory Phases

Memory Reconsolidation is Negatively Modulated by the 
ECS in the CA1 Area: AM251 is Facilitatory

Memory consolidation refers to the gradual stabilization process that occurs after 
acquisition. Then, when memory is consolidated, it becomes somewhat resistant to 
interference. However, following retrieval, an already established memory might 
undergo a labile state again, requiring reconsolidation in order to persist [26]. Re-
consolidation is a widespread phenomenon and has been reported in a variety of 
species and types of memory, indicating that it is a fundamental memory process. 
The functional role of reconsolidation goes beyond a simple restabilization of the 
retrieved memory: it allows for memory updating, maintaining its predictive and 
adaptive relevance. In a recent paper we showed that when memory is reactivated 
in a situation that does not match the original information, content is qualitatively 
modified, or “updated”; however, when the contextual condition matches to some 
extent the original one, memory reactivation operates to either strengthen the trace 
or maintain the precision of its content over time [112]. Hence, reconsolidation al-
lows for memory modification, such as the integration of new background informa-
tion into the originally established memory trace.

To this point, data on the effects of endocannabinoid modulation of reconsolida-
tion in the hippocampus region is relatively scarce and controversial. In our experi-
ments AM251 infused intra-hippocampally right after a 3 min re-exposure—a “re-
activation” session with the omission of the US—increased the freezing time in the 
test, implying that memory was labilized and re-consolidated in a facilitated form 
(see Fig. 2 of ref. [71]), an effect that persisted for almost a week. We knew the drug 
was interfering with reconsolidation because, consistent with previous works of 
others [26, 110], the suppression of protein synthesis by the transcriptional blocker 
5,6-dichloro-1-bold beta-D-ribofuranosylbenzimidazole (DRB) effectively blocked 
memory expression in the test [113]. This means that a labile state, with its new 
protein synthesis window of opportunity, was somewhat induced by the reactivation 
session. Complementarily, AEA disrupted memory reconsolidation when infused 
into the CA1 area, an effect reversible by the concomitant administration of a sub-
threshold concentration of AM251, in agreement with the idea that the effect was 
mediated by CB1 receptors (see Fig. 5 in ref. [71]).

The reactivation session was short-lasting, and this time was decisive to define 
the fate of the memory. None of the treatments affected fear memory when the re-
activation session was omitted, meaning not only that reactivation was a necessary 
condition, but that the treatment did not influence fear per se.

The disruption of reconsolidation observed with the local infusion of AEA could 
be alternatively interpreted as a facilitatory effect of AEA upon memory extinc-
tion after re-exposure, an effect that could mimic a “reconsolidation disruption”. 
However, this possibility seems unlikely because the response of the control (vehi-
cle-infused) group did not change between reactivation and test sessions (in a real 
extinction, latencies should decrease). A re-exposure of 3 min only is probably too 
brief and not “intense” enough to be able to initiate a new memory trace necessary 
to extinguish the previous one, dissociating CS from the US (see Fig. 2 of ref. [71]). 
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This argument reminds the classic argument against the existence of reconsolida-
tion as a phenomenon in itself, a flawed criticism in view not only of the two aspects 
above, but also of the absence of any of other four well known characteristics of an 
extinction memory, namely spontaneous recovery, rapid reacquisition, renewal, and 
reinstatement [25].

In apparent contrast to these findings, SR141716A, another CB1 antagonist/
inverse agonist, was shown to cause no effect by itself when infused into the hip-
pocampus on memory reconsolidation of two different tasks, but was able to re-
verse the amnestic effect of the protein synthesis inhibitor anisomycin, suggesting 
that the CB1 receptor activation has an important role on the destabilization of the 
memory trace [110, 114]. Importantly, SR141716A is less selective for the CB1 
receptor than AM251 [40]. Also, Lin and colleagues [107] has shown that two dif-
ferent CB1 receptor agonists infused in the amygdala impaired reconsolidation, an 
effect prevented by concomitant administration of AM251. Kobilo et al. [111] also 
reported that the CB1 receptor agonist WIN55212–2 infused into the insular cor-
tex disrupted memory reconsolidation in the conditioning taste aversion. Recently, 
Stern and colleagues [115] has shown that the systemic injection of cannabidiol (the 
main non-psychotomimetic compound of marijuana) was able to disrupt memory 
reconsolidation in CFC, a hippocampus-dependent task, an effect prevented by co-
injection of AM251. Accordingly, De Carvalho and colleagues [116] reported that 
systemic SR141716A impaired reconsolidation in the morphine-conditioning place 
preference.

Our results support a role of the dorsal hippocampus ECS in the memory updat-
ing process, one of the many demonstrated uses for the process of reconsolidation 
[112] that allows for the incorporation of new information during a re-exposure/
reactivation session.

Opposite Actions of the ECS in Extinction and Reconsolidation: 
Would ECS be the Switching Mechanism?

Consistently with previous studies, our findings with reconsolidation and extinc-
tion showed that the duration of the reactivation session is a crucial variable that 
determines subsequent memory [110, 117, 118]: thus, a brief re-exposure leads to 
reconsolidation whereas a prolonged reactivation session induces extinction. As 
commented above, there are relevant functional differences between both process-
es, reconsolidation being an updating mechanism dedicated to incorporate new in-
formation to an already consolidated memory [110, 119], and extinction, the estab-
lishment of a new memory that competes with and temporarily suppresses the one 
formed during the original association [25, 104].

The symmetrically opposed effects of AM251 and AEA in these two post- re-
trieval phases contrasts with the previous report of Lee et al. 2006 [120] on the 
role of NMDA in CFC in the very same memory phases. In this study, MK-801 
blocked both extinction and reconsolidation, and DCS enhanced both phases in the 
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same way. As NMDA receptors—besides protein synthesis itself—are key agents 
sustaining the plastic events behind any new memory formation process, such as 
“first-time” consolidation, the important results of Lee et al. [120] may imply that 
they are a necessary component behind the plasticity events necessary either for 
trace updating (in reconsolidation) or new trace consolidation (in extinction).

ECS modulation, on the other hand, may have a more subtle, differentiated role: 
by “directly” modulating the effector synapses (by the glutamatergic main cells), or 
“indirectly” controlling them (through CCK-expressing GABAergic interneurons), 
this system might act as a selector of the “final” response. Considering the sym-
metrically opposed effects here described for AM251 and AEA we propose that 
hippocampal ECS may be acting as a putative switching mechanism that decides the 
fate of a memory trace after its reactivation. This would be the case at least for aver-
sive memories, since there is growing consensus that the ECS needs some stress/
glucocorticoids level in order to be recruited [81, 82]. Context matching and time 
of re-exposure are two important elements to be computed in whatever mechanism 
exists that determine one or other response, be it reconsolidation or extinction. At 
this point, however, this is all very conjectural and demands more investigation.

ECS Modulation of CA1 Circuitry in Each Memory Phase: 
Symmetrically Opposed Actions are the Rule

Table 3.3 summarizes the main findings here reviewed about the observed effects 
for AM251 and AEA bilaterally infused into the CA1 area of the rat dorsal hip-
pocampus. Except for the pre-training treatment and the infusion without the re-
activation session, there is a noticeable pattern of symmetrically opposed actions 
for each memory phase observed. Remember also that two different aversive tasks 
were studied here, IA and CFC, and that no effect was ever found in HAB, the only 
non-aversive task studied.

Our original choice of agonist, AEA, may not have been the best due to the 
discussed lack of selectivity. However, a low, more CB1 receptor-selective concen-
tration allowed us to observe the asymmetric effects in three of the four memory 
phases—consolidation, reconsolidation and extinction. In memory retrieval, the ad-
dition of a low concentration of exogenously infused AEA to the already present 
endogenous pool of recently-released AEA molecules may have led to two pos-
sible situations: either there is not enough AEA in order to reach any effectiveness 
threshold or, on the contrary, there was too much of it. In this latter case, the extra 
molecules provided by our exogenous infusion added to the existing pool of AEA 
may reach a concentration high enough to promote non-specific actions, not medi-
ated by CB1 receptors, which may offset each other and result in no measurable 
behavioral effects. To decide which of these hypotheses is true, we need to conduct 
further experiments, either by measuring the amount of AEA locally present, or em-
ploying other agonists with a “cleaner” effect. Both possibilities are under scrutiny 
in our lab.
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The problem of adding an exogenous amount of a molecule that exists endog-
enously and the way they accumulate and/or interact, reminds us of a classic set of 
findings using beta-endorphin back in the 1980ʼs: the first studies infused a huge 
amount of substance that was adding to the internal pool to produce one type of ef-
fect. However, when the endogenous levels of those opioids were finally measured, 
much smaller quantities of exogenous substance were infused, and new, unexpected 
effects, discovered, which later lead to the first demonstration of an endogenous 
state-dependency [91]. We may be facing the same kind of problem here, which 
favors the use of different, more selective synthetic agonists.

In an attempt to understand the complexity of AEA effects in the literature, we 
also performed a set of experiments on the role of TRPV1 receptors in the memory 
consolidation of two aversive tasks in order to understand something about this “sec-
ond identity” of AEA as an endovanilloid—as it should be the case under higher 
concentrations of the ligand. Thus, the TRPV1 antagonist capsazepine was able to 
impair memory consolidation of both IA and CFC aversive tasks, but the agonist 
capsaicin, on the other side, had no effect in any of the two tasks [121]. However, 
the amnestic effect took place only with a strong shock, showing that endovanil-
loid system also depends on the emotional level in order to be recruited, somewhat 
resembling the stress-induced recruitment of the ECS. This means that, when study-
ing aversive memories, AEA has “multiple personalities” and may act either as an 
endocannabinoid (on CB1 receptors) or as an endovanilloid (on TRPV1 receptors), 
or (more probably) on both targets. So, no easy “separation” is possible, for two rea-
sons: both endogenous systems seem to depend in the same way on the stress level 
of the task, and, in both cases, AEA physiological action points to a facilitation of 

Table 3.3  A synthesis of our basic findings with AM251 and AEA bilaterally infused into the CA1 
area of the dorsal hippocampus in two aversive tasks, IA and CFC, at different stages of memory
Memory phase CB1 antagonist 

(AM251– blocks 
ECS tonus)

CB1 agonist (adds 
exogenous AEA)

Behavioral task Ref.

Pre-training (acqui-
sition phase)

Ø Ø IA [37]

Post-training (con-
solidation phase)

−  + IA & CFC
(AEA in IA only)

[36, 37, 41] (IA)
[27] (CFC)

Pretest (retrieval 
phase only)

 + Ø IA [37]

Post-reactivation 
(of 3 min) (recon-
solidation phase)

 + − CFC [71]

Post-reactivation 
(of 25 min) (extinc-
tion phase)

−  + CFC [71]

No reactivation 
(neither 3, nor 
25 min)

Ø Ø CFC [71]

OBS: − amnestic effect, + facilitatory effect, Ø no observed effect
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the memory consolidation—AEA was facilitatory and AM251 or capsazepine were 
amnestic post-training. This also suggests that, in terms of memory mechanisms, the 
endovanilloid system is a modulatory system that somewhat complements the ECS.

Interpreting the Findings According to CA1 Inner 
Circuitry II: Fitting all the Gang

The cannabinoid antagonist/inverse agonist AM251, when infused into the CA1 
hippocampal region, interferes in some way with the natural functioning of the en-
dogenous pool of endocannabinoids present at each memory phase studied here: 
thus, notwithstanding AEA results, we believe the findings of major relevance here 
are the AM251 effects due to its ability to tap into the ECS and show us exactly what 
it is doing in every particular moment assayed. To this point, the main empirical 
conclusions are the following:

• Memory consolidation is positively modulated by the ECS in the CA1 area, 
since AM251 was amnestic;

• Memory retrieval is negatively modulated by the ECS in the CA1 area, since 
AM251 was facilitatory;

• Memory extinction is positively modulated by the ECS in the CA1 area, since 
AM251 was amnestic;

• Memory reconsolidation is negatively modulated by the ECS in the CA1 area, 
since AM251 was facilitatory.

To these four conclusions, we could add that the ECS in the CA1 area do not in-
terfere with memory acquisition, since AM251 had not caused any observable pre-
training effect in the studied concentration.

From now on, we will be highly speculative. Letʼs suppose—for the purpose of 
this model—that only the CA1 area is relevant to decide the fate of a new memory 
in the whole brain, and that the circuit depicted in Fig. 3.2, and algebraically “ex-
plained” in Table 3.1, is a good model to explain those results. Remember that in 
the “normal” situation, hippocampal CB1 receptors are much more concentrated 
in GABAergic interneurons than in glutamatergic terminals [11, 12, 122, 123]. We 
may suggest the following:

• The first conclusion above implies that the targeted CB1 receptors during con-
solidation consist mainly of those present upon the GABAergic interneurons, 
since, according to our CA1 circuit hypothesis, only in this case an amnestic 
effect is conceivable;

• If this is correct, the second conclusion could be explained by some plasticity 
taking place in the CA1 circuitry during retrieval, after the memory has been 
consolidated, with the ECS modulation changed to be more effective on the glu-
tamatergic, excitatory cells (see Table 3.4).



64 J. A. Quillfeldt and L. de Oliveira Alvares

Despite being both testable—however hard this would be—these are two complex 
and mutually interdependent hypotheses. In this framework, how can we fit conclu-
sions 3 and 4?

• The third conclusion, being qualitatively identical to the first, suggests a similar 
explanation: it could just be derived from the fact that extinction is the onset of a 
new memory—despite weaker. Thus, “consolidation of extinction” should natu-
rally share the very same mechanisms of any “first-time” consolidation, includ-
ing the positive endogenous cannabinoid modulation here verified. It remains to 
be understood why this new learning ends up being “second class”, i.e. subject 
to such drawbacks as spontaneous recovery, but a strong association with the 
original memory trace could somewhat help us to solve this riddle;

• Finally, what about the negative ECS modulation of reconsolidation inferred in 
the fourth conclusion? The simplest way to approach this may be to consider it as 
just a continuation of the retrieval ECS state, since in this case, different plastic 
mechanisms are being summoned, more or less the same mechanisms specifi-
cally involved in the retrieval session.

In an insightful paper of Ivan Izquierdo’s Lab concerning memory retrieval [23] 
it was stated that “the molecular mechanisms that generate extinction are initiated 
at the time of retrieval in the CAl region of the hippocampus, and include some of 
those that are involved in retrieval. Therefore, it may be said that retrieval ‘plants’ 
the seeds of its own extinction in CA1. Some of the ‘seeds’ (the MAPK and PKA 
signaling pathways) are required for retrieval itself; the others (NMDA receptors 
and CaMKII) are not”. This may be true, but we have reasons to suppose that the 
seeded processes should include, above all, those pointing to reconsolidation, that 

Table 3.4  Fitting the present findings with different memory phases into the algebraic/anatomo-
functional circuitry model depicted in Fig. 3.2

A B C A X B X C
the “algebra”

Cell type in 
CA1

Natural role 
onengram 
recording

ECS tonus 
acting 
upon this 
cella

AM251 
on CB1 
receptors

Memory LTP Observed 
in phase

Switching 
role?

GABAergic 
interneuron

− − − − − Consoli-
dation

Extinction

Glutamatergic 
neuron

 + − −  +  + Retrieval Reconsoli-
dation

Mechanism? Excitatory/
Inhibitory 
Action

ECs 
activate 
inhibi-
tory CB1 
receptors

Antagonists 
displace 
ECs or inv.
agon.
 = inv. 
response

Plastic 
change 
after 
learning?

ECS 
assists 
decision 
on trace 
fate?

OBS: +  enhancement/facilitation, − inhibition/blocking
a Same (or absence of) effect obtained by exogenously infused agonist AEA
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may depend both on the mentioned enzymes and on mechanisms more recently 
proposed as being specifically pertinent to the reconsolidation/updating process un-
derlying an already-consolidated-just-being-retuned memory trace, namely those 
involving L-type VGCCs [114, 124] and the early gene Zif268 [125].

Concerning the dynamical, real life situations, the capacity to update memory 
seems to be essential for individual survival. The process of reconsolidation might 
be the most important property of memory, aside from the obvious function of re-
membering, and understand it  is a great challenge to the area of behavioral psy-
chopharmacology in the following years. Table 3.4 summarizes this interpretative 
scenario.

Concluding Remarks

A substantial amount of research has been undertaken over the past decade report-
ing the role of the endocannabinoid system on cognitive functions, and it is not 
possible to adhere to simplifications such as the proposition of ECS as a mere posi-
tive or negative modulatory system. There are many factors that can influence the 
effect of the endocannabinoid on memory, such as the nature of the cognitive task, 
memory phase moment, drug specificity, context complexity, concentration/dose, 
level of arousal/aversiveness, and many others. It seems that the endogenous levels 
of endocannabinoids are fine-tuned to select memory processes in order to warrant 
regular optimal conditions: the infusion of an extra amount of exogenous cannabi-
noid, or an antagonist, may break this balance and displace the memory process.

All things taken together, the findings point to a complex, multifunctional modu-
latory system that performs several functions aimed at shaping the destiny of a 
memory trace. This would be a good reason for the CB1 receptors to be the most 
common metabotropic receptors in the brain: they are badly needed to perform such 
complex switching/directioning functions.
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Abstract Cannabinoid signaling is believed to decrease anxiety, albeit the conflict-
ing nature of evidence is generally acknowledged. Here we provide a comprehen-
sive overview of available findings by grouping them according to the tools that 
have been used to modulate cannabinoid signaling. The systemic administration of 
cannabinoid receptor agonists and antagonists led to the most conflicting findings; 
such treatments may increase, decrease, or leave anxiety unaffected. In addition, 
antagonists and agonists had similar effects in many instances including their bipha-
sic effects. The effects of genetic manipulations, cannabinoid synthesis or reuptake 
inhibition as well as the effects of local brain treatments with cannabinoid ligands 
appear more consistent. We suggest that systemically administered receptor ligands 
affect cannabinoid signaling globally and as such lack the spatial and temporal spec-
ificity of endocannabinoid signaling. By contrast, gene disruption and the indirect 
modulation of endocannabinoid availability affect ongoing (natural) processes and 
lead to more specific and consistent effects. Local brain treatments whit receptor 
ligands are spatially restricted which increases the consistency of findings, but also 
reveals that cannabinoids affect anxiety in a brain area-specific manner, which fur-
ther explains the inconsistency of findings with systemically injected ligands. Envi-
ronmental conditions have a large impact on effects with all techniques, suggesting 
that endocannabinoid signaling affects coping with environmental challenges rather 
than unconditionally decreasing anxiety. The relationship between cannabinoid sig-
naling, anxiety and coping styles is largely understudied, but holds great promise 
for understanding the roles of cannabinoids in behavioral control and may broaden 
their therapeutic implications.

Keywords 2-arachidonoylglycerol · Anandamide · Anxiety · Coping styles · 
Endocannabinoids · Rodents
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Introduction

The totality of scientific evidence obtained so far suggests that cannabinoids do play 
a role in the inhibitory control of anxiety, but findings are highly contradictory both 
within and between the techniques employed to manipulate cannabinoid signaling. 
Inhibition by various means (gene disruption, receptor antagonism) can increase 
anxiety, decrease anxiety and may be without effect, and the same applies to the 
enhancement of cannabinoid signaling by cannabinoid receptor agonists, reuptake 
blockers or by the inhibition of enzymes involved in their degradation. While there 
seem to be more studies attributing an anxiolytic role to cannabinoids, conflicting 
evidence is too many to be attributable to experimental error. Contradictions were 
explained in various ways, and led to several hypotheses. A thorough review of 
these makes it clear that theoretical approaches are based on partial evidence and 
none of them is comprehensive enough to create a consistent picture. The goal of 
the present chapter is to provide a full review of the evidence contained by the 
PubMed database and to evaluate the reasons of contradictions with the ultimate 
aim of disentangling the roles played by endocannabinoid signaling in anxiety. We 
are aware of the fact that neither goal is realistic in absolute terms, because:

• The particularities of the search engine of PubMed do not rule out that some 
studies remained hidden to this review. The search was performed with the 
search term “(cannabinoid OR endocannabinoid OR THC OR arachidonoyle-
thanolamide OR anandamide OR AEA OR 2-arachydonoylglycerol OR 2-AG 
OR WIN 55, 212–2 OR HU 210 OR JWH 133 OR CP 55,940 OR URB 597 OR 
PF 622 OR PF 3845 OR PF 750 OR JZL 184 OR FAAH OR MAGL OR AM 
404 OR AM 1172 OR VDM-11 OR rimonabant OR SR 141716 OR AM 251 
OR NESS 0327 OR CB1 KO OR CB2 KO) AND (anxiety OR anxiolytic OR 
anxiogenic OR anxiolysis OR anxiogenesis or anxious)”. This term resulted in 
1017 hits out of which 186 original research studies were identified as relevant 
for the present study. While the overwhelming majority of studies were likely 
identified, the database created by this search is probably incomplete. This figure 
does not include studies on the phytocannabinoid cannabidiol1.

• A full understanding of the role played by endocannabinoids in anxiety may 
not be achievable at present stage. Reasons are multiple and range from the 
variability of research techniques and conditions, through species, strain, and 
even individual differences in the particularities of the endocannabinoid sys-
tem, to yet unraveled or poorly known epiphenomena of research tools used to 
manipulate endocannabinoid signaling. In addition to these primarily technical 
reasons, one cannot rule out that the anxiety-related effects of endocannabinoids 

1 This compound has anxiolytic properties [1–14], and as such it is highly relevant to anxiety 
research in general. However, cannabidiol binds to cannabinoid receptors with very low affinity 
[15], and its mechanisms are either indirectly related to endocannabinoid signaling [16] or involve 
direct effects on other neurotransmitter systems [17]. Therefore, data on cannabidiol were not 
reviewed here.
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are reflections of more general effects on emotions, emotional responsiveness or 
coping styles. If this was true ‒and many recent findings point to this possibil-
ity‒, then the anxiety-related effects of endocannabinoid signaling are inherently 
complex and condition-dependent, and rule out the possibility of answering sim-
ple questions of the type “does endocannabinoid signaling increase or decrease 
anxiety”?

The next section briefly reviews the main findings of the search described above. 
This section is free of interpretations or explanations which constitute the subject 
of the third chapter. The last, concluding section is an attempt to integrate data and 
views.

Findings

Systemic Effects

Decreased Endocannabinoid Activity

Decreasing endocannabinoid activity via the genetic disruption of the type 1 can-
nabinoid receptor (CB1R) resulted in an anxious phenotype in most studies employ-
ing well-validated tests of anxiety (e.g. the elevated plus-maze, light/dark, social 
interaction tests [18–25]. The anxiety enhancing effect of CB1R disruption seemed 
to be specific to young mice in one [26] and to aversive conditions in another study 
[27]. Two studies did not detect anxiety-like behavior in CB1R knockout (KO) mice 
tested in the elevated plus-maze [28, 29], while others may suggest that CB1R gene 
disruption decreases anxiety. For instance, CB1 KO mice showed decreased burying 
in the shock-prod burying test which was interpreted as an anxiolytic effect [30]. In 
the cue-induced conditioned fear test, CB1R KO mice did show increased anxiety, 
but this decreased when mice were socially stressed [29], suggesting that stress 
exposure paradoxically ameliorates the anxious phenotype of CB1R KOs.

The role of other cannabinoid receptors was poorly studied by transgenic tech-
niques. Two studies suggest that the disruption of the type 2 cannabinoid receptor 
(CB2R) increases anxiety in the elevated plus-maze [31], light/dark [31] and open-
field tests [32]. The disruption of the G protein-coupled receptor 55, a novel can-
nabinoid receptor [33–35], had no effects on anxiety in the only study available so 
far [36].

The down-regulation of endocannabinoid signaling by the CB1R antagonist 
rimonabant (SR141716A) results in biphasic effects. Low doses (0.3–3 mg/kg) re-
duced anxiety in several models, e.g. the elevated plus-maze [37–39], light/dark 
[40] and Vogel tests [38], while higher doses (3–10 mg/kg) exerted anxiogenic ef-
fects in the elevated plus-maze [28, 41–47], light/dark [48], open-field [28], novelty 
induced hypophagia [49], elevated T-maze [28], defensive withdrawal [45], social 
interaction [50] and footshock-induced ultra sound vocalization [51] tests. Such 
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large doses also increased cue-induced conditioned fear after both acute [52] and 
chronic treatment [29]; in addition, rimonabant inhibited the extinction of this re-
sponse [53–55]. Rodent findings are supported by human studies, where both acute 
and chronic treatment with rimonabant exerted anxiogenic effects [56–60].

This ostensibly clear picture is obscured by a large body of conflicting evidence. 
Firstly, rimonabant did not always produce the effects presented above. Low doses 
‒that decreased anxiety in the aforementioned studies‒ were sometimes without ef-
fect [28, 38, 61, 62]. High doses ‒anxiogenic in the studies presented above‒ were 
anxiolytic in the shock prod-burying paradigm [30]. Effects in humans were not 
replicated either [63]. Secondly, the effects of other antagonists were not always in 
line with those obtained with rimonabant. For instance, the CB1R blocker AM251 
did not show the biphasic effect seen with rimonabant. This antagonist proved to be 
anxiogenic over a wide range of doses (0.3–8 mg/kg) [21, 25, 50, 64–68]. In addi-
tion, AM251 reduced urocortin1 microinjection- and nicotine abstinence-induced 
anxieties[69, 70]. Other antagonists (AM281, AM4113, and AVE1625) did not af-
fect anxiety [66, 71–73].

Data on CB2R antagonists are sparse. Acute treatment with AM630, a CB2R 
antagonist, led to anxiogenic effects, while chronic treatment attenuated anxiety in 
the same paradigm [74].

Taken together, the findings briefly reviewed above are in line with expectations 
and show that the effects of inhibited endocannabinoid signaling are highly variable 
(for a summary see Table 4.1).

Increased Endocannabinoid Activity

Similar to the antagonist rimonabant, CB1R agonists have biphasic effects on anxi-
ety. Surprisingly, however, the effects are not only biphasic but entirely similar 
to those seen with rimonabant (but not other antagonists): low doses decrease, 
while high doses increase anxiety. Anxiolytic effects were shown for low doses 
of the phytocannabinoid Δ9-tetrahydrocannabinol (THC; 0.075–2 mg/kg), the en-
docannabinoid anandamide (AEA; 0.1–1.25 mg/kg) and synthetic cannabinoids 
(WIN55,212–2: 0.5–3 mg/kg; CP55,940: < 0.1 mg/kg; HU210: 0.01 mg/kg) [21, 
43, 53, 65, 67, 68, 75–90]. Higher doses of the same agonists (THC: 2.5–10 mg/
kg; AEA: 10 mg/kg; WIN55,212–2: 3–5 mg/kg; CP55,940: > 0.1 mg/kg; HU210: 
0.05–0.1 mg/kg) were anxiogenic [40, 44, 71, 78, 83, 89–104]. High doses of THC 
increased anxiety in humans as well [105–111].

This apparently consistent picture is blurred by a large body of conflicting evi-
dence. Low doses of agonists ‒anxiolytic in the above studies‒ increased anxiety 
under specific conditions, such as repeated treatments in adults, perinatal adminis-
tration and in rats that were chronically treated with vehicle before drug administra-
tion [112–115]. High doses of CB1R agonists ‒anxiogenic in the above studies—de-
creased anxiety in cocaine-self-administering subjects, in the 3,4-methylenedioxy-
N-methylamphetamine-induced anxiety model, after chronic vehicle pretreatment 
and in adolescent subjects [116]. The biphasic effect was also overturned by species, 
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strain, gender, and experimental conditions (e.g. enriched environment, treatments 
received in adolescence) [117]. Additionally, there is a large set of studies, in which 
doses that effectively altered anxiety in the above studies were without effects [54, 
98, 101, 114, 118–123]. Inefficacy was sometimes seen under specific conditions, 
like stress-induced anxiety [124] or alcohol-withdrawal [125].

The enhancement of endocannabinoid signaling via the selective blockade of 
their degrading enzymes is a novel approach for the up-regulation of endocannabi-
noid activity [126–129]. Endocannabinoids are synthesized “on-demand”; therefore 
the blockade of their breakdown promotes ongoing signaling processes, i.e. their 
effects are more specific than those of agonists, which activate cannabinoid recep-
tors throughout the brain. Both genetic and pharmacological blockade of the anan-
damide metabolizing enzyme, fatty acid amide hydrolase (FAAH), led to anxiolytic 
effects in a number of reports [43, 46, 67, 71, 86, 100, 126, 128, 130–138]. In other 
cases, however, no effects were seen either after genetic [139] or pharmacological 
blockade of FAAH activity [138–140]. FAAH inhibition was anxiogenic in one 
study [50]. Strong dependence on environmental conditions was reported in two 
studies [138, 139].

Studies on the specific role of 2-AG signaling were only recently made possible 
by the synthesis of the first selective, specific monoacylglycerol lipase (MAGL) 
blocker. This compound decreased anxiety in a number of studies [132, 134, 141, 

Table 4.1  Effects of decreased endocannabinoid activity on anxiety
Assessment tools Effects on anxiety 

(references)
Number of studies

CB1 KO Anxiogenesis 9
Condition-dependent 
effects

2

No effects 2
Anxiolysis 2

CB2 KO Anxiogenesis 2
GPR55 KO No effects 1
CB1R antagonist findings compatible with 

biphasic effectsa

(total No. of studies: 25)

Rimonabant 25
AM251 0
Other antagonists 0

findings incompatible 
with biphasic effectsb

(total No. of studies: 20)

Rimonabant 6
AM251 10
Other antagonists 4

CB2R antagonists acute: anxiogenesis; 
chronic: anxiolysis

1

a the general consensus is that low doses of CB1R antagonists decrease, while large doses increase 
anxiety. The dose ranges for these effects were indicated in the text
b the hypothesis on the biphasic nature of effects was considered challenged by studies where 
either the low or the large those did not produce the expected effect

4 Interactions Between Cannabinoid Signaling and Anxiety



78 M. Aliczki and J. Haller

142]. A few studies suggest that these effects depend on environmental aversive-
ness, and HPA-axis activity [143, 144].

Endocannabinoid signaling can also be stimulated by the inhibition of endocan-
nabinoid transport. This treatment led to anxiolytic effects in a number of reports 
[43, 54, 87, 145–148]; no effects were seen in two studies [71, 149].

Taken together, the effects of pharmacological enhancement of endocannabinoid 
activity have variable effects on anxiety-like behavior. Findings are summarized in 
Table 4.2.

Local Brain Treatments

Neuron Type-Specific Effects

In this type of studies, transgenic animals were used; the selective disruption of 
CB1Rs in glutamatergic, dopaminergic and serotonergic neurons all increased anxi-
ety [20, 29, 150]. The same manipulation in GABA-ergic neurons did not cause 
such changes [29]. One study suggests that cannabinoid signaling in serotonergic 
neurons ameliorates conditioned fear, despite the fact that the same transgenic 

Table 4.2  Effects of increased endocannabinoid activity on anxiety
Assessment tools Remarks Effect on anxiety 

(references)
Number of studies

CB1R agonists Findings compatible 
with biphasic effectsa

Low doses anxiolytic,
large doses anxiogenic

35

Findings incompatible 
with biphasic effectsb

Effect altered/reverted 
by specific experimen-
tal conditions

13

No effects on anxiety 10
Blockade of AEA degradation Anxiolysis 17

Condition-dependent 
effects

2

No effects 1
Anxiogenesis 1

Blockade of 2-AG degradation Anxiolysis 4
Condition-dependent 
effects

2

Endocannabinoid reuptake inhibition Anxiolysis 6
no effect 2

a the general consensus is that low doses of CB1R antagonists decrease, while large doses increase 
anxiety. The dose ranges for these effects were indicated in the text
b the hypothesis on the biphasic nature of effects was considered challenged by studies where 
either the low or the large those did not produce the expected effect
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animals showed anxiety in the elevated plus-maze [29]. By contrast, dopamine neu-
ron-specific gene disruptions had congruent effects in the social interaction test of 
anxiety and conditioned fear [150].

Brain Area-Specific Effects

General effects. Blockade of CB1Rs in the brain by the intracerebroventricular in-
jection of the CB1R antagonist AM251 increased anxiety [151], while the enhance-
ment of endocannabinoid activity by FAAH administered via the same route was 
anxiolytic [133]. The effects of AM251 were reversed in animals treated with cor-
ticotrophin releasing hormone and in those submitted to cocaine-withdrawal [151]. 
Mice expressing CB1Rs only in the dorsal telencephalon showed reduced anxiety 
compared to CB1R KO mice [152].

Prefrontal cortex. The enhancement of cannabinoid signaling by cannabinoid 
agonists and FAAH inhibition had biphasic effects in this brain area; small doses 
decreased, while large doses increased anxiety [153, 154]. The genetic over-ex-
pression of the CB1Rs in the same area mimicked the effects of large doses, i.e. 
it increased anxiety [155]. Thus, the studies performed so far provide a congruent 
picture. Interestingly, the biphasic effects seen after systemic treatments were rep-
licated by local agonist infusions into the prefrontal cortex. Similar biphasic effects 
were seldom reported in other brain regions.

Amygdala. We found only one study where local treatments were suggested to 
cover the whole amygdala; in this case, the cannabinoid agonist arachidonylcy-
clopropylamide (ACPA) reduced anxiety [156]. This effect was replicated by the 
infusion of agonists into the basolateral amygdala but not by local treatments tar-
geting specifically the central amygdala. In the former region, agonists (Δ9-THC, 
WIN55,212–2) and N-arachidonoyl-serotonin (a combined FAAH inhibitor/TRPV1 
antagonist) reduced anxiety; the effect was valid to certain doses and particular 
conditions only, but no anxiogenic effects were observed at any dose [153, 157]. 
It is worth to note that no similar effects were observed with anandamide and pure 
FAAH inhibitors [158, 159], while Δ9-THC administration into the central amyg-
dala increased anxiety [160].

Cannabinoid antagonists were administered into the basolateral, central, and 
medial amygdala. In the basolateral amygdala, where agonists decreased anxiety, 
antagonists increased it [69, 159, 161]; thus, the two types of treatments led to con-
gruent effects in this brain region. In the central amygdala, antagonists (rimonabant, 
AM251) increased anxiety [161], similar to the agonist Δ9-THC. Thus, in this amyg-
dala region, findings are incongruent. One study suggests that the local disruption 
of CB1R expression in the medial amygdala decreases anxiety [162].

Taken together, the studies reviewed above suggest that cannabinoid signaling in 
the basolateral amygdala decreases anxiety. Reports on other amygdalar subregions 
are disparate, but suggest that the effects of cannabinoid signaling are amygdala 
subarea-specific.

4 Interactions Between Cannabinoid Signaling and Anxiety
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Hippocampus. Agonists or FAAH inhibitors were infused into the CA1 region in 
three studies: effects were contrasting as anxiogenic effects [163], no effects [164] 
or anxiolytic effects [165] were observed. CB1R blockade in the very same brain 
region either decreased or increased anxiety [163, 166]. In the ventral hippocampus, 
the enhancement of endocannabinoid signaling by agonists (Δ9-THC, high doses), 
as well as by FAAH or reuptake blockade resulted in anxiogenesis [153, 167, 168], 
while the blockade of CB1Rs did not affect anxiety [167]. Noteworthy, the effects 
of Δ9-THC were biphasic, while the effects of reuptake blockade were reversed by 
stress exposure [153, 167, 168].

Periaqueductal gray. Cannabinoid receptor agonists (2-AG, AEA, ACEA), the 
blockade of MAGL, as well as the inhibition of cannabinoid reuptake in the dorsal 
and dorsolateral periaqueductal gray decreased anxiety [141, 169–172]. The CB1R 
antagonist AM251 was without effect [172]. Except for this latter finding, the anx-
iolytic roles of cannabinoid signaling in the dorsal/dorsolateral periaqueductal gray 
appear well supported.

Other brain regions. The local deletion of CB1Rs in the posterior hypothalamus, 
the paraventricular and supraoptic nuclei increased anxiety [162]. The microinjec-
tion of AM251 into the enteropeduncular nucleus also increased anxiety [160].

Conclusions

The number of studies on neuron type-specific and brain area-specific roles of can-
nabinoid signaling in anxiety are clearly insufficient to draw definite conditions. 
Nevertheless, the findings obtained so far suggest that cannabinoids have anxiolytic 
effects in most brain regions. As exception, they appear to have biphasic effects in 
the prefrontal cortex, and anxiogenic effects in the ventral hippocampus. Data in the 
dorsal hippocampus and medial amygdala are sparse. Findings appear to be rather 
congruent in many brain regions, and neuron types. The brain area-specific effects 
of cannabinoids on anxiety are summarized in Table 4.3.

Interpretation

Clearly, data on the anxiety-related effects of cannabinoids are conflicting, but the 
thorough overview of the available findings leads to a series of interesting conclu-
sions:

• The less reliable findings were obtained with cannabinoid agonists and antago-
nists. The most blatant dissimilarities relate to the biphasic effect of such treat-
ments. Biphasic effects are not particularly unusual in pharmacology, but in the 
case of cannabinoid ligands, antagonists and agonists have highly similar effect 
profiles: small doses of both decrease anxiety, while large doses of both increase 
anxiety. In addition, the largest number of conflicting findings was obtained with 
these experimental tools.
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• The selective genetic disruption of cannabinoid receptors provided more con-
gruent findings: this procedure increased anxiety in the overwhelming majority 
reports. One study reported no effects, while another reported context-dependent 
effects which included anxiogenesis under particular conditions and no effects 
under other conditions. In addition, one of the reports where anxiolytic effects 
were observed employed the shock-prod burying paradigm, a mixed anxiety and 

Table 4.3  Brain area-specific effects of cannabinoid signaling on anxiety
Brain area Most frequently 

reported effect
Number of studies

Prefrontal cortex Biphasic
(low doses are 
anxiolytic;
high doses are 
anxiogenic)

Supporting 4
Not supporting 0
Opposite effect 0

Amygdala Whole Anxiolysis Supporting 1
Not supporting 0
Opposite effect 0

Basolateral nucleus Anxiolysis Supporting 6
Not supporting 2
Opposite effect 0

Central nucleus Anxiolysis Supporting 2
Not supporting 0
Opposite effect 1

Medial nucleus Anxiogenesis Supporting 1
Not supporting 0
Opposite effect 0

Hippocampus, 
dorsal

Anxiogenesis 1
No effects 1
Anxiolysis 1

Hippocampus, 
ventral

Anxiogenesis Supporting 3
Not supporting 1
Opposite effect 0

Periaqueductal 
gray,
dorsal/
dorsolateral

Anxiolysis Supporting 6
Not supporting 1
Opposite effect 0

Hypothalamus Anxiolysis Supporting 1
Not supporting 0
Opposite effect 0

Enteropeduncular 
nucleus

Anxiolysis Supporting 1
Not supporting 0
Opposite effect 0

4 Interactions Between Cannabinoid Signaling and Anxiety
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coping test [173]. Effects on coping will be discussed below. In conclusion, the 
anxiogenic effects of CB1R disruption is contradicted by one single study, and no 
effects were obtained in another.

• Findings obtained with agents that indirectly modulate endocannabinoid signal-
ing (FAAH, MAGL, and reuptake blockers) are not devoid of contradictions, but 
again the overwhelming majority of findings suggest that such agents decrease 
anxiety. This statement is supported by 27 studies. Condition-dependent effects 
were obtained in 4 studies (usually implicating anxiolysis under particular con-
ditions) and no effects were obtained in 3 studies. Anxiogenic effects were ob-
tained in one study only.

• Local brain treatments with cannabinoid agents provided the most consistent sets 
of data. There are virtually no contradictions in the case of certain brain areas, 
while opposing effects are missing in other cases (e.g. discrepancies are between 
effects and no effects).

The perspective summarized above raise a series of questions; the following sec-
tions are attempts to answer them.

Why are the Effects of Receptor Ligands Less Reliable than Those 
of Indirect Modulators?

The characteristics of endocannabinoid signaling and those of receptor ligands de-
crease the reliability of the latter as experimental tools. Endocannabinoids are se-
creted from the post-synaptic membrane and retrogradely inhibit the synaptic neu-
rotransmission that triggered their release [174]. Although a probably low level of 
tonic activation cannot be excluded, the endocannabinoid signal occurs phasically 
i.e. when the intensity of anterograde synaptic communication reaches certain lev-
els [175–178]. As such, the main role of endocannabinoid signaling appears to be 
the blockade of excessive neuronal activation [179].

Agonists overrule this finely tuned mechanism by inhibiting neurotransmission 
in synapses where this is not justified by its intensity, i.e. where retrograde signaling 
is not activated under normal conditions. As such, the effects of agonists are broader 
than those of endocannabinoids, and instead of mimicking natural activity they ex-
tend effects to synapses, neurons and brain areas where such activity normally does 
not take place.

Antagonists on their turn (especially those extensively used in anxiety research), 
have inverse agonist properties, by which they also overrule the above-described 
mechanism. Instead of inhibiting endocannabinoid signaling, their inverse agonist 
effects inhibit neuronal discharges in areas where endocannabinoids are normally 
not released. Thus, their effects are also extended to synapses, neurons and brain 
areas where endocannabinoids are not active.

In addition, many of the tools regularly used to affect receptor function affect 
both CB1Rs and CB2Rs. Originally, this was not perceived as a problem, but rela-
tively recent findings demonstrate that CB2Rs are expressed in the brain and have 
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roles in behavior control [180]. In addition, receptor ligands also bind to other re-
ceptors, for instance to the still poorly known “third” cannabinoid receptor as well 
as to the GPR55 and TRPV1 receptors [181]. Naturally, endocannabinoids also bind 
to these receptors non-selectively; however, they affect the function of these mecha-
nisms in spatially and temporally selective ways, while exogenous receptor ligands 
act indiscriminately.

A third problem with exogenous ligands is that their brain distribution is not 
uniform; moreover, different receptor ligands have specific patterns of brain distri-
bution. For instance, two times more WIN55,212–2 was found in the hypothalamus 
than in the amygdala after the systemic administration of the compound; by con-
trast, the amounts of the antagonist rimonabant (administered by the same route) 
were similar in these two brain regions [182]. While the issue remains understudied, 
the available findings strongly suggest that compound-specific brain distribution 
patterns constitute an additional confounding factor in the elucidation of the roles of 
endocannabinoids in behavioral control. Furthermore, cannabinoid receptor ligands 
may show species- and neuron type-specific ligand sensitivity. Electrophysiological 
studies showed for instance that WIN-55,212–2 preferentially affected GABA-er-
gic neurotransmission in mice, while the same compound appeared to affect gluta-
matergic neurotransmission in rats, which together with species- and neuron type-
specific effects of AM251 led to large species differences in the behavioral effects 
of these ligands and marked differences in their interaction [23].

The use of indirect modulators circumvents most these problems. Metabolic 
enzyme inhibitors and reuptake blockers enhance and prolong naturally occurring 
endocannabinoid release. Consequently, the up-regulation of endocannabinoid sig-
naling is restricted to synapses, neurons and brain regions where the system is acti-
vated by the behavioral paradigm investigated. The enhanced activation of natural 
endocannabinoid signaling also eliminates problems related to receptor specificity, 
brain distribution and ligand sensitivity.

Why are Gene Disruption and Local Treatments More Reliable 
than Receptor Ligands?

The problems related to the use of receptor ligands are also circumvented by the 
genetic disruption of the endocannabinoid receptor and by the local brain admin-
istration of compounds. The gene disruption technique has its own flaws, among 
which the development of compensatory mechanisms are believed to have the larg-
est impact on experimental findings. At the same time, however, most of the prob-
lems raised by the use of receptor ligands are avoided by this technique. The reason 
is the spatio-temporal overlap of networks activated by a behavioral context and 
the lack of receptors in these networks. While receptors are eliminated throughout 
the brain, the consequences of this are manifested only at those synapses which 
are activated under the conditions of a particular study. The effects of gene disrup-
tion on networks that are unrelated to the context (i.e. are not “working” when a 
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particular behavior is expressed) remain “silent” because they do not contribute to 
the execution of the behavioral act. Therefore, gene disruption eliminates naturally 
occurring cannabinoid signaling without having effects on other mechanisms. The 
same holds true for selectivity: while receptor ligands act on more than one recep-
tor, gene disruptions are selective in this respect. Finally, problems associated by 
ligand-specific brain distribution patterns and ligand specificity are not present in 
receptor knockouts, where the ligands are the natural ones, i.e. endocannabinoids.

The local application of receptor ligands involves all the problems associated 
with direct receptor modulation, but these are spatially restricted, and by this their 
consequences are minimized. In other words, nonspecific effects at the targeted 
brain area are not amplified by nonspecific effects at other brain sites. Moreover, lo-
cal applications eliminate the problem of differential effects exerted in certain brain 
regions. As shown above, the local administration of cannabinoids results in anx-
iolysis in some but not all brain regions. Systemically administered cannabinoids 
activate in parallel biphasic effects in the prefrontal cortex, anxiolytic effects in the 
amygdala, and anxiogenic effects in the hippocampus, while local administration 
activate only one of these mechanisms, which leads to clearer findings.

Why are Effects Condition-Dependent?

It is a common observation that the condition of subjects and experimental condi-
tions have a large impact on how cannabinoids affect anxiety; examples were out-
lined above and will not be reiterated here. One possible interpretation of such con-
dition-dependent effects is that cannabinoids do not affect particular behaviors but 
affect the way in which the organism responds to challenges, i.e. they affect coping 
styles. We identified four papers addressing the effects of cannabinoids from this 
perspective [25, 183–185]. Taken together, these studies suggest that cannabinoids 
promote active coping, which is associated with anxiolytic-like and antidepressant-
like effects in particular tests.

Active and passive coping styles are two distinct behavioral phenotypes which 
differ in the way challenges are dealt with, and which show a bimodal distribution 
[186, 187]. Behavior is internally driven and problem oriented in active copers. In 
contrast, passive copers are governed by environmental stimuli and tend to respond 
challenges by avoidant behavior. These temporally stable behavioral phenotypes 
have adaptive significance in animals, while in humans, active (type “A”) and pas-
sive (particularly type “C”) coping styles influence disease susceptibility and re-
silience under adverse conditions [187–189]. Moreover, coping styles are believed 
to reliably predict disease-induced decreases in quality of life [190, 191]. Conse-
quently, interventions promoting active coping styles -which are associated more 
favorably with resilience- have been proposed as therapeutic goals for a variety of 
physical diseases and mental disorders [190, 192, 193]. Thus, the putative effects of 
endocannabinoid signaling on coping styles are highly relevant from a therapeutic 
point of view.
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The relationships between cannabinoids and coping on one side, and cannabi-
noids and anxiety on the other side have not been elucidated so far. There are several 
scenarios that may be considered: (1) cannabinoids affect anxiety in the first place, 
and promote active coping by decreasing anxiety; (2) cannabinoids affect coping in 
the first place, and their anxiolytic effects are context-dependent consequences of 
the shift in coping styles; (3) effects on coping and anxiety are mediated by different 
cannabinoid-dependent mechanisms that interact under specific conditions.

Conclusions

Overall, the findings suggest that cannabinoid signaling decreases anxiety. The 
number of conflicting findings is large. A comparison of different technologies 
demonstrates that the reliability of findings is rather low with receptor ligands (ago-
nists and antagonists). Considerably more consistent findings were obtained with 
gene knockouts, the indirect enhancement of endocannabinoid signaling (e.g. en-
zyme inhibitors), and local brain treatments. The anxiolytic effects of cannabinoid 
signaling are more robustly shown by the latter three as compared with the former 
approach, but notably, the effects of cannabinoids is not uniform across brain ar-
eas. In the prefrontal cortex, biphasic effects were noticed (anxiolysis at low and 
anxiogenesis at large doses), while in the amygdala and hippocampus cannabinoids 
seem to decrease and increase, respectively, anxiety-like behavior. The condition 
of subjects and experimental conditions have a strong impact on the effects of can-
nabinoids, and this seems to be independent from the technique employed to ma-
nipulate endocannabinoid signaling. Recent findings demonstrate that cannabinoids 
promote a shift from passive to active coping with challenges, which may explain 
the context-dependence of their anxiety-related effects, and may broaden their ther-
apeutic implications. The relationship and directionality of the triple association be-
tween cannabinoid signaling, anxiety and coping styles is largely understudied, but 
holds great promise for the understanding of the roles of cannabinoids in behavioral 
control, and the therapeutic potentials of cannabinoid modulators.
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Abstract The endogenous cannabinoid system (ECS) works as pro-homeostatic 
and pleiotropic signaling system activated in a time- and tissue-specific way dur-
ing physiological conditions, which include cognitive, emotional and motivational 
processes. It is composed of two G protein-coupled receptors (the cannabinoid 
receptors types 1 and 2 [CB1 and CB2] for marijuana’s psychoactive ingredient 
Δ9-tetrahydrocannabinol [Δ9-THC]), their endogenous small lipid ligands (anan-
damide [AEA] and 2-arachidonoylglycerol [2-AG], also known as endocannabi-
noids), and the proteins for endocannabinoid biosynthesis and deactivation. Data 
from preclinical and clinical studies have reported that a hypofunction of the endo-
cannabinoid signaling could induce a depressive-like phenotype; consequently, 
enhancement of endocannabinoid signaling could be a novel therapeutic avenue 
for the treatment of depression. To this aim there have been proposed cannabinoid 
receptor agonists or synthetic molecules that inhibit endocannabinoid degradation. 
The latter ones do not induce the psychotropic side effects by direct CB1 receptor 
activation, but rather elicit antidepressant-like effects by enhancing the monoami-
nergic neurotransmission, promoting hippocampal neurogenesis and normalizing 
the hyperactivity of hypothalamic-pituitary-adrenal axis, similarly as the standard 
antidepressants. The dysfunction of elements belonging to the ECS and the possible 
therapeutic use of endocannabinoid deactivation inhibitors and phytocannabinoids 
in depression is discussed in this chapter.
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Introduction

Current Pharmacological Approach for the Treatment of 
Depression

Depression is one of the most common mental illness with a lifetime prevalence 
of about 15–20 %, resulting in enormous personal suffering, as well as social and 
economic burden [1]. The major depressive disorder is characterized by episodes 
of depressed mood lasting for more than 2 weeks often associated with feelings of 
guilt, decreased interest in pleasurable activities and inability to experience plea-
sure (named anhedonia), low self-esteem and worthlessness, high anxiety, disturbed 
sleep patterns and appetite, impairment in memory and suicidal ideation [2].

The treatment of depression was revolutionized in the 1950s with the introduc-
tion of two classes of pharmacological agents to the clinical practice: the mono-
amine oxidase inhibitors “MAOIs” and the tricyclic antidepressants “TCAs”. The 
discovery was based on the serendipitous finding that enhancement of the synaptic 
levels of monoamines improves the symptoms of depression, leading to the mono-
amine hypothesis of depression [3]. Thus, the introduction of antidepressant drugs 
had a profound impact on the way depression was viewed: if chemicals can reverse 
most depressive symptomatologies, then depression itself may be caused by chemi-
cal abnormalities in the brain. However first generation antidepressants, due to their 
toxic and poorly tolerated profile, were largely replaced by the selective serotonin 
reuptake inhibitors (SSRIs), norepinephrine reuptake inhibitors and serotonin nor-
epinephrine reuptake inhibitors and by atypical antidepressants (i.e. nefazodone and 
mirtazapine), which are not more effective than MAOIs or TCAs but show an im-
proved safety profile [4].

Recently, some atypical antipsychotics such as olanzapine, quetiapine or aripip-
razole, used either as monotherapy or in combination with venlafaxine or sertra-
line, have also shown efficacy at ameliorating symptoms of bipolar disorder and 
treatment-resistant major depression and received approval from the FDA (US Food 
and Drug Administration) for these indications [5]. Since disruptions of circadian 
and sleep-wake cycles have been recognized as major contributor to mood distur-
bance, and agomelatine (a melatonergic agonist and a serotonin 5-HT2C receptor 
antagonist) was found to be very effective in ameliorating depressive symptoms 
with a good tolerability and safety profile, a new concept for the treatment of mood 
disorders has recently emerged [6].

However, the past decade has witnessed a driven focus on the rational discovery 
of highly selective drugs, acting at novel non monoamine based targets such as GA-
BAergic and glutamatergic neurotransmission, neuroendocrine system or neuropep-
tide signaling, which in turn could affect intracellular signal transduction pathways. 
Yet, except for the N-methyl-D-aspartate (NMDA) receptor antagonist ketamine 
[7], none of these drugs has reached the market [8–11]. Thus, the dominant hypoth-
esis of depression is still based on the monoamine model, which comprises the pri-
mary target for current antidepressants. Although today’s treatments are generally 



995 Role of the Endocannabinoid System in Depression

safe and effective, 30 % of depressed patients treated with the conventional antide-
pressants are pharmacoresistant. In addition, the medication has to be administered 
for weeks or months to see appreciable clinical benefit [12]. Therefore, there is still 
a great need to update the current level of knowledge with regard to the pathophysi-
ological mechanisms underlying depressive disorders in order to develop safer, 
more effective, and faster acting pharmacotherapies. The partial efficacy of current 
drugs raises the central question to be addressed in this chapter: Does the alteration 
of the endocannabinoid system (ECS) have a crucial role in the pathophysiology 
of depressive disorders and is the ECS consequently able to provide a promising 
therapeutic approach for their treatment?

The Endocannabinoid System (ECS)

The ECS is a neuromodulatory system, which plays a role in a variety of physiologi-
cal processes both in the central nervous system (CNS) and in the periphery, mediat-
ing the effects of the psychoactive constituent of Cannabis Δ9-tetrahydrocannabinol 
(∆9-THC) [13]. Multiple lines of evidence have shown that its dysregulation is 
associated with several pathological conditions such as pain and inflammation [14, 
15], obesity, metabolic [16, 17], gastrointestinal [18], hepatic [19], neurodegen-
erative [20–22] and psychiatric disorders [23–25]. However, the exact pathophysi-
ological mechanisms through which the ECS controls these functions are not fully 
elucidated yet. The ECS is comprised of: (1) the cannabinoid receptors type CB1 
and CB2 [26–28], (2) their endogenous ligands anandamide (N-arachidonoyl-etha-
nolamine, AEA) and 2-arachidonylglycerol (2-AG) [29, 30], (3) a specific and not 
yet identified cellular uptake mechanism [31, 32], and (4) the enzymes for endocan-
nabinoid biosynthesis, N-acyl-phosphatidylethanolamine-selective phosphodiester-
ase or glycerophosphodiesterase E1 and diacylglycerol lipase α or β [33, 34], or 
their inactivation, fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase 
(MAGL) [35, 36], respectively for AEA and 2-AG. However, additional “players” 
which are described as potential members of the ECS include the TRPV1 channels, 
the putative CB1 receptor antagonist peptides like hemopressins, peroxisome pro-
liferator-activated receptor-α (PPAR-α) and γ (PPAR-γ) ligands, such as oleoyletha-
nolamide (OEA) or palmitoylethanolamide (PEA), and N-arachidonoyl-dopamine 
(NADA), which activates both TRPV1 and CB1 receptors. Although the existence 
of a third cannabinoid receptor subtype has also been suggested [37], to date only 
CB1 and CB2 receptors are recognized as G protein-coupled receptors for endocan-
nabinoids [38].

The cannabinoid CB1 and CB2 receptors are established as mediators of the bio-
logical effects induced by cannabinoids, either plant derived, synthetic, or endog-
enously produced. These receptors are encoded by two different genes on human 
chromosomes: 6q14-q15 (CNR1) and 1p36.11 (CNR2). They are 7 transmembrane 
Gi/o coupled receptors that share 44 % protein identity and display different phar-
macological profiles and patterns of expression, a dichotomy that provides a unique 
opportunity to develop pharmaceutical approaches.
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The CB1 receptors are ubiquitously expressed in the CNS where they are pre-
dominantly found at high densities in the basal ganglia, frontal cortex, hippocampus 
and cerebellum. They are present at a moderate/low densities in the periaqueduc-
tal gray, amygdala, nucleus accumbens, thalamus and medulla. However, the CB1 
receptors are also found in non-neuronal cells of the brain such as microglia, oli-
godendrocytes and astrocytes [39]. Within these cortical areas there are two major 
neuronal subpopulations expressing the CB1 receptors: the GABAergic interneu-
rons (with high CB1 receptor levels) and glutamatergic neurons (with relatively low 
CB1 receptor levels) [40], which represent the two major opposing players regulat-
ing the excitation state of the brain, GABAergic interneurons being inhibitory and 
glutamatergic neurons being excitatory. CB1 receptors are also located in neurons 
of the dorsal raphe nucleus (DRN) and in the locus coeruleus (LC) which are the 
major sources of serotonin (5-HT) and noradrenalin (NE) in the brain [41, 42]. 
Thus, the direct or indirect modulation of monoamine activity or of GABA and glu-
tamate neurons, respectively, could underlie the psychotropic and non-psychotropic 
effects of CB1 receptor activation.

The cannabinoid CB2 receptors, which are also activated by AEA and 2-AG, 
are mainly distributed in immune tissues and inflammatory cells, although they 
are also detected in glial cells, and to a much lesser extent, in neurons of several 
brain regions such as cerebral cortex, hippocampus, amygdala, hypothalamus and 
cerebellum [43, 44]. While their role in pain and inflammation has been extensively 
reported, recently their involvement in emotional processes has been suggested 
[45]. The observation that the elements belonging to the ECS are prevalent through-
out the neuroanatomical structures and circuits implicated in emotionality, includ-
ing prefrontal cortex (PFC), hippocampus, amygdala, hypothalamus and forebrain 
monoaminergic circuits, provides a rationale for the preclinical development of 
agents targeting this system to treat affective diseases.

Cannabis, Endocannabinoid System and Depression: Clinical and 
Preclinical Evidence

Cannabis sativa is the most commonly used illicit “recreational” drug worldwide, 
its popularity being due to its capacity to increase sociability, to induce euphoria 
and to alter sensory perception. Although the association between Cannabis sativa 
and psychopathologic conditions has been known for thousands of years, only in the 
last 50 years the identification of the chemical structure of marijuana components, 
the cloning of specific cannabinoid receptors and the discovery of the ECS in the 
brain have triggered an exponential growth of studies to explore its real effects on 
mental health [46].

The Cannabis plant contains over 100 terpenophenolic pharmacologically active 
compounds, known as cannabinoids. Of these, ∆9-THC, characterized in 1964 by 
Mechoulam’s team [47], was identified as the primary psychoactive component of 
Cannabis, and later shown to act as a direct agonist of CB1 and CB2 receptors. Oth-
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er cannabinoids include cannabichromene, cannabigerol and cannabidiol (CBD), 
which do not seem to induce the psychotropic side effects of ∆9-THC. They act on 
several levels in the CNS, including modulation of endocannabinoid tone [48–50], 
interaction with transient receptor potential vanilloid 1 (TRPV1) channels [48] and 
serotonin 5-HT1A receptors [51], and enhancement of adenosine signaling [52, 53]. 
The above mentioned mechanisms could underlie the positive effects induced by 
CBD treatment in preclinical studies of several psychiatric as well as other disor-
ders [54, 55].

Although elevation of mood is one of the commonly cited motivations for the 
use of Cannabis, in addition to its recreational actions, data from clinical trials in the 
1970’s failed to show any antidepressant effects of ∆9-THC [56, 57]. Additionally, 
the hypothesis that depressed individuals use Cannabis as a mean of self-medication 
proposed by preclinical studies [58] has not been fully supported by clinical data 
yet [59, 60]. By contrast, some data support the hypothesis that Cannabis use pre-
cipitates depression [61–65], where genetic and environmental factors could play a 
pivotal role [66–68]. However, a recent study has shown that depressive symptoms 
are indirectly related to Cannabis use through positive, but not negative, expectan-
cies [69]. It is not to be excluded that other factors such as the dose, route of admin-
istration, baseline emotional states, personality, environment and the setting, during 
which the drug is used, could be involved in ∆9-THC effects on mood.

Despite preclinical data supporting an altered endocannabinoid signaling as a 
molecular underpinning of several psychiatric disorders [70], to date only few di-
rect investigations have assessed endocannabinoid activity in depressed patients, 
as reviewed in Table 5.1. A significant increase of CB1 receptor density has been 
found in the dorsolateral prefrontal cortex (dlPFC) of depressed suicide victims, 
possibly suggesting a hyperfunctionality of the ECS in this population [71]. By 
contrast, a down-regulation of the ECS activity was suggested by Koethe et al. [72] 
and Hill et al. [73, 74], showing a decreased CB1 receptor density in grey matter 
glial cells and lower serum concentration of 2-AG in patients with major depres-
sion. However, an increase of endocannabinoid tissue content in the dlPFC of alco-
holic depressed patients as well as a significantly enhanced serum level of AEA in 
patients suffering of minor depression were also reported [73, 75]. Furthermore, in 
two recent clinical studies, a positive correlation was found among high blood pres-
sure and serum contents of endocannabinoids in depressed females [76] and among 
intense physical exercise, AEA and brain-derived neurotrophic factor (BDNF) lev-
els [77], suggesting that an interrelationship among endocannabinoids, depression 
and cardiovascular risk factors in women and an increase in peripheral BDNF levels 
could be a mechanism by which AEA intervenes in the neuroplastic and antidepres-
sant effects of exercise.

Thus, considering the recent preclinical evidence relating the effects of enhanced 
endocannabinoid signaling to the promotion of neurogenesis, it is not to exclude 
that its activation exerts antidepressant properties through mechanisms that re-
semble the ones triggered by conventional antidepressants on synaptic plasticity 
[78, 79]. However, the increasing interest concerning ECS dysfunction in depres-
sive disorders was engendered after the clinical use of the CB1 receptor antagonist 
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rimonabant for the treatment of obesity was interrupted. In line with the theory that 
a deficiency in CB1 receptor signaling could be involved in depression, rimonabant 
was withdrawn from the market because of undesirable psychiatric side effects such 
as anxiety, depression and suicidal ideations [80]. Although no controlled clinical 
trials concerning endocannabinoid signaling in depression are available, opposite 
changes in endocannabinoid activity could underlie the different forms of depres-
sive illness.

As recently suggested, genetic variations in CB1 receptor function could also 
facilitate the development of mood disorders in humans [81]. The human CB1 re-
ceptor gene (CNR1), which is located on the chromosome 6q14–15, seems to play a 
role in a broad spectrum of psychiatric disorders such as substance abuse disorders, 
schizophrenia and autism spectrum conditions [82–84]. With regard to depression, 
while Barrero et al. [85] showed a significant association between polymorphisms 
in CNR1 and depression only in Parkinson’s disease patients, recent studies support 
that genetic variations in CB1 receptor function and in FAAH could influence both 

Table 5.1  Schematic representation of the changes of the endocannabinoid system (ECS) elements 
in clinical studies of depression
ECS elements Sex (number 

of cases)
Diagnosis Tissue samplea Molecular 

readout
References

CB1 ♂♀ ( n = 10) Major depression dlPFC ↑ density [71]
♂♀ ( n = 11) Alcohol 

dependence
dlPFC/occipi-
tal cortex

↑ density 
(dlPFC)

[75]

♂♀ ( n = 15) Major depression Anterior-cin-
gulate cortex

↓ density [72]

AEA ♂♀ ( n = 11) Alcohol 
dependence

dlPFC ↑ level [75]

♀ ( n = 16) Major depression Serum No effect [73]
♀ ( n = 12) Minor depression Serum ↑ level [73]
♀ ( n = 15) Major depression Serum ↓ level [74]
♀ ( n = 28) Major/Minor 

depression
Serum ↑ level [76]

2-AG ♂♀ ( n = 11) Alcohol 
dependence

dlPFC ↑ level [75]

♀ ( n = 16) Major depression Serum ↓ level [73]
♀ ( n = 12) Minor depression Serum No effect [73]
♀ ( n = 15) Major depression Serum ↓ level [74]
♀ ( n = 28) Major/Minor 

depression
Serum ↑ level [76]

Palmitoyle-
thanolamide 
(PEA)

♀ ( n = 15) Major depression Serum No effect [74]

Oleoylethanol-
amide (OEA)

♀ ( n = 15) Major depression Serum No effect [74]

a dlPFC dorsolateral prefrontal cortex
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the development of depressive symptoms and the antidepressant treatment response 
[86–88]. However, a significant genetic interaction among the polymorphism in the 
serotonin transporter gene 5-HTTLPR, variants in the CNR1 gene, anxiety or stress 
adaptation have also been found [89, 90]. Thus, the identification of individuals 
with a high-risk of psychiatric disorders through genetic testing could be a promis-
ing strategy for the development of safer drugs [91].

The putative role of the ECS in depression is supported by evidence showing 
that the majority of available antidepressants also modify CB1 receptor expression 
and endocannabinoid content in brain regions related to mood disorders (Table 5.2). 
While fluoxetine increased CB1 receptor binding and/or signaling in the limbic 
region [92, 93], citalopram reduced CB1 receptor signaling in the hippocampus 
and hypothalamic paraventricular nucleus [94], suggesting a region-specific effect 
of SSRI on CB1 receptor-mediated signaling. Similarly, TCAs elicited different ef-
fects based on various brain regions: desipramine increased hippocampal and hypo-
thalamic CB1 receptor binding [95], while imipramine reduced it within the hypo-
thalamus, midbrain and ventral striatum and increased it within the amygdala [96]. 
However, no difference has been found in the AEA content. The MAOI tranylcy-
promine enhanced CB1 receptor binding and 2-AG level in PFC and hippocampus, 
while reducing AEA content within the PFC, hippocampus and hypothalamus [92]. 
Despite the conflicting panorama, these findings suggest that the antidepressants 
modify the endocannabinoid tone in different ways, depending both on the class of 
drugs and on the different brain regions considered.

Changes in ECS elements have also been reported in several stress related ani-
mal models (Table 5.3), in accordance with the clinical data described above. In 

Table 5.2  Schematic representation of the antidepressants effects on the endocannabinoid system 
(ECS) elements
Drug class Effective 

medication
Brain regiona Molecular readout References

Tricyclic anti-
depressants

Desipramine Hippocampus, 
Hypothalamus

↑ CB1 receptor binding [95]

Imipramine Hypothalamus, 
Hippocampus, 
Midbrain, 
vStriatum, 
Amygdala

↓ CB1 receptor binding 
(Hypothalamus, Midbrain, 
vStriatum)
↑ CB1 receptor binding 
(Amygdala)

[96]

MAO (A-B) 
inhibitors

Tranylcypromine PFC, Hip-
pocampus, 
Hypothalamus

↑ CB1 receptor binding
↑ 2-AG content (PFC)
↓ AEA content

[92]

Selective 
serotonin 
reuptake 
inhibitors 
(SSRI)

Fluoxetine PFC ↑ CB1 receptor binding [92, 93]
Citalopram Hippocampus, 

Hypothalamic 
paraventricular 
nucleus

↓ CB1 receptor binding [94]

a PFC prefrontal cortex, vStriatum ventral striatum



104 V. Micale et al.

EC
S 

el
em

en
ts

Ex
pe

rim
en

ta
l 

m
od

el
A

ni
m

al
s

B
eh

av
io

ur
al

 re
sp

on
se

a
B

ra
in

 re
gi

on
a

M
ol

ec
ul

ar
 

re
ad

ou
t

Po
si

tiv
e 

co
nt

ro
l

R
ef

er
en

ce
s

C
B

1
C

M
S

W
is

ta
r r

at
s

↓ 
su

cr
os

e 
pr

ef
er

en
ce

↓ 
bo

dy
 w

ei
gh

t
PF

C
M

id
br

ai
n

↑ 
ex

pr
es

si
on

↓ 
ex

pr
es

si
on

Im
ip

ra
m

in
e

[9
7]

Sp
ra

gu
e-

D
aw

le
y 

ra
ts

↓ 
bo

dy
 w

ei
gh

t ♂
♀

↓ 
su

cr
os

e 
pr

ef
er

en
ce

 ♂
H

ip
po

ca
m

pu
s

↓ 
ex

pr
es

si
on

 ♂
↑ 

ex
pr

es
si

on
 ♀

N
D

[1
02

]

C
hr

on
ic

 u
np

re
-

di
ct

ab
le

 st
re

ss
Lo

ng
-E

va
ns

 ra
ts

C
og

ni
tiv

e 
de

fic
it 

in
 th

e 
M

W
M

H
ip

po
ca

m
pu

s
Li

m
bi

c 
fo

re
br

ai
n

↓ 
ex

pr
es

si
on

N
o 

ef
fe

ct
s

N
D

[1
01

]

↓ 
se

xu
al

 m
ot

iv
at

io
n

PF
C

H
ip

po
ca

m
pu

s
H

yp
ot

ha
la

m
us

vS
tri

at
um

↑ 
bi

nd
in

g
↓ 

bi
nd

in
g

↓ 
bi

nd
in

g
↓ 

bi
nd

in
g

Im
ip

ra
m

in
e

[9
6]

Sp
ra

gu
e-

D
aw

le
y 

ra
ts

↑ 
im

m
ob

ili
ty

 ti
m

e 
in

 th
e 

FS
T

vm
PF

C
dm

PF
C

↑ 
bi

nd
in

g 
(v

m
PF

C
)

N
D

[1
00

]

↑ 
im

m
ob

ili
ty

 ti
m

e 
in

 th
e 

FS
T

↓ 
su

cr
os

e 
pr

ef
er

en
ce

↓ 
lo

co
m

ot
or

 a
ct

iv
ity

 in
 th

e 
O

FT

H
ip

po
ca

m
pu

s
↓ 

ex
pr

es
si

on
Tr

an
sc

ra
ni

al
 

m
ag

ne
tic

 
st

im
ul

at
io

n

[1
03

]

O
B

X
Sp

ra
gu

e-
D

aw
le

y 
ra

ts
↑ 

lo
co

m
ot

or
 a

ct
iv

ity
 in

 th
e 

O
FT

PF
C

↑ 
bi

nd
in

g
Fl

uo
xe

tin
e

[9
8]

R
es

tra
in

t s
tre

ss
Sp

ra
gu

e-
D

aw
le

y 
ra

ts
N

D
A

m
yg

da
la

H
ip

po
ca

m
pu

s
PF

C

↑ 
bi

nd
in

g 
(a

do
le

sc
en

t)
↓ 

bi
nd

in
g 

(a
du

lt)
↑ 

bi
nd

in
g

(a
do

le
sc

en
t/

ad
ul

t)

N
D

[9
9]

C
B

2
C

hr
on

ic
 u

np
re

-
di

ct
ab

le
 m

ild
 

st
re

ss

W
ild

 ty
pe

 m
ic

e 
of

 
C

B
2 

ov
er

ex
pr

es
s-

in
g 

m
ic

e

↑ 
im

m
ob

ili
ty

 ti
m

e 
in

 th
e 

FS
T

↓ 
su

cr
os

e 
pr

ef
er

en
ce

H
ip

po
ca

m
pu

s
↓ 

ex
pr

es
si

on
N

D
[1

06
]

Ta
bl

e 
5.

3  
Sc

he
m

at
ic

 re
pr

es
en

ta
tio

n 
of

 th
e 

ch
an

ge
s o

f t
he

 e
nd

oc
an

na
bi

no
id

 sy
st

em
 (E

C
S)

 e
le

m
en

ts
 in

 p
re

cl
in

ic
al

 st
ud

ie
s o

f d
ep

re
ss

io
n



1055 Role of the Endocannabinoid System in Depression

EC
S 

el
em

en
ts

Ex
pe

rim
en

ta
l 

m
od

el
A

ni
m

al
s

B
eh

av
io

ur
al

 re
sp

on
se

a
B

ra
in

 re
gi

on
a

M
ol

ec
ul

ar
 

re
ad

ou
t

Po
si

tiv
e 

co
nt

ro
l

R
ef

er
en

ce
s

TR
PV

1
R

es
tra

in
t s

tre
ss

W
is

ta
r r

at
s

↑ 
im

m
ob

ili
ty

 ti
m

e 
in

 th
e 

FS
T

H
ip

po
ca

m
pu

s
↑ 

ex
pr

es
si

on
C

lo
m

ip
ra

m
in

e
[1

58
]

FA
A

H
R

es
tra

in
t s

tre
ss

W
is

ta
r r

at
s

↑ 
im

m
ob

ili
ty

 ti
m

e 
in

 th
e 

FS
T

H
ip

po
ca

m
pu

s
↑ 

ex
pr

es
si

on
C

lo
m

ip
ra

m
in

e
[1

58
]

A
EA

C
M

S
W

is
ta

r r
at

s
↓ 

su
cr

os
e 

pr
ef

er
en

ce
↓ 

bo
dy

 w
ei

gh
t

PF
C

, M
id

br
ai

n,
 

H
ip

po
ca

m
-

pu
s, 

St
ria

tu
m

, 
Th

al
am

us

N
o 

ef
fe

ct
Im

ip
ra

m
in

e
[9

7]

R
es

tra
in

t s
tre

ss
IC

R
 m

ic
e

N
D

A
m

yg
da

la
↓ 

co
nt

en
t

N
D

[1
08

]
A

m
yg

da
la

vS
tri

at
um

,
m

PF
C

↓ 
co

nt
en

t
(A

m
yg

da
la

 a
nd

 
m

PF
C

)
↑ 

co
nt

en
t

(v
St

ria
tu

m
)

N
D

[1
11

]

Sp
ra

gu
e-

D
aw

le
y 

ra
ts

N
D

PF
C

, H
ip

po
ca

m
-

pu
s, 

H
yp

ot
ha

la
-

m
us

, A
m

yg
da

la

↓ 
co

nt
en

t
N

D
[1

09
]

B
l6

 m
ic

e
N

D
A

m
yg

da
la

↓ 
co

nt
en

t
N

D
[1

10
]

W
is

ta
r r

at
s

↑ 
im

m
ob

ili
ty

 ti
m

e 
in

 th
e 

FS
T

PF
C

, 
H

ip
po

ca
m

pu
s

N
o 

ef
fe

ct
C

lo
m

ip
ra

m
in

e
[1

58
]

C
hr

on
ic

 u
np

re
-

di
ct

ab
le

 st
re

ss
Lo

ng
-E

va
ns

 ra
ts

↓ 
se

xu
al

 m
ot

iv
at

io
n

PF
C

, H
ip

-
po

ca
m

pu
s, 

H
yp

ot
ha

la
m

us
,

vS
tri

at
um

,
A

m
yg

da
la

, 
M

id
br

ai
n

↓ 
co

nt
en

t
Im

ip
ra

m
in

e
[9

6]

Ta
bl

e 
5.

3  
(c

on
tin

ue
d)



106 V. Micale et al.

EC
S 

el
em

en
ts

Ex
pe

rim
en

ta
l 

m
od

el
A

ni
m

al
s

B
eh

av
io

ur
al

 re
sp

on
se

a
B

ra
in

 re
gi

on
a

M
ol

ec
ul

ar
 

re
ad

ou
t

Po
si

tiv
e 

co
nt

ro
l

R
ef

er
en

ce
s

2-
A

G
C

hr
on

ic
 u

np
re

-
di

ct
ab

le
 st

re
ss

Lo
ng

-E
va

ns
 ra

ts
C

og
ni

tiv
e 

de
fic

it 
in

 th
e 

M
W

M
H

ip
po

ca
m

pu
s

Li
m

bi
c 

fo
re

br
ai

n
↓ 

co
nt

en
t

N
o 

ef
fe

ct
N

D
[1

01
]

↓ 
se

xu
al

 m
ot

iv
at

io
n

PF
C

, H
ip

po
ca

m
-

pu
s, 

H
yp

ot
ha

la
-

m
us

, v
St

ria
tu

m
, 

A
m

yg
da

la
, 

M
id

br
ai

n

↑ 
co

nt
en

t
(H

yp
ot

ha
la

m
us

,
M

id
br

ai
n)

Im
ip

ra
m

in
e

[9
6]

R
es

tra
in

t s
tre

ss
IC

R
 m

ic
e

N
D

A
m

yg
da

la
, 

Fo
re

br
ai

n
↑ 

co
nt

en
t

N
D

[1
08

]

C
M

S
W

is
ta

r r
at

s
↓s

uc
ro

se
 p

re
fe

re
nc

e
↓ 

bo
dy

 w
ei

gh
t

PF
C

, H
ip

po
ca

m
-

pu
s, 

St
ria

tu
m

, 
M

id
br

ai
n,

 
Th

al
am

us

↑ 
co

nt
en

t
(T

ha
la

m
us

)
Im

ip
ra

m
in

e
[9

7]

R
es

tra
in

t s
tre

ss
IC

R
 m

ic
e

N
D

A
m

yg
da

la
, 

vS
tri

at
um

m
PF

C

↑ 
co

nt
en

t
(A

m
yg

da
la

, 
m

PF
C

)
↓ 

co
nt

en
t

(v
St

ria
tu

m
)

N
D

[1
11

]

A
m

yg
da

la
↑ 

co
nt

en
t

N
D

[1
12

]
Sp

ra
gu

e-
D

aw
le

y 
ra

ts
N

D
A

m
yg

da
la

↑ 
co

nt
en

t
N

D
[1

09
]

B
l6

 m
ic

e
N

D
A

m
yg

da
la

N
o 

ef
fe

ct
N

D
[1

10
]

W
is

ta
r r

at
s

↑ 
im

m
ob

ili
ty

 ti
m

e 
in

 th
e 

FS
T

PF
C

, 
H

ip
po

ca
m

pu
s

N
o 

ef
fe

ct
C

lo
m

ip
ra

m
in

e
[1

58
]

a  F
ST

 fo
rc

ed
 sw

im
 te

st
, C

M
S 

ch
ro

ni
c m

ild
 st

re
ss

, M
W

M
 M

or
ris

 w
at

er
 m

az
e,

 N
D

 n
ot

 d
et

er
m

in
ed

, O
BX

 b
ila

te
ra

l o
lfa

ct
or

y 
bu

lb
ec

to
m

y,
 O

FT
 o

pe
n 

fie
ld

 te
st

, P
FC

 
pr

ef
ro

nt
al

 c
or

te
x,

 m
PF

C
 m

ed
ia

l p
re

fr
on

ta
l c

or
te

x,
 d

m
PF

C
 d

or
so

m
ed

ia
l p

re
fr

on
ta

l c
or

te
x,

 v
m

PF
C

 v
en

tro
m

ed
ia

l p
re

fr
on

ta
l c

or
te

x,
 v

St
ri

at
um

 v
en

tra
l s

tri
at

um

Ta
bl

e 
5.

3  
(c

on
tin

ue
d)



1075 Role of the Endocannabinoid System in Depression

well validated animal models of depression such as the chronic mild stress (CMS) 
paradigm or the bilateral olfactory bulbectomy (OBX) model, which produce be-
havioural and neurochemical changes similar to those in human depression, a sig-
nificant increase of CB1 receptor density and binding has been found in the PFC 
[96–100], together with a significant decrease in the ventral striatum, hypothalamus 
[96], midbrain [97] and hippocampus [99, 101–103]. This latter seems to be asso-
ciated with a significant alteration of the hippocampal endocannabinoid-mediated 
neurotransmission and synaptic plasticity [104]. Collectively, the effects of experi-
mental stress procedures on brain CB1 receptor expression seem to be region de-
pendent.

Although the presence of CB2 receptors in stress responsive brain regions sug-
gests their involvement in the regulation of mood, to date there is no evidence con-
cerning their modification in the brain of depressed patients. More data come from 
preclinical studies, which reported a reduction of CB2 receptors in the hippocam-
pus, striatum and midbrain in animal models of depression. Similarly, an increase of 
CB2 receptor expression counteracts behavioural and neurochemical features relat-
ed to a depressive-like state [105–107]. Other controversial data about the endocan-
nabinoid brain content in depression have also been recorded. While Bortolato et al. 
[97] did not find a change in AEA levels in different brain regions of rats subjected 
to CMS, others reported a significant reduction of AEA content following different 
chronic stress paradigms [96, 108–111]. The effects of stress procedure on 2-AG 
levels are confusing as well, since a reduction in the hippocampus and an increase 
in thalamus, hypothalamus and amygdala has been shown [96, 97, 101, 109, 112], 
or no such effects [97, 110]. Although the discrepancy may be due to numerous fac-
tors, such as the nature and duration of the stress, the species (rats vs. mice) or strain 
(Wistar vs. Sprague-Dawley rats), differences in response to stress procedure, or the 
time and tissue of extraction, the data described above supports the general hypoth-
esis that a deficiency in the functioning of the endocannabinoid signaling, both in 
depressed patients and in animal models of depression, may directly lead to a vul-
nerability in development of the illness. Thus, it seems reasonable to hypothesize 
that its pharmacological facilitation would produce certain antidepressant effects.

Current Status of Animal Models of Depression  
and Antidepressant Responsive Tests

Due to the limited efficacy of antidepressant treatments, a better understanding of 
the pathophysiology of mental health disorders and the development of novel, im-
proved therapeutic treatments would fill a considerable unmet medical need [113]. 
Due to the enormous cost of clinical trials, pharmaceutical companies make all ef-
forts at testing new chemicals designed to alter the function of a specific target of 
disease in a predictable and safe manner [114]. Thus, of central importance to this 
approach is the availability of valid preclinical animal models for the evaluation of 



108 V. Micale et al.

the potential efficacy of novel compounds and the further understanding of the neu-
ropathology that underlies the idiopathic disease state of depression [115].

Ideally, an experimental animal model should reflect the human psychiatric dis-
ease in terms of face validity (i.e. reproduce the symptoms of depression observed 
in humans), construct validity (the same neurochemical mechanisms in humans as 
in the animal model) and predictive validity (chronic antidepressant treatment must 
reverse the phenotype of the animal model) [116]. In the case of depression, an 
animal model which perfectly includes the etiology, the pathophysiology and the 
symptoms of depression whilst allowing evaluating the responses to treatments re-
mains impossible to fully envisage. However, different models, each with specific 
limitations, are able to reproduce most of the etiological factors and many symp-
toms of depression or possess a satisfactory predictive value for identifying new 
compounds. For this purpose, the forced swim test (FST) or the tail suspension 
test (TST) and the CMS or the OBX seem to be good experimental approaches for 
screening potential new antidepressants and shape the underlying disease etiology 
[117].

The most widely used paradigm to assess antidepressant-like behaviour is the 
FST also known as Porsolt’s test [118]. In the FST rodents are forced to swim in 
an inescapable cylinder filled with water and eventually adopt a characteristic im-
mobile posture which is interpreted as a passive stress-coping strategy or depres-
sive-like behaviour (behavioural despair). The FST has shown its ability to detect a 
broad spectrum of substances with antidepressant efficacy, as these drugs shift from 
passive stress-coping towards active coping, which is detected as reduced immobil-
ity. Furthermore, the quantity of different movements such as climbing and swim-
ming behaviour has predictive value to differentiate between NEergic and 5-HTer-
gic activity. Some of the most representative potential antidepressants with different 
mechanisms of action have been submitted to this test [23, 119].

Similar assumptions and interpretations as the FST is the TST [120]. In this test, 
mice are suspended by their tails for a defined period of time and their immobility 
is decreased by several antidepressants. A major drawback of the TST is that its 
application is restricted to mice and limited to strains which do not tend to climb 
their tail, a behaviour that would otherwise confuse the interpretations of the results 
[121]. The test however is sensitive to acute treatment only and its validity for non-
monoamine antidepressants is uncertain [119, 122].

A different model is the CMS paradigm, which is based on reduced sweet fluid 
intake as an index of anhedonia, induced by repeated (at least 2 weeks) exposure 
to unpredictable stressors (i.e. wet bedding, disruption of dark-light cycle and food 
or water deprivation) [123]. This model induces various long-term behavioural 
and neurochemical alterations resembling some of the dysfunctions observed in 
depressed patients, which are reversed only by chronic treatment with a broad spec-
trum of antidepressants. As compared to other experimental models of depression, 
it has been evaluated as a high perspective research approach, despite its procedural 
complexity and poor inter-laboratory reliability.

The OBX, a lesion model of depression is based on surgical removal of olfactory 
bulbs by aspiration [124] and results in a disruption of the limbic hypothalamic axis 
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followed by neurochemical (i.e. changes in all major neurotransmitter systems) and 
behavioural (e.g. hyperactive response in the open field paradigm and anhedonia) 
alterations, which resemble changes seen in depressed patients and are reversed 
only by chronic administration of antidepressants [125, 126]. In most of the models 
described above, locomotor activity in the open field test must be also monitored 
to ensure that motor depression rather than emotional behaviour is not influencing 
animal responses [126].

Although none of the available experimental paradigms are able to model all 
aspects of depression disorders in terms of etiological factors and symptoms, and 
most likely never will, the paradigms described above have proven extremely use-
ful both in the identification of potential new antidepressants and in the validation 
of neurobiological concepts. More specifically, they have been extensively used for 
assessing the potential antidepressant-like activity of compounds modulating the 
endocannabinoid signaling in rodents.

Effects of Pharmacological Manipulation of the 
Endocannabinoid Signaling in Preclinical Studies  
of Depression

After discovering the ECS members (CB1 and CB2 receptors, endocannabinoids 
AEA and 2-AG and enzymes for their degradation, FAAH and MAGL) several 
pharmacological tools, which vary from direct agonists or antagonists (Fig. 5.1) 
to endocannabinoid enhancers have been evaluated in several in vitro and in vivo 
studies to assess their therapeutic potential in stress-related neuropsychiatric disor-
ders [23] (Table 5.4). Based on the hypothesis that a reduction of endocannabinoid 
signaling could underlie depressive disorders, it has been seen that acute or repeated 
treatment with different compounds which activate directly cannabinoid receptors, 
such as the main pharmacologically active principle of Cannabis sativa ∆9-THC 
[98, 127–130], the endogenous cannabinoid AEA [131, 132], the synthetic nonspe-
cific CB1/CB2 receptor agonists CP55,940 [133], WIN55,212–2 [134, 135] and 
HU-210 [136–139] or the selective CB1 receptor agonist arachidonoyl 2’-chloro-
ethylamide (ACEA) [140, 141] elicited antidepressant-like effects through CB1 and 
5-HTergic or NEergic receptor-mediated mechanisms.

However, chronic exposure to Δ9-THC or WIN55,212–2 in adolescence led to a 
depressive-like phenotype in adulthood, further supporting the fact that adolescence 
is a critical period in which protracted direct CB1 receptor activation may influence 
mood control [142–146] (see also Chap. 12). Although the CB1 receptor antago-
nist rimonabant, which was introduced into clinical practice as antiobesity agent, 
was withdrawn from the market due to the higher incidence of psychiatric side 
effects [147], preclinical studies have reported an antidepressant-like activity of 
rimonabant in rodents [129, 130, 148–151]. Using a genetic approach controversial 
results regarding the effects of CB1 receptor signaling inhibition on stress coping 
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behaviour have been obtained indicating that they could depend on specific deletion 
of CB1 receptors in some neuronal subpopulations [129, 152, 153]. However, com-
pensatory mechanisms which develop in mutant mice could underlie the discrepan-
cies between pharmacological and genetic inhibition of CB1 receptor signaling.

Although CB2 receptor ligands might be potentially safer due to the lack of 
psychoactive effects, controversial evidence concerning the effects of CB2 recep-
tor signaling modulation on depressive-like behaviour has been recently described 
[23]. Thus, further clinical and preclinical investigations are required to define the 
role of CB2 receptors in the pathophysiology and treatment of depression. Despite 
the fact that vanilloid TRPV1 channels, due to their co-localization with CB1 recep-
tors in several brain regions [154], seem to represent “the other side of the coin” in 
the regulation of anxiety, a similar function in depression is still ambiguous, since 
both TRPV1 agonists [155, 156] and pharmacological [155–158] or genetic TRPV1 
blockade [159] elicited antidepressant-like effects. Thus, further studies are neces-
sary to assess the role of TRPV1 channels as additional ECS “players” in mood 
regulation. Based on the assumption that direct activation of CB1 receptors elicited 
psychotropic side effects, several compounds have been developed that reinforce 
the effects of AEA and 2-AG by inhibiting their degradative enzymes FAAH and 
MAGL, or by blocking their cellular reuptake. Since CB1 receptors, FAAH and 
MAGL are not equally distributed in the brain; the indirect stimulation of CB1 
receptors by endocannabinoid breakdown blockers could modulate the endocan-
nabinoid signaling in selected brain areas which control mood [160].

Fig. 5.1  Schematic illustration of the pharmacological modulation (i.e. agonists, antagonists and 
endocannabinoid enhancers) of the endocannabinoid system in preclinical studies of depression. 
For details about the different drugs see the main text and Table 5.4
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The FAAH inhibitor URB597 has shown CB1 receptor-mediated antidepressant-
like effects by enhancing AEA signaling in several experimental models such as 
FST [132, 133, 161, 162], TST [163], CMS paradigm [97, 164], adolescent Δ9-THC 
exposure [146] and tail-pinch test [165]. Another FAAH inhibitor, oleamide, elic-
ited antidepressant-like effects through a CB1 receptor-mediated mechanism [136, 
166]. In agreement with the pharmacological approach, transgenic mice lacking 
FAAH, which exhibit more than 10-fold higher levels of AEA as compared to wild-
type mice, have shown a less depressive-like phenotype [145].

A particularly innovative approach in the treatment of mood disorders could be 
the use of compounds with the capability to combine inhibition of AEA hydroly-
sis with antagonism of TRPV1 channels. One such dual FAAH/TRPV1 blocker is 
N-arachidonoyl-serotonin (AA-5-HT) [167, 168], which elicited anxiolytic- [169–
171] and antidepressant-like activity [158], suggesting the potential therapeutic use 
of dual FAAH/TRPV1 inhibitors in stress-related disorders. A different strategy to 
enhance AEA signaling at the receptor is to block its uptake into pre- and/or post-
synaptic terminals, thereby promoting the indirect activation of CB1 receptors. The 
prototypical endocannabinoid transport inhibitor AM404 has improved the behav-
ioural performance of rodents in the FST, through a CB1 receptor-mediated mecha-
nism [132, 133, 136, 172]. However, the exact mechanism of action of endocan-
nabinoid uptake inhibitors as well as the molecular identity of the transporter itself 
still remains to be characterized. Therefore, further biomolecular studies will have 
to be performed in this direction.

Collectively, this evidence supports the clinical potential of endocannabinoid 
level modulators as new therapeutic tools for the treatment of mood disorders. Re-
cent data have suggested that 2-AG could act in the brain modulating behavioural 
responses in stress-related conditions [173–175]. In this context the prototypical 
MAGL inhibitor JZL184, by inducing an 8-fold increase in 2-AG, but not AEA, 
brain content reversed the depressive-like behaviour via activation of both CB1 
receptor and mTor signaling [176]. However, contrary to FAAH blockade, a po-
tential drawback in the use of MAGL inhibitors could be the development of tetrad 
effects which are typical of CB1 receptor agonists [177] as well as of tolerance with 
chronic use [178, 179].

In conclusion, while endocannabinoids are rapidly metabolized in vivo, limiting 
the potential efficacy of their exogenous administration, the data described above 
supports more FAAH than MAGL as a potential therapeutic target for the identifica-
tion of new pharmacotherapies for affective disorders [160]. In addition to the phar-
macological modulation of the endocannabinoid signaling, a different approach to 
reduce the psychotropic side effects of Cannabis is the use of plant-derived canna-
binoids with very weak or no psychotropic effects such as CBD, cannabichromene, 
cannabigerol, cannabidivarin and ∆9-Tetrahydrocannabinol, some of which show 
potential as therapeutic agents in preclinical models of CNS disorders [55]. Special 
emphasis is given to CBD, which exerts several positive pharmacological effects 
in preclinical and clinical studies to the point of making it a highly attractive thera-
peutic entity in several diseases. We still do not know the exact mechanism(s) of 
action underlying the mood-elevating effect of CBD, as it may act not only through 
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the ECS, but also by directly or indirectly activating the metabotropic receptors for 
5-HT or adenosine or by targeting nuclear receptors of the PPAR family as well as 
modulating ion channels including TRPV1 [18]. Contrary to the extensive research 
done regarding the potential therapeutic effects of CBD in anxiety [23] or schizo-
phrenia [24], only few studies have examined its antidepressant-like effects. In the 
FST, which represents a standard preclinical test to assess the effects of potential 
antidepressants, cannabichromene and CBD decreased the immobility time, the lat-
ter acting through a 5-HT1 A receptor–mediated mechanism [127, 180]. However, 
further studies are necessary to establish the efficacy and safety profile of phytocan-
nabinoids for the treatment of stress-related disorders.

Endocannabinoid Signaling and Antidepressant-Like 
Effects: Potential Molecular Underpinning

As described above, based on the monoaminergic hypothesis of depression, the 
actual antidepressants act by enhancing the central 5-HTergic and/or NEergic neu-
rotransmission through the inhibition of the synaptic re-uptake or enzymatic deg-
radation, and the desensitization or sensitization of specific receptors [4]. Several 
lines of evidence suggest that modulation of endocannabinoid signaling could fa-
cilitate 5-HTergic neurotransmission through an enhancement of 5-HT neuronal ac-
tivity, an increased 5-HT efflux or modulation of 5-HT receptors (i.e. 5-HT1A and 
5-HT2A/C). Both direct and indirect activation of CB1 receptors (the latter acting 
through pharmacological or genetic inhibition of FAAH activity) increased firing 
activity of 5-HTergic neurons in the DRN [128, 134, 162, 181], and enhanced basal 
5-HT efflux in several brain regions such as nucleus accumbens, striatum, hippo-
campus and PFC [181–183]. However, chronic exposure to the CB1 receptor ago-
nist WIN55,212–2 during adolescence attenuated 5-HTergic activity and elicited a 
depressive-like phenotype in adulthood, further supporting the importance of ado-
lescence as a highly sensitive developmental window within which the disruptive 
effects of cannabinoid exposure increase the risk for developing psychiatric disor-
ders [145]. Interestingly, inhibition of CB1 receptor signaling induced a depressive-
like phenotype in mice, which was mediated by an impairment of 5-HTergic neural 
activity [152, 153, 184–186], strenghening the role of the endocannabinoid tone in 
emotional behaviour through the modulation of the 5-HTergic neurotransmission. 
As described for conventional antidepressants, which induce a desensitization of the 
5-HT2A/C autoreceptors and/or an enhancement of the tonic activity of 5-HT1A re-
ceptors [187], the antidepressant-like effects elicited by cannabinoids could be due 
to changes in the expression and function of these receptors [128, 188]. However, 
further 5-HT receptor subtypes (i.e. 5-HT3 or 5-HT4) could also be involved in the 
emotional responses induced by the endocannabinoid tone modulation [189–192].

A dysregulation of NEergic system seems to be implicated in the pathophysiol-
ogy of depression, as supported by the primary action of antidepressants to en-
hance central NEergic transmission. In this context, a strong interaction between 
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the endocannabinoid and NEergic systems could participate in the antidepressant 
effects of endocannabinoid signaling enhancement, based on the expression of CB1 
receptors in the LC (the major NEergic nucleus). More specifically, CB1 receptor 
activation could directly or indirectly, by modulating inhibitory and/or excitatory 
inputs to LC, increase the firing activity of NEergic neurons and consequently the 
release of NE in the forebrain. This indicates the existence of a functional interac-
tion between these two systems in the action of antidepressants [181, 193, 194]. 
However, in vitro studies have shown the capacity of cannabinoids to inhibit mono-
amine reuptake and metabolism, sharing some pharmacological properties with an-
tidepressants [195–198].

Increasing evidence links stress to depression and antidepressant action, and sug-
gests that stressors act by inducing a disruption in cellular mechanisms governing 
neuronal plasticity and disturbances in the hypothalamic-pituitary adrenal (HPA) 
axis [199, 200]. Hence, current and potential antidepressants exert neurotrophic 
activity, by increasing the hippocampal expression of factors such as cyclic adenos-
ine monophosphate-response element binding protein (CREB) and BDNF, and also 
affect HPA axis hyperactivity [201–205]. The endogenous cannabinoids AEA and 
2-AG [206] and the synthetic nonspecific cannabinoid CB1/CB2 receptor agonists 
HU-210 [137] or WIN55,212–2 [207, 208] stimulate neurogenesis, which is inhibit-
ed by pharmacological [151, 206] or genetic [209–212] CB1 receptor blockade. The 
enhanced AEA signaling also stimulates hippocampal cell proliferation, through a 
CB1 receptor-mediated mechanism [158, 213, 214]

Based on the recent detection of CB2 receptors in the brain [43], their potential 
mechanisms underlying emotional responses are under investigation. So far, it has 
been seen that pharmacological activation or genetic inactivation of CB2 recep-
tors enhanced or reduced hippocampal neuronal plasticity, respectively [215, 216]. 
Similarly, the CMS procedure did not alter BDNF expression in mice overexpress-
ing CB2 receptors [106], suggesting their potential protective role. On one hand the 
controversial in vivo data does not give us a coherent picture concerning the role of 
CB2 receptors in depression, on the other hand, however, the molecular data further 
strengthens the rationale for the development of selective CB2 receptor agonists as 
promising candidates to target neurogenesis, thus bypassing the undesired psycho-
active effects of central CB1 receptor activation.

Taken together the data presented herein suggests that facilitation of the en-
docannabinoid signaling through CB1 and/or CB2 receptors activation seems to 
mimic the effects of current antidepressants on hippocampal neuroplasticity. The 
HPA axis acts as a neuroendocrine bridge, regulating the stress response by con-
trolling the secretion of corticotrophin-releasing hormone, adrenocorticotropic and 
glucocorticoidhormones. Additionally, it is controlled by a negative feedback inhi-
bition loop which involves mineralocorticoid and glucocorticoid receptors [217]. 
Depressive disorders are also characterized by an inability of glucocorticoids to 
bind their receptors, which in turn can lead to HPA axis hyperactivity and increased 
levels of circulating glucocorticoids. Treatment with the current antidepressants re-
sults in reduction of glucocorticoid release, suggesting that the attenuation of HPA 
axis hyper-responsivity could be one of the long-term adaptations in response to 
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antidepressants that contributes to their therapeutic efficacy [218]. Several evidence 
highlights the role of the endocannabinoid signaling to regulate the HPA axis both 
during basal conditions and after stress exposure [133, 219] (see also Chap. 1). 
While CB1 receptor activation inhibits HPA axis activity, as a part of the HPA axis 
negative feedback inhibition loop, impairment in the CB1 receptor signaling in-
creases HPA axis activity under both basal conditions and following stress exposure 
[152, 220–222]. Collectively the data described above suggests that the antidepres-
sant-like effects of different classes of cannabinoids may in part be due to molecular 
mechanisms which resemble the ones triggered by antidepressants.

Future Perspective and Conclusive Remarks

In conclusion, the current evidence suggests a strong link between ECS and depres-
sive disorders. A deficiency in the endocannabinoid tone leads to a depressive-like 
phenotype in experimental animal models of depression (Table 5.3), which is in 
line with clinical findings where depressed patients have reduced levels of endog-
enous cannabinoids (Table 5.1). Hence, facilitation of the endocannabinoid signal-
ing could be the target for developing potential new antidepressants. Supporting 
this hypothesis is preclinical data which has shown that elevated endocannabinoid 
signaling is able to produce behavioural and biochemical effects as the conventional 
antidepressant treatment (Table 5.4), and that many antidepressants alter endoge-
nous cannabinoid tone (Table 5.2). However, whilst the direct activation of CB1 re-
ceptors is hampered by unwanted psychotropic effects, and the possibly safer direct 
modulation of CB2 receptors still lacks sufficient experimental evidence to justify 
its use, the indirect activation of cannabinoid receptors with agents that inhibit en-
docannabinoids deactivation has produced very promising results in experimental 
animal models of depression. Yet, this approach is not devoid of intrinsic problems, 
mostly due to the fact that endocannabinoid-deactivating proteins also recognize 
other non-endocannabinoid mediators as substrates which then activate different 
receptors—a property also shared to some extent by endocannabinoids like AEA 
and NADA. Thus, inhibition of enzymes like FAAH or of the putative endocan-
nabinoid transporter might lead to the activation of these alternative receptors. This 
complication and the possible compensatory action of co-occurring deactivation 
routes and enzymes for endocannabinoids [223] may render this approach not suf-
ficiently efficacious or safe. In view of these potential problems and of the fact 
that genetic studies have revealed a relationship between depression and polymor-
phisms of cannabinoid receptors and/or degradative enzymes, only time will tell if 
targeting the ECS may result in effective pharmacotherapies for major depression 
and other affective-related disorders.
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Abstract In 2002, a landmark study showed that the endogenous activity of the 
cannabinoid type-1 (CB1) receptors is necessary for extinction of conditioned freez-
ing in mice (Marsicano G, Wotjak CT, Azad SC, Bisogno T, Rammes G, Cascio 
MG, Hermann H, Tang J, Hofmann C, Zieglgänsberger W, Di Marzo V, Lutz B. The 
endogenous cannabinoid system controls extinction of aversive memories. Nature. 
2002 Aug 1;418(6897):530–4.). Since extinction of conditioned freezing is an 
important indicator of fear adaptation in animals and because our ability to control 
emotional responses is important to ensure adapted behaviors, the potential func-
tion of the endocannabinoid system (ECS) in such processes has generated a large 
interest. In this chapter, we will provide pieces of information linking the activity of 
the ECS and fear modulation.

Keywords CB1 receptor · Learned fear responses · Coping strategies · Conditional 
CB1 knock-out mice

Fear and Its Regulation: Theoretical Framework

Definitions

Fear can be defined as a subjective unpleasant emotional state elicited by the pres-
ence of a threat [1]. Fear is a primary survival mechanism because it prepares the 
organism to effectively avoid potential dangers. Fear is accompanied by a number 
of physiological responses leading to the adoption of behavioral responses aiming 
at removing the threat situation.

Despite these words are often confused and used almost as synonymous, it is 
important to differentiate the concept of fear from other types of aversive responses 
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such as anxiety. According to the last version of the Diagnostic and Statistical Man-
ual of Mental Disorders [2], anxiety denotes an “apprehensive anticipation of future 
danger or misfortune accompanied by a feeling of dysphoria or somatic symptoms”. 
Indeed, both fear and anxiety can be regarded as emotional states. However, fear 
is proposed to differ from anxiety in having an identifiable eliciting stimulus [1]. 
Moreover, anxiety mostly denotes a pathological state, whereas fear is a natural 
reaction to threatening stimuli [1].

Fear is a physiological emotional response that helps avoiding present or fu-
ture threats. However, if fear responses do not adapt to the environmental changes, 
the individuals’ ability to exert normal life activities may be compromised. Indeed, 
whereas the ability to produce fear responses is fundamental for individuals’ sur-
vival, the control of fear responses is also necessary to maintain normal mental and 
physical activities [3]. Many authors used the terms of coping behaviors to define 
the behavioral repertoire engaged by individuals in aversive situations [4, 5]. Even 
though the precise definitions of coping behaviors differ among authors, Wechsler 
[6] proposed that “coping is a behavioral response aiming at reducing the effect of 
aversive stimuli on fitness or physiological measures related to fitness”. Indeed, ef-
fective coping implies that the engaged responses successfully remove the aversive 
stimuli or decrease the physiological consequences of aversive stimuli that cannot 
be removed. As we will see below, coping behaviors are strongly subjected to indi-
vidual differences [6–9].

Studying Fear in Animals

Emotions in general and fear in particular are highly preserved across species evolu-
tion [10, 11]. Certain emotions are expressed similarly in people around the world, 
mostly independently of possible cultural transmissions. Moreover, certain emotions 
are expressed similarly across closely related species further suggesting that they are 
phylogenetically conserved. Thus, it is likely that emotion circuits in the body are 
conserved across mammalian species [12]. Hence, exploring emotional mechanisms 
in the nonhuman mammalian brain can be considered an acceptable approximation 
to understand human emotions. Following the definition proposed above, fear would 
be characterized by three main components: (i) physiological changes, (ii) behavior-
al responses, and (iii) affective experiences (feelings). For obvious reasons, it is not 
possible to objectively measure feelings in animals other than humans. However, it 
is possible to assess animals’ emotional behaviors and their related physiological re-
sponses that allow them to deal with challenges in their environments. For instance, 
rodents faced with predator odors or stimuli that predict potential injury will adopt 
defensive responses [13]. In animal models, these threats can be innately recognized 
or learned [8, 13–15]. In particular, the fear conditioning paradigms, especially in 
rodents, have received large interest for studying the biological basis of fear.
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Aversive Learning Paradigms in Animals

Classical Fear Conditioning

Behavioral Procedure

In classical fear conditioning, an initially neutral stimulus, that does not elicit ob-
servable emotional response by itself (for instance an auditory cue of mild inten-
sity), is temporally associated with an aversive stimulus or unconditioned stimulus 
(US; such as the delivery of an electric footshock). Following this pairing, the pre-
sentation of the tone (conditioned stimulus, CS) in the absence of US becomes able 
to induce the fear responses (conditioned fear responses, CR). In this task, subjects 
learn an association that allows a novel stimulus to become a “warning of danger”, 
eliciting the defensive responses in anticipation of the inescapable danger [14, 16–
18]. Classical fear conditioning can be induced in many species from invertebrate 
to mammals, including humans [14, 19, 20]. In rodents, several types of conditioned 
fear responses were described. These include autonomous arousal (e.g. an increase 
of heart rate and blood pressure), endocrine responses (hormone release), reflex po-
tentiation and hypoalgesia. Conditioned fear is also expressed by several defensive 
behavioral responses [13, 21, 22]. In particular, animals readily respond to CS with 
the absence of any movements except those dedicated to breathing. This particular 
behavior is common to several species, but it is particularly strong in rodents and 
has been defined as “freezing” [14, 23], and likely reflects the need of the individ-
ual to hide from potential dangers, such as predators. Fear conditioning procedures 
produce rapid and robust learning as a single footshock can produce high levels of 
freezing that can be retained for months. Indeed, research from many laboratories 
used the classical fear conditioning procedure to study the neuronal mechanisms of 
fear and memory [18, 24–26]. Importantly, in the early 1990s, critical observations 
were made about different roles played by several brain regions in fear condition-
ing. From these studies, two regions emerged, among others, as key players in the 
brain processes mediating conditioned fear responses, the amygdala and the hip-
pocampus, which were also shown to subserve different fear-related components 
of freezing behavior. Whereas the amygdala was found to be necessary for learning 
about both contextual (i.e. learning about where shocks were delivered) and discrete 
(i.e. cues) stimuli [27], the hippocampus was found to have a selective role in fear 
to contextual stimuli [27, 28], although the putative necessity of the hippocampus 
in discrete fear conditioning is still highly debated [29, 30].

Once the conditioned freezing response is acquired, it is possible to inhibit it 
by a procedure called extinction. Extinction of conditioned freezing is induced 
by a prolonged or repeated CS presentation in the absence of the US, which lead 
to a progressive decrease of the fear response(s) observed [16, 31, 32]. Extinc-
tion of conditioned fear is generally not considered as forgetting of the previously 
acquired CS-US association. Indeed, a previously extinguished fear response can 
recover with the passage of time (spontaneous recovery). Moreover, extinction is 
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 context-specific; if extinction is induced in a different context than acquisition, the 
freezing response is again high when the animals are re-exposed to the acquisition 
context (renewal). In the same way, if the US is again delivered after extinction 
completion, the conditioned fear response is again expressed at successive tests 
(reinstatement) [33]. Therefore, extinction would rely on the identification of the 
decreased contingency between the CS and the US. However, an important ques-
tion in fear extinction mechanisms is its associative nature; although it is argued that 
extinction involves the formation of a new competing inhibitory CS-US association 
(new learning), non-associative mechanisms have been also proposed to account 
for the freezing inhibition observed following the extinction procedure [33]. For 
instance, mice can exhibit strong freezing response to a neutral, unconditioned tone 
if they previously experienced a strong footshock in a distinct context (sensitized 
fear). The freezing response then declines during tone re-exposure in a way similar 
to that observed during extinction of conditioned freezing. In this sense, extinc-
tion of freezing would also involve habituation processes [34]. This is an important 
point as CB1 receptors have been particularly involved in this component of fear 
adaptation [35].

The Conditioned Freezing Response

When exposed to threatening stimuli, rodents primarily tend to freeze in the absence 
of an escape route [23]. The measurement of freezing behavior is non-invasive and 
easy to perform. Indeed, visual observation and scoring of freezing behavior is a 
reliable and commonly used index of conditioned fear. However, intense US or 
many conditioning trials have been shown to reduce the expression of freezing [36]. 
It has been thus proposed that, in wild conditions, the level of fear determines the 
nature of the defensive behavior that is engaged in response to a threat following 
the “predatory imminence continuum” [37]. Accordingly, moderate levels of fear 
associated with a distal predator might induce freezing behavior to allow threat 
detection. However, particularly high levels of fear associated with contact with 
the predator might induce active defensive behaviors (fighting/ escape attempt), 
thereby reducing freezing behaviors. Shock probability in fear conditioning settings 
might essentially model the predator distance in the “predatory imminence contin-
uum” [37]. Previous work has implicated projections from the acoustic thalamus to 
the amygdala in the classical conditioning of emotional responses to auditory stim-
uli. The purpose of those studies was to determine whether the lateral amygdaloid 
nucleus (LA), which is a major subcortical target of projections from the acoustic 
thalamus, might be the sensory interface of the amygdala in emotional conditioning. 
Lesions were performed in the LA of rats and the effects on emotional condition-
ing were examined [38]. Lesions of the LA, but not lesions of the adjacent striatum 
or cortex, interfered with emotional conditioning. Lesions that only partially de-
stroyed LA or lesions placed too ventrally that completely missed LA had no effect. 
LA lesions did not affect the responses elicited following non-associative (random) 
training. LA is thus an essential link in the circuitry through which auditory stimuli 
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are endowed with affective properties and may function as the sensory interface of 
the amygdala during emotional learning. Recently, selective inhibition of a subset 
of neurons within the CeA was shown to switch the response of conditioned mice 
form freezing to intense digging and rearing behaviors. This switch was interpreted 
as an increase of active coping behaviors [39]. Hence, an absence or reduction of 
freezing associated with a neural manipulation may not necessarily imply a loss of 
fear or modulation of the original fear memory, but rather a shift of the nature of the 
fear response engaged by the animal.

Neuronal Mechanisms

The neurobiological literature on fear conditioning and fear extinction is impres-
sively rich and comprises regional, cellular and molecular description of the brain 
mechanisms supporting these phenomena [18, 25, 33, 40–44]. In sake of brevity, 
in this section, we will specifically focus on the mechanisms that will be useful for 
understanding the role of the ECS in the regulation of fear responses.

The amygdala is a critical center for both the integration of relevant fearful stim-
uli and for the organization of the neuronal outputs leading to the expression of 
the fear responses (Fig. 6.1). The amygdalar activity is also important for proper 
extinction of conditioned freezing. In the case of auditory fear conditioning, both 
CS and US sensory inputs mainly converge to the lateral nucleus of the amygdala 
(LA) either directly from the somatosensory cortex or indirectly from the thalamus 
[38, 45]. Indeed, the LA is a site of convergence of CS and US information, and 
lesions confined to the LA abolish auditory fear conditioning [38]. Accordingly, 
fear conditioning is accompanied by an enhancement of synaptic transmission at 
excitatory auditory input synapses in the LA. Auditory stimuli elicit field poten-
tials in the LA of behaving rats, and induction of long-term potentiation (LTP) in 
the thalamic input to the LA leads to an enhancement of these auditory responses 
[46]. Additionally, fear conditioning in freely behaving rats results in a potentia-
tion of excitatory field potentials recorded from LA [47]. These studies suggest 
that associative auditory fear learning occurs, at least in part, through changes in 
synaptic activity in the LA. The LA projects to the CeA, both directly and through 
the basal nucleus of the amygdala (BA). The intrinsic connection between the LA 
and CeA involve complex local excitatory and inhibitory circuits [25, 48]. Damage 
to the CeA interferes with the expression of conditioned freezing [48, 49]. The CeA 
is mainly composed of GABAergic neurons, which are spatially and functionally 
organized to encode acquisition and expression of conditioned freezing. Indeed, the 
lateral subdivision of the CeA is necessary for acquisition of conditioned freezing, 
whereas its expression is mediated by GABAergic neurons of the medial subdivi-
sion of the CeA [48]. BA-restricted lesions do not prevent the acquisition or expres-
sion of conditioned freezing [50, 51]. In turn, the CeA projects to brainstem areas 
controlling the expression of conditioned fear responses, including autonomous, 
endocrine and behavioral (e.g. freezing) responses.
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Amygdala nuclei are also under the control of other brain structures, including 
the mPFC and the hippocampus that are thought to ensure contextual, temporal 
and mnemonic modulations of conditioned fear expression [18]. For instance, the 
activity of the prelimbic portion of the mPFC is necessary for conditioned freezing 
expression and has been proposed to participate in the encoding and integration of 
emotionally salient information [41, 52].

Extinction of conditioned freezing also requires amygdalar activity. Its implica-
tion in extinction has been mainly shown by acute pharmacological inactivation of 
targeted nuclei since amygdalar lesions primarily prevent conditioned fear acquisi-
tion and expression [33]. Inhibition of mitogen-activated protein kinases (MAPK) 
within the BLA prevented within-session freezing extinction [53] and both group 
I metabotropic glutamate receptors (mGluR) and N-Methyl-D-Aspartate receptors 
(NMDAR) signaling in the BLA is also necessary for acquisition of extinction [54, 
55], suggesting that synaptic plasticity events occur in the BLA during extinction. 
Morgan et al. [56] observed in rats that mPFC lesions delayed extinction of con-
ditioned freezing. Accordingly, the infralimbic (IL) region of the mPFC is a po-
tential site of extinction consolidation, as IL lesions left within-session acquisition 
of extinction intact, but impaired extinction retrieval on the following day [57]. 

Fig. 6.1  Simplified schematic representation of amygdalar circuits participating in fear condi-
tioning and expression. The figure shows the localization of the amygdalar complex in a coronal 
section of a mouse brain stained with cresyl violet. The flow of information starts with the sensory 
inputs arriving to both amygdalar subregions, central ( CEl, lateral subdivision; CEm, medial sub-
division) and basolateral ( LA, lateral; BA, basal). The basolateral region sends information to the 
central amygdala, which is the main amygdalar output targeting several brain structures resulting 
in fear expression, either passive or active. ITC, intercalated cells; lITC, lateral intercalated cells; 
mITC, medial intercalated cells
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Electrophysiological evidence suggests that the IL inhibits the expression of condi-
tioned freezing during extinction through reciprocal connections with the amygdala 
[58, 59]. Therefore, inhibition of conditioned freezing during extinction may occur 
through IL activation of the amygdala. Evidence also suggests that hippocampal 
projections to the mPFC and the amygdala mediate the context-dependent expres-
sion of extinction [60]. Interestingly, Herry et al. could discriminate, in behaving 
mice, specific circuitries in the BA, whose activities correlate with acquisition of 
extinction of auditory fear conditioning, or with high fear maintenance, respective-
ly. These circuits depicted specific electrophysiological signatures, revealing dis-
tinct connections with both the hippocampus and the mPFC [60]. In particular, only 
“extinction neurons” are characterized by reciprocal connections with the mPFC, 
emphasizing the importance of its bidirectional connections with the amygdala to 
ensure extinction [58, 59, 61]. These results also suggest that close local microcir-
cuits can switch between distinct behavioral states.

Avoidance Learning

Behavioral Procedures

One of the most common behaviors correlated with the occurrence of aversive 
event is the tendency of the individuals to escape from stimuli associated with those 
events. Avoidance learning paradigms were used well before classical fear condi-
tioning to study fear in laboratory animals [12, 14, 62]. Originally, Estes and Skin-
ner [62] developed the conditioned suppression of feeding behavior task in which 
food restricted rats trained to press a lever for food reinforcement decreased their 
rate of responding when a warning cue, i.e. CS, was presented and predicted the 
delivery of an electric shock, i.e. US. Later on, Sidman and colleagues observed that 
animals rapidly learn to engage behaviors to escape from a place where they were 
presented to a conditioned fear stimulus (active avoidance) [63]. The symmetric 
procedure, passive avoidance, in which animals learn to avoid approaching places 
that were previously associated with an aversive stimulus, was then established 
[64]. Indeed, avoidance learning is considered as the behavioral consequence of 
an instrumental (operant) conditioning in which a predictable aversive event (e.g. 
electric shock) does not occur contingent upon the occurrence or non-occurrence of 
a specified response [13]. In the active form, the avoidance contingency depends on 
the occurrence of a specific, ongoing response; in the passive form, the avoidance 
contingency depends on the suppression of a specified response. In both forms the 
conditioned avoidance behavior results in the prevention of the punishment [64]. In 
each case, the conditioned avoidance response is considered as a measurement of 
fear learning [15, 62–64].

Because conditioned avoidance tasks can be carried out in various ways (active, 
passive, signaled, unsignaled), each primarily involving the learning of a Pavlovian 
(CS-US) and/or an instrumental association [50, 65–67], the behavioral complexity 
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of avoidance conditioning is not fully understood yet. Thus, classical conditioning 
is the initial phase of avoidance conditioning. After the subjects rapidly undergo 
Pavlovian conditioning, they then learn avoidance responding using the CS as a 
warning signal. Failures to separate these components probably impeded the un-
derstanding of the brain mechanisms of conditioned avoidance. From the 1960s, 
Pavlovian conditioning has been considered as a more direct way to study fear 
processing, leading to its progressive success to assess the brain mechanisms of fear 
memories, at the expense of conditioned avoidance paradigms [12].

Neuronal Mechanisms

Another reason accounting for the relative neglect of avoidance learning models 
is that no consensus about the role of the amygdala was found [68], likely due 
to the little appreciation of the anatomical complexity of the amygdalar subnuclei 
at that time [45]. In 2000, Amorapanth et al. performed selective electrolytic le-
sions on different amygdalar subnuclei in rats and evaluated the consequences of 
such lesions on both the freezing response induced by classical fear conditioning 
and active avoidance induced by the same CS-US pairing [50]. Whereas lesions of 
the LA prevented acquisition of both conditioned freezing and active avoidance, 
CeA lesion specifically impaired acquisition of conditioned freezing, leaving ac-
tive avoidance learning intact. Conversely, BA lesion had no effect on conditioned 
freezing whereas it blocked acquisition of active avoidance. Both LA and BA, but 
not CeA, are also necessary for the expression of already learned active avoidance 
responding [66]. These findings indicate that the neural pathways within the amyg-
dala mediating the ability of a CS to elicit conditioned freezing responses and those 
enabling active avoidance learning can be dissociated. The LA would be necessary 
for the acquisition and expression of the CS-US association in fear conditioning 
settings; the LA-CeA projections would be part of the output system that responds 
to stimuli predicting danger by eliciting freezing response; and the LA-BA pathway 
would be part of an output system, through which active fear responses are acquired 
and maintained to minimize exposure to a threatening stimulus [50, 66].

Individual variability in the rate of active avoidance learning has been often re-
ported in rodents [7, 9, 14, 67, 69–71]. Animals that show poor active avoidance 
performances tend to express persistent freezing responses even though freezing 
fails to avoid the aversive US, suggesting that conditioned freezing could be a com-
peting defensive behavior that can interfere with active avoidance responses. More-
over, rat lines have been bred and behaviorally characterized on the basis of higher 
and lower performances in active avoidance tasks, suggesting that the ability to 
acquire and perform active avoidance is a trait-like characteristic [69]. Interestingly, 
the CeA is not only dispensable for acquisition of active avoidance, but its focal le-
sion also rescued active avoidance learning in poor performer rats that express high 
levels of freezing during training, suggesting that CeA activity can constrain active 
avoidance learning in these animals [66, 67]. The amygdala sends neuronal projec-
tions to both dorsal and ventral portions of the striatum [72]. Recent fMRI studies 
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in humans have correlated active avoidance learning with strong activation of the 
striatum, and it has been thus suggested that BA-striatal output would play a role in 
active avoidance learning [26, 73–78].

How CB1 Receptors Modulate Aversive Memories

Role of the Endogenous CB1 Receptor Signaling in Learned 
Fear Responses

In classical cued fear conditioning, most of the published literature indicate that 
the systemic pharmacological blockade of CB1 receptors with SR141716A, a CB1 
receptor antagonist (3 mg/kg), or their genetic deletion in constitutive CB1-KO mice 
deriving from C57BL/6N background induce little or no effect on acquisition or 
retrieval of the conditioned freezing response when tested 24 h after the condition-
ing phase [35, 76, 79, 80]. However, another CB1 receptor antagonist (AM251, 
3 mg/kg) administered prior to conditioning enhances acquisition of the freezing 
response in rat [81]. In contextual fear conditioning, administration of AM251 prior 
to conditioning is able to decrease conditioned freezing in rats [81, 82]. Similarly, 
constitutive CB1-KO mice deriving from CD1 background [83] do not display any 
freezing response when re-exposed to the conditioning context while CB1-KO mice 
deriving from C57BL/6N background show a sustained freezing response to condi-
tioned context [84]. However, SR141716A (1–10 mg/kg) does not alter acquisition 
of the conditioned freezing response to context [85, 86]. Indeed, the endogenous 
role of CB1 receptors in acquisition of the conditioned freezing response is not clear 
and the results seem to vary according to the experimental conditions. Noteworthy, 
these results indicate different consequences following CB1 receptor blockade us-
ing either SR141617A or AM251. Interestingly, these compounds can differentially 
affect glutamatergic and GABAergic transmissions in a species-dependent manner 
(i.e. rats versus mice) [87], suggesting that these discrepancies could be explained, 
at least partially, by the different pharmacological properties of the drugs or dif-
ferent sites of action. This is suggested by a recent study showing that the effects 
induced by SR141716A on fear expression depend on the activation of peripheral 
sympathetic activity [88]. Moreover, intense fear conditioning procedures can in-
duce sustained freezing expression that might reach a ceiling effect in control ani-
mals, thus masking potential increase of freezing acquisition following manipula-
tion of CB1 receptor signaling.

However, the importance of the ECS in extinction of conditioned freezing is well 
accepted. Indeed, it was first reported in 2002 that constitutive CB1-KO mice failed 
in adapting their freezing response when exposed to repeated or prolonged CS pre-
sentation as compared to their wild-type littermates [35, 76, 79]. Acute injection of 
SR141716A (3 mg/kg) before extinction training in wild-type mice confirmed that 
endocannabinoids (eCBs) play a major role in extinction of cued conditioned freez-
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ing through CB1 receptor activation. Importantly, the necessity of the ECS signal-
ing in extinction of conditioned freezing was later demonstrated for contextual fear 
conditioning [85–88], but also for other fear conditioned responses including fear 
conditioned analgesia, startle reflex potentiation and inhibitory avoidance [89–92]. 
Moreover, increasing eCBs availability by administering the inhibitor of eCBs up-
take and breakdown AM404, enhances extinction of the conditioned startle reflex 
in rats [91]. It is important to note that CB1 receptors signaling is not necessary for 
extinction of conditioned response to appetitive stimuli, suggesting a specific in-
volvement of the ECS in adaptation of conditioned aversive stimuli [92–94].

The endogenous role of CB1 receptors has been also evaluated in the two-way 
active avoidance task. This test is carried-out in a shuttle box composed of two 
identical compartments separated by a door. Animals learn to flee into the other 
compartment at the onset of a cue (e.g. a light or tone signal) to avoid a punishment 
(e.g. an electric footshock). CB1-KO mice were shown to learn this task better than 
their wild-type littermates [95]. However, Bura et al. [96] were not able to replicate 
these data using a pharmacological approach.

As mentioned previously, extinction of conditioned freezing can be attributed to 
both associative (new learning) and non-associative processes (habituation) [33]. 
In an attempt to verify the role of CB1 receptors in the non-associative component 
of extinction, Kamprath et al. (2006) reported that sensitized CB1-KO mice by a 
strong footshock delivery were impaired in within-session habituation to a neutral 
tone presented 24 h later, suggesting that the ECS mediates extinction of freezing at 
least in part through modulating habituation-like processes [35]. Interestingly, the 
specific deletion of CB1 receptors on forebrain principal or cortical glutamatergic 
neurons leads to a similar delayed habituation of the freezing response following 
sensitization (Table 6.1), suggesting that the CB1 receptors-mediated control of cor-
tical glutamatergic projection neurons is important for the non-associative compo-
nent of extinction of conditioned freezing [97].

Neuronal Mechanisms of CB1-Dependent Modulation of 
Conditioned Fear Responses

Marsicano et al. (2002) reported that the tissue levels of both the eCBs anandamide 
(AEA) and 2-arachidonoyl glycerol (2-AG) were increased in the amygdala of fear 
conditioned wild-type mice following the first CS re-exposure. Moreover, the im-
paired freezing extinction in mice was associated with the absence of long-term 
depression (LTD) in the BLA of CB1-KO mice, pointing-out the crucial role of the 
amygdalar eCB tone in the process of extinction, potentially by regulating both GA-
BAergic and glutamatergic transmission in this brain [98]. While freezing extinc-
tion induces the activation of extracellular signal-regulated kinase (ERK1/2) and 
the phosphatase calcineurin in wild-type animals [99, 100], this effect was strongly 
reduced in many brain regions of the CB1-KO mice, especially in the BLA and in 
the prefrontal cortex [79]. Furthermore, it was suggested that the facilitator effect 
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of the endogenous CB1 receptor activation involved inhibition of cholecystokinin 
(CCK) release from GABAergic neurons within the BLA [101]. Recently, a distinct 
contribution of the CeA and the BLA in the CB1 receptors-mediated modulation 
of freezing extinction was proposed [102]. Intra-CeA administration of AM251 in 
mice impaired within-session extinction of freezing response 24 h following con-

Table 6.1  Cell-type specific control of CB1 receptors on learned fear responses as assessed in 
different CB1-KO mouse lines
Targeted cell types Mouse lines Behavioral phenotypes in fear 

memory paradigms
References

All body cells CB1-KO Sustained freezing to fear-condi-
tioned tone

[76]

Normal or sustained freezing to 
conditioned context

[84, 85]

Sustained freezing to fear-sensi-
tized tone

[35, 97]

Improved active avoidance [118]
[118]Improved passive avoidance

Forebrain principal 
neurons

CamKII-CB1-KO Sustained freezing to fear-sensi-
tized tone

[97]

Cortical glutamater-
gic neurons

Glu-CB1-KO Sustained freezing to fear-condi-
tioned tone

[117, 118]

Normal active avoidance [118]
[118]Improved passive avoidance

Sustained freezing to fear-sensi-
tized tone

[97]

Forebrain GABAer-
gic interneurons

GABA-CB1-KO Normal freezing to fear-condi-
tioned tone

[117]

Decreased freezing to fear-condi-
tioned tone

[118]
[118]
[118]Improved active avoidance

Normal passive avoidance
D1 receptors –
expressing cells

D1-CB1-KO Sustained freezing to fear-condi-
tioned tone

[115]

Sustained freezing to conditioned 
context

Hypothalamic para-
ventricular nuclei 
and mediobasal 
amygdala

Sim1-CB1-KO Decreased freezing to fear-condi-
tioned tone

[116]

Sustained digging to fear-condi-
tioned tone
Normal freezing to fear-condi-
tioned context
Normal active avoidance

Tryptophan hydrox-
ylase 2 –containing 
cells from the raphe 
nucleus

TPH2-CB1-KO Decreased freezing to fear-condi-
tioned tone

[117]
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ditioning. Conversely, intra-BLA application of the same drug selectively blocked 
extinction of conditioned freezing on the subsequent days. These data were associ-
ated with a time-dependent facilitation of depolarization-induced suppression of 
excitation (DSE) and depolarization-induced suppression of inhibition (DSI) in the 
CeA, suggesting that the ECS acts on both excitatory and inhibitory transmissions 
within the amygdala to ensure appropriate adaption of fear-conditioned freezing.

Cumulative evidence indicates that the mPFC is a critical site for CB1 receptors-
dependent modulation of conditioned fear circuits. Exposition to an odor previously 
paired with a footshock strongly increases the bursting activity of a subpopulation 
of neurons in the mPFC receiving monosynaptic inputs from the BLA [52]. In the 
same olfactory fear-conditioning procedure, a CB1 receptor antagonist applied into 
the mPFC blocked the acquisition of conditioned freezing. This effect was associ-
ated with an impairment of the associative firing of single neurons in the mPFC, but 
also with an altered LTP at BLA-prelimbic cortex synapses [103–105], indicating 
that CB1 receptor transmission within the BLA-mPFC pathway is necessary for en-
coding olfactory fear conditioning. Choi et al. (2012) showed that the levels of CB1 
receptors in the mPFC were positively correlated with freezing behavior in classical 
fear conditioning in mice [106]. However, intra-mPFC administration of AM251 
facilitated the acquisition of conditioned freezing and cardiovascular responses in a 
contextual fear conditioning procedure, and had no effect on conditioned startle re-
flex, suggesting a complex control of prefrontal CB1 receptors onto fear acquisition 
that may differ according to the nature of the conditioned stimuli [107, 108]. Few 
studies examined the role of prefrontal CB1 receptors on the extinction process, all 
indicating a facilitation of freezing extinction after endogenous or exogenous CB1 
receptor activation [108, 109].

The endogenous activity of CB1 receptors in the hippocampus is necessary for 
extinction of freezing in contextual fear conditioning experiments [110] and CB1 
receptor blockade impairs the induction of LTP in CA1 pyramidal neurons of hippo-
campal slices in a GABAA receptors-dependent manner [111]. These results suggest 
that activation of CB1 receptors might mediate extinction of conditioned freezing 
to context by promoting induction of LTP via a GABAA receptor-mediated mecha-
nism.

CB1 receptors are abundant in the dorsal column of the periaqueductal gray (dl-
PAG) that modulate defensive responses [112]. Enhancing eCBs availability into 
the dlPAG by local administration of AM404 attenuates the recall of conditioned 
freezing to context in a CB1 receptor-dependent manner [113]. Interestingly, activa-
tion of CCK1 receptors inhibits GABAergic synaptic transmission via activation of 
CB1 receptors [114], suggesting that the ECS modulates conditioned freezing ex-
pression by regulating, at least in part, GABAergic transmission within the dlPAG.

The use of conditional mutant mouse lines expressing cell-type specific deletion 
of CB1 receptors brought important information about the mechanisms underlying 
CB1 receptor-mediated control of learned fear responding (Table 6.1). Interestingly, 
the endogenous CB1 receptor activity exerted on specific cells induce different be-
havioral consequences on fear expression. The bidirectional consequences of CB1 
receptor deletion in cortical glutamatergic neurons and in forebrain GABAergic 
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interneurons are discussed in the following sections. CB1 receptors located on dopa-
mine D1 receptors-expressing neurons participate in the attenuation of conditioned 
freezing expression observed in constitutive CB1-KO mice [115]. Surprisingly, 
CB1 receptors located on serotoninergic neurons from the raphe nucleus and in the 
paraventricular hypothalamus and mediobasal amygdala exert an opposite effect, 
suggesting that the ECS in these regions mediates conditioned freezing expression 
[116, 117].

Taken together, these studies suggest a complex and region-dependent involve-
ment of the endogenous CB1 receptor signaling in the control of conditioned fear.

A Role for CB1 Receptors in the Choice of Coping Strategies 
Towards Threatening Stimuli?

In a recent study performed in our laboratory [118], by allowing animals sufficient 
time to express different fear-induced behaviors, we described the temporal expres-
sion of the freezing response (passive coping) [7, 23] and active coping behaviors 
(rearing, digging, wall rearing/ sniffing) [7, 8, 39] during classical fear condition-
ing. Interestingly, the decrease of freezing over tone presentation is associated with 
a concomitant increase of active coping behaviors, which becomes the dominant 
response pattern at the end of the session. We then confirmed that the amount of 
freezing is negatively associated with active avoidance performances in the same 
animals [67, 70]. Conversely, we observed that the amount of active coping behav-
iors is positively correlated with active avoidance performances. Thus, the type of 
response adopted in classical fear conditioning predicts individual active avoidance 
performances, suggesting that conditioned fear responses are subjected to individ-
ual variability.

The constitutive deletion of CB1 receptors in CB1-KO mice leads to strong freez-
ing expression that prevents the development of active coping behaviors in clas-
sical conditioning. However, the same deletion induces both higher passive and 
active avoidance learning as compared to wild-type littermates, indicating that the 
relationship between the fear coping strategies adopted in classical fear condition-
ing and avoidance learning performances is disturbed following constitutive CB1 
receptors inactivation. We found that the dominant freezing response, adopted in 
classical fear conditioning, and the higher passive avoidance learning displayed by 
CB1-KO mice are likely accounted by the deletion of CB1 receptors on cortical glu-
tamatergic neurons (see Fig. 6 in [118]). Conversely, the deletion of CB1 receptors 
on forebrain GABAergic neurons in GABA-CB1-KO mice leads to the immediate 
adoption of active coping behaviors in classical fear conditioning and to a facilita-
tion of active avoidance learning (see Fig. 6 in [118]). Acute low and high doses 
of THC have been proposed to preferentially act at CB1 receptors on glutamatergic 
neurons and GABAergic neurons, respectively [119]. Conversely, we observed a 
dose-dependent biphasic effect of THC on the coping styles in wild-type C57BL/6N 
mice in classical fear conditioning, with low doses favoring active responses and 
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higher doses promoting passive behaviors. Considering that low and high doses 
of THC have been suggested to act primarily through CB1 receptors expressed on 
glutamatergic and GABAergic neurons, respectively [119], these data reveal a cell 
type-specific control of CB1 receptors over the behavioral strategy engaged in re-
sponse to fear conditioned stimuli.

Local re-expression of CB1 receptors in the amygdala (see Fig. 6 in [118]) of 
constitutive CB1-KO restores the temporal relationship between freezing and active 
coping in classical fear conditioning by decreasing freezing responses, suggesting 
that CB1 receptors in the amygdala participate in the adoption of the coping style by 
animals when faced to aversive stimuli.

As pointed out above, responses to aversive stimulus could be pathological as in 
the case of anxiety disorders. The group of Beat Lutz in Mainz (Germany) recently 
showed that there is also a biphasic modulation of anxiety responses by the ECS 
[120]. In short, the CB1 receptor-mediated control of glutamatergic transmission 
is responsible for the anxiolytic-like effect induced by low doses of CB1 receptor 
agonists. Conversely, the anxiogenic phenotype observed after injection of high 
doses of cannabinoids is mediated by action of CB1 receptors in GABAergic neu-
rons. However, it is still not clear if in such phenomenon is also participating the 
amygdalar circuits.

Individual Variability of the Fear Responses

Although freezing behavior is a well-established index of conditioned fear, other 
behaviors may compete with freezing under a variety of conditions. It has been 
proposed that rodents confronted by potential dangers such as a predator odor or a 
shock probe can show behaviors oriented toward the threat to facilitate both visual 
and/ or olfactory detection [121–123]. These behaviors, including defensive bury-
ing and rearing, are thus considered as attempts to investigate the potential danger 
when its source is ambiguous [8, 65, 123–125]. For instance, if sawdust is present 
in a cage with an aversive encounter, rodents can actively dig to bury the danger 
source with the bedding [8, 123]. In addition, digging holes is a normal escape strat-
egy for rodents in the wild. Whereas this is obviously impossible in laboratory con-
ditions, the digging response in the sawdust might also represent an innate escape 
response towards imminent threatens, such as fear conditioned stimuli.

Rearing behavior could be induced in rats by either exposition to novel environ-
ments [126] or by the introduction of a cat odor in a familiar place [125]. In this 
last example, rearing is accompanied with an increase of blood pressure. This is 
also observed when rats are returned to the previously cat odor-associated context 
[125]. Moreover, rearing can compete with freezing when rodents are introduced to 
inescapable contexts previously associated with shocks and rearing can be learned 
as a conditioned avoidance response [8, 65]. Indeed, as suggested by others and 
us, freezing is just one, although likely the temporally most immediate and pro-
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nounced, of the many behaviors that rodent might exhibit in response to a fear 
conditioned stimulus.

It has been proposed that freezing and escape behaviors are part of the innate 
species-specific defense responses of the rodent behavioral repertoire that are en-
gaged by aversive stimuli [13, 65], but the conditions in which a particular behavior 
is selected are not known. The test situation can determine the type of defensive re-
sponse adopted by the subjects. For example, classical fear conditioning settings are 
characterized by the absence of escape routes and it has been proposed that rodents 
naturally tend to freeze in this condition [23]. An alternative explanation is that the 
threat proximity determines the type of response adopted [121]. A third hypoth-
esis is that the type of defensive behavior can be determined by stable individual 
trait-like characteristics [6, 7, 127]. Indeed, even within inbred populations of mice 
or rats exposed to aversive situations, the type of response primarily adopted can 
distinguish subpopulations. Several studies reported that some individuals within 
a population of wild-type, naive rats or mice show very low conditioned freezing 
response after classical fear conditioning, and some individuals never acquire active 
avoidance even after an extended training [67, 70, 128]. Moreover, rats have been 
selected and bred with regard to their defensive behavioral profiles in a variety of 
experimental situations, so as to generate strains that are characterized, for instance, 
by their ability to learn active avoidance [129]. Indeed, the Roman High Avoid-
ance (RHA) and Low Avoidance (RLA) rats are characterized by high and low 
performances in the active avoidance paradigm, respectively. Interestingly, these 
animals also differ in the amount of conditioned freezing induced by classical fear 
conditioning, with RHA showing a decreased freezing response and RLA display-
ing increased freezing response to CS [130, 131].

Consistently, conditioned freezing during the initial stages of two-way active 
avoidance learning is negatively correlated to the efficiency in the acquisition of 
the task [70], supporting the idea that freezing tendency to CS runs against the ap-
pearance of active avoidance responses. Our results also indicate that active coping 
behaviors measured in classical fear conditioning are positively correlated to active 
avoidance performances in wild-type animals. Accordingly, comparative studies 
have proposed a positive link between defensive digging and two-way active avoid-
ance performances [9].

However, it is important to remind that classical fear conditioning and instru-
mental conditioning such as avoidance learning involve quite different learning pro-
cesses. Avoidance conditioning has long been viewed as a two-stage learning process 
in which animals initially undergoes Pavlovian conditioning to form an  association 
between the shock and the CS in the apparatus [15, 132]. Subsequently, the subjects 
learn the instrumental response to avoid the shock. Further, the “fear” aroused by the 
presence of the CS motivates learning of the instrumental response. Following this 
theory, “fear” reduction is associated with successful avoidance and has been pro-
posed to reinforce avoidance learning. In this case, “fear” is defined as the presence 
of Pavlovian defensive responses. However, if one considers fear as a central state 
that can result from exposure to innate or learned stimuli [15] without assumption 
about the relationship between the type of learning and fear emotional state, fear 
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could be indicated in animals by either classical or instrumental conditioned fear 
responses. Therefore, the fact that there is a bimodal control of fear coping strategies 
by the ECS supports the idea that individual variability in defensive strategies might 
bias the interpretation of performances observed in a conditioned aversive test.

The ECS as a Determinant of the Types of Fear Coping 
Strategies

The deletion of CB1 receptors on cortical glutamatergic neurons and in forebrain 
GABAergic neurons leads to distinct coping strategies in classical fear condition-
ing, and consistently enhances passive and active avoidance responding, respec-
tively [113]. Additionally, it has been also proposed that the endocannabinoid AEA 
could have and essential role in the selection of behavioral responses under aver-
sive conditions [133–135]. We thus proposed that CB1 receptors signaling is an 
important physiological determinant of fear coping styles and that suppression of 
the inhibitory control on GABAergic and glutamatergic neurotransmissions likely 
facilitates the adoption of active or passive fear coping strategies, respectively. Con-
sistently, increasing GABAergic tone by systemic pharmacological administration 
of GABAA receptor agonists including benzodiazepines enhances acquisition of 
shuttle box active avoidance [136–138]. Moreover, it has been shown that the acute 
stimulation of CB1 receptors into the CeA impairs consolidation of one-trial dark-
light passive avoidance, an effect reversed by co-administration of NMDA [139]. In 
classical fear conditioning, Lehner et al. [128] measured extracellular GABA con-
centration by in vivo microdialysis in the BLA of two rat groups selected upon their 
conditioned freezing response intensity, i.e. “high freezer” versus “low freezer”. Al-
though GABA levels were identical prior and following the conditioning session in 
both rat groups, they observed an increase of extracellular GABA during a 10-min 
CS re-exposure only in “low freezer” animals, suggesting that high GABA release 
in the BLA might decrease freezing responses. Unfortunately, active coping behav-
iors were not analyzed in this study. Altogether, these data are in agreement with 
our proposed bimodal control of CB1 receptors on glutamatergic and GABAergic 
transmission in fear coping styles and further support a key role of the amygdala in 
this mechanism. However, there is also evidence showing that CB1 receptor-depen-
dent control of other neurotransmitter systems such as catecholamine, dopamine or 
noradrenaline transmission could play an essential role in the modulation of stress 
coping behaviors [140]. The ECS may thus either enhance or inhibit responses to 
aversive stimuli, possibly caused by its modulatory activity on diverse neurotrans-
mitters. The Fig. 6.2 exemplifies the cannabinoid action in amygdalar circuits in the 
control of fear coping strategies.

Innate tendencies to passively or actively cope with fearful stimuli can be as-
sessed in other behavioral paradigms that allow animals to choose between differ-
ent patterns of responses efficient for avoiding a harmful stimulus. For instance, in 
the defensive burying paradigm, animals are confronted with an electrified probe 
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inserted into their home cage. In response to a brief contact with the probe, ani-
mals are observed either to actively bury the probe with the bedding or to display 
freezing [7, 8, 141]. Both response patterns can be considered as successful cop-
ing because they lead to shock avoidance. A positive correlation between shuttle 
box active avoidance and burying behavior in the defensive burying and a negative 
correlation between active avoidance and freezing behavior to the probe insertion 
were observed in the RLA/ RHA rat strains [142]. Furthermore, since both coping 
behaviors can be expressed within the task, the shock-probe burying paradigm is 
well suited to describe the neural circuitry of active and passive coping strategies. 
Indeed, one study assessed the involvement of CB1 receptor signaling in this test 
[143]. In the constitutive CB1-KO mice, a decrease of burying time but no change in 
freezing time was observed, and mutant mice made fewer contacts with the electri-
fied probe. In addition, the acute pharmacological blockade of CB1 receptors leads 
to similar consequences only at a middle dose-range (i.e. 3 mg/kg but not 1 and 
10 mg/kg), suggesting that the coping strategies adopted in this test might vary as 
a function of the amount of CB1 receptors targeted. Interestingly, individual dif-
ferences in behaviors adopted in the defensive burying test have been associated 
with distinct patterns of both endocrine reactivity and brain regions activity as as-
sessed by immediate-early genes expression [9]. Thus, exploring the phenotype of 
the CB1-KO mouse lines in the defensive burying test would be an interesting per-
spective to further understand the brain mechanisms underlying the control of fear 
coping strategies by the ECS.

Interestingly, a recent positron emission tomography (PET) study in healthy 
 humans revealed a strong inverse correlation between the brain binding of CB1 
 receptors and personality traits linked to novelty-seeking [144], which have been as-

 

Fig. 6.2  Putative bimodal control of fear expression by cannabinoid signaling in amygdalar cir-
cuits. The absence of cannabinoid signaling in glutamatergic cells leads to an increase in pas-
sive responses ( left) and potentially to a hyperactivation of the central amygdala ( CeA), the main 
amygdalar output. Conversely, the augmentation of active coping strategies observed in animals 
lacking CB1 receptors in GABAergic cells ( right) could be due to an increase of inhibition of 
glutamatergic cells in the basolateral amygdala ( BLA), which, in turn, will result in a reduction of 
CeA excitation. Thus, amygdalar CB1 signaling is key in maintaining equilibrium between passive 
and active coping responses
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sociated with proactive coping [131]. In another study, Rabinak et al. [145] showed 
that cannabinoid drugs are able to modulate the prefrontal-limbic circuits during 
fear extinction in humans. Considering that the very large majority of CB1 protein in 
the brain is expressed by GABAergic neurons [119, 146–148], the decreased levels 
of CB1 binding in “novelty-seekers” observed in the PET study are likely due to 
reduced expression levels in inhibitory circuits. Thus, the PET data, together with 
the results using conditional mutant mice [149] suggest that the differential impact 
of CB1 receptors on fear coping strategies might be extended to human subjects. 
Consistently, the therapeutic potential of cannabinoid drugs for the treatment of 
anxiety disorders is currently under focus [145, 150–153].

Conclusions

The data reviewed above underline the complex relationship between ECS signaling 
in the brain and fear responses. Differences in specific behavioral traits addressed 
by different paradigms, but also slight variations in the parameters used in the same 
tasks can indicate various and even opposite roles of ECS. However, these studies 
underline that the measure of single behavioral responses might not be sufficient 
to determine the levels of learning and, thereby, of fear expressed by animals in 
different experimental conditions. Indeed, in our experiments addressing different 
“styles” of fear coping behavior in mutant mice lacking CB1 receptors in specific 
neuronal populations, we found that summing all the fear-induced behaviors during 
testing, results in a progressive extinction of global fear responses. However, this 
extinction is much slower than the classical decrease of freezing and, importantly, 
is not influenced by genetic manipulations of CB1 receptors. Thus, ECS signaling 
might be important to “choose” a specific strategy to cope with fear, but not in de-
termining the proper learning and extinction of the fear memory trace per se. This 
hypothesis will need further studies to be confirmed or rejected. All in all, the impact 
of ECS signaling in fear processes is far from being fully understood, but its study 
represents an excellent way to better understand fear memories and their expression.
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Abstract This chapter is aimed at summarizing the existing literature with respect 
to the subjective and objective cognitive profiles associated with marijuana use. 
Although subjective reports of marijuana use include feelings of relaxation and 
increased creativity, the altered state of consciousness and reduced inhibitory and 
executive cognitive functions may be enough to cause impairment in daily function-
ing. However, a chronically high level of consumption for an extended period of 
time is likely to result in increased risk of developing impairments such as affective 
dysregulation, inefficient cognitive control, underachievement, lower estimated 
intellectual capacity, and increased potential for additional drug use.

Keywords Marijuana · Cognitive impairment · Subjective effects · Cognitive 
effects

Introduction

The multidimensional summation and interaction of individual differences in genet-
ic determinants, physiology, and psychology are key determinants in what is known 
as the subjective human experience. Drug induced changes in subjective experience 
are impacted not only by the pharmacokinetic and pharmacodynamic characteris-
tics of the drug itself, but also by an individual’s brain composition in neurotrans-
mitter concentration, the number and sensitivity of neurotransmitter receptors, and 
the concentration of enzyme available to metabolize the drug [1]. Furthermore, 
subjective recall and description of individual experience become complicated by 
co-occurring situationally dependent factors, expectancy, and personal history. Re-
actions to a drug may even modify subsequent use, thereby changing the recall of 
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previous experience [2]. Variations in use characteristics such as dose, means of 
administration, quality and potency, depth of inhalation and environmental setting 
which modify physiological and psychological reactions, make precise quantifica-
tion and comparison extremely difficult even under the most controlled conditions. 
Participant variables such as age of drug initiation, length of use, total lifetime use, 
recreational versus pathological use, and existence of comorbid mental health and 
substance use disorders will also affect subjective reports [1, 3]. Thus, examining 
and incorporating subjective experience into a cognitive model poses numerous 
methodological challenges.

Neurocognitive assessment provides a more objective approach to the quantifi-
cation of the effects of marijuana, although conclusive statements regarding these 
effects are also difficult. The identification and interpretation of cognitive deficits 
are impacted by the methodological complexities described above. In addition there 
are difficulties inherent in empirical measurement of abstract concepts of cognitive 
function.

Despite these limitations, there appears to be some shared subjective experi-
ences that may be relegated to a collective and largely prototypical and generaliz-
able description. With these factors in mind, the goal of this chapter is to highlight 
the more consistent findings regarding the subjective human experience of cannabis 
intoxication as well as the short-term and long-term cognitive consequences of can-
nabis exposure.

Subjective Effects of Exogenous Cannabinoids in 
Marijuana Smokers

Cannabis has historically been classified as a mild sedative-hypnotic agent, with ef-
fects that have been described as similar to alcohol and antianxiety agents in lower 
doses, while higher doses have been described as inducing a state of relaxed eupho-
ria, heightened sensations, and dissociation of ideas [4].

More than 60 identified cannabinoids have been identified within the marijuana 
plant and Δ-9-tetrahydrocannabinol (THC) is considered the psychoactive com-
ponent, producing significantly more subjective and physiological effects than 
other well known cannabinoids (e.g., cannabidiol or cannabichromene) [5]. Many 
laboratory studies administer synthetic THC rather than whole plant marijuana for 
more precise control over dosage and potency; interestingly, the subjective effects 
between synthetic THC and whole-plant marijuana have been shown to produce 
some minor differences [6]. Although physiological and behavioral effects appear 
negligible, marijuana tends to increase ratings on measures of sedation, drowsiness, 
tiredness, and result in more pronounced reports of intoxication, especially at lower 
doses. THC in comparison induces a small increase in stimulant effect and ratings 
of both euphoria and dysphoria [6]. The differences in subjective experiences be-
tween synthetic THC and whole-plant marijuana are generally considered to be due 
to the additional cannabinoids, despite their lack of ability to consistently produce 
significant intoxication on their own [6−8]. Moreover, means of administration will 
moderate subjective effects. For example, “edibles,” which are marijuana laced 
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food items, produce a different subjective profile marked by longer onset (3 h) and 
an increased length of subjective high (4–6 h) [9] when compared with inhalation 
(0.5 h to peak experience, 1.75–3.5 h duration) [10,11]. While joints are gener-
ally rated as more pleasurable than smoking blunts (marijuana mixed with tobacco) 
[12], pipes tend to be the method of choice when the goal is a larger initial hit, and 
bongs, water pipes, hookahs, and vaporizers provide larger hits of filtered smoke for 
smoother delivery. Other methods include topical and sublingual administrations of 
highly concentrated tonics, oils, and various extractions of extremely high potency 
‘wax’ which are heated and inhaled. These methods of administration are presented 
in Table 7.1.

Positive effects are frequently endorsed with marijuana intoxication and may in-
clude euphoria, heightened sexual pleasure, relaxation, and a general sense of well-
being [13]. Acute adverse effects can include anxiety, panic reactions, and changes 
in visual perception, which are most often reported by naïve users smoking large 
amounts over a short time span [5, 14, 15]. While marijuana intoxication is gener-
ally described in terms of positive and negative effects [1, 2], the range of subjective 
experience is quite large, spanning multiple neurobiological domains. That is, the 
range of subjective effects may be further relegated to categories of physiological, 
emotional, sensory, cognitive, and motoric reactions that under some circumstanc-
es may be objectively reflected in neurocognitive assessments and neuroimaging. 
These are presented in Table 7.2 [1−3, 5, 6, 10−14, 16−28].

Subjective experiences are highest at approximately 0.25–0.5 h after intake 
of cannabis and remain significantly elevated up to 1.75 h in low concentrations 
(1.8 %) and up to 3.5 h in higher doses (3.6 %) [10,11]. However, subjective dif-
ferences in the magnitude of effects between doses has generally appeared to be 
negligible, with statistically significant changes in subjective experience with vir-
tually any active dose [5, 6, 17, 24, 29−31]. There are a few exceptions, however. 
For instance with increasing doses, escalation in heart rate, aggression, anxiety and 
agitation may be observed, which strongly correlate with experiences of deperson-
alization [6, 11, 16, 17, 24, 32]. This relationship suggests that lower doses of THC/
cannabis generally induce pleasant effects including relaxation, whereas the higher 
doses appear to induce increased levels of brain arousal. Evidence for increased 
arousal is reflected in both regional cerebral blood flow in paralimbic regions cor-
responding to changes in emotionality [33] as well as subjective reports of euphoria, 
tension, anger, or mixtures thereof [6, 11, 16].

Reports of subjective experiences have also described ‘cannabis consciousness’ as
a state in which at least a few prejudices and predispositions may be temporarily suspended 
so that something long-ignored can be seen afresh, as for the first time … this marijuana 
experience can provide a kind of cognitive training that may subsequently help enlarge and 
enrich one’s outlook in desirable and entirely voluntary ways [34 (p. 95−96)].

Table 7.1  Methods of cannabis administration
Blunt/joint Pinch Hitter/

one Hitter
Glass, chillum, and 
steamroller pipes

Home-made: apple, beer/
soda can, water bottle, 
tin foil

Bubbler, bong, 
and gravity 
bong

Hookah Vaporizer Dabs, ‘Wax’, Hot 
Knives

Tinctures, Tonics, Hash 
Oil

Topical 
Application
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Table 7.2  Subjective effects of acute intoxication
Positive Negative Neutral
Emotional Calmness Aggression Depersonalization

Contentment Anger
Self confidence Anxiety
Elation Depression
Friendliness Dysphoria
Happiness Guilt
Mellow Irritability
Jovial/laughter Misery
On top of the world Decreased motivation
Peaceful Panic
Social Restlessness

Suspiciousness
Tension
Disinterest
Social withdrawal

Sensory Creativity Blurred vision Visual perceptual 
disturbance

Enhanced sensations (touch 
& taste)

Psychotomimetic effects

Enhanced color sensation/
perception

Changes in perceptions 
of space

Enhanced sexual pleasure Hunger/increased appetite
Appreciation of music Temporal disorientation
Decreased muscle pain
Decreased stomach upset

Cognitive Insightful Poor attention Distractibility
Perceived clarity of thought Poor concentration
Profound ideas Confusion

Impaired thinking
Poor memory

Physiologi-
cal

Alertness Dizziness Chills
Stimulation Lightheaded Tiredness
Improved sleep Fatigue Drowsiness
Sexual arousal Dry mouth & throat
Sedation Head ache
Relaxed Red, dry eyes

Jitteriness
Laziness
Panic reactions
Respiratory 
complications
Coughing
Increased thirst

Motor Clumsiness Inhibition
Slowed reaction time Talkativeness
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One example of this subjective experience is the enhanced appreciation of music 
that is frequently cited among marijuana users and musicians alike, who report that 
this particular state of altered consciousness is valuable to their creativity in creat-
ing a sense of time expansion (temporal disintegration) and increased insight [13, 
34−36]. While over 50 % of marijuana smokers have reported subjective enhance-
ments of creativity in general [13], creativity as a construct has been difficult to both 
define and measure objectively. It has been hypothesized that creativity may arise 
from mild dissociative states and/or disinhibition of the frontal cortical functions 
[27]. Enhanced sexual desire and pleasure are also frequently noted among marijua-
na users, with heightened sensations of touch and taste particularly endorsed [37]. 
However, this experience is more likely to be true among young adults and sexual 
dysfunction may also be observed in some circumstances [38]. It has also been sug-
gested that these effects may be related to cultural mysticism and expectancy rather 
than to the direct pharmacologic effects of cannabis [39].

Positive Effects Associated with Greater Frequency Use

Scherrer et al. [3] differentiated individuals into four classes of typical response 
patterns to marijuana intoxication: (1) high responders—those who were character-
ized by frequent endorsement of subjective effects, (2) positive responders—those 
who experienced mostly positive effects, (3) mixed/relaxed responders—those who 
reported low energy and endorsed negative effects, (4) and low responders—those 
who had few endorsements of positive or negative subjective effects. Not surpris-
ingly, individuals with the greatest duration and frequency of use are likely to report 
more positive subjective effects and few negative effects, to be younger, to be male, 
and to meet diagnostic criteria for cannabis abuse and depen-dence [1−3]. Although 
the acute effects of cannabis are often rated as positive or pleasurable, when heavy 
marijuana users (former and current) rated the perceived positive and negative ef-
fects of their marijuana use, they overwhelmingly reported lower levels of life satis-
faction than controls on several measures. Specifically, they reported that marijuana 
had negatively impacted their social life (70 %), physical health (81 %), mental 
health (60 %), cognition (91 %), memory (91 %), and career (79 %) [20, 21].

Cognitive Effects of Exogenous Cannabinoids in 
Marijuana Smokers

There is broad consensus that the acute intoxication effects of marijuana cause mild 
to moderate impairment in neurocognitive and neurophysiological functioning, as 
well as various structural abnormalities with chronic use [40−43]. While THC con-
centration and rate of absorption will vary with method of administration, acute 
cannabis intoxication is consistently reported to cause impairment in a multitude of 
different cognitive domains. Because no aspect of the brain exists or functions in 
isolation, the complexity and interconnectedness of these neurocognitive systems 
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makes it difficult to relegate cannabis associated cognitive deficits to any unitary 
or isolated domain. In fact, there is substantial evidence that cognitive deficits as-
sociated with cannabis use include multiple cognitive domains [44, 45] and affect 
several neural processing networks [46, 47].

However, while neuropsychological measures can be very useful clinically, not 
all measures are created equal in terms of their sensitivity to detect deficits. Inter-
pretation of what these tests purport to measure varies from study to study based 
on study aims. The variety of measures available and lack of standardization across 
experimental paradigms has led to the use of such a wide variety of measures that 
direct comparisons of results are somewhat difficult. Further, sample populations 
are extremely varied in terms of age of onset, frequency and duration of use, quan-
tity of lifetime use, length of abstinence, and dose administered in experimental 
trials. In addition, the majority of samples are predominantly male, which may be a 
significant limitation considering men also tend to use cannabis more heavily, meet 
criteria for abuse and dependence more often [3], report more subjectively positive 
responses than females [2], and display differential patterns of task performance on 
some measures [48]. Further, more recent findings suggest women experience in-
creased sensitivity to marijuana intoxication, resulting in more pronounced clinical 
issues and increased vulnerability to developing cannabis use disorder [49]. Also, 
a significant portion of the data collected is based on self-report, which can be no-
tably biased. Explanations and conclusions are reported with these factors in mind.

Intelligence

There have been a number of reports of lower intelligence associated with lifetime 
cannabis use, however several of limitations impede the drawing of causal conclu-
sions. For example, there is a tendency for smokers to receive significantly lower 
educational attainment and be of lower income status than non-smokers [50]. These 
are factors known to influence scores on intelligence quotient (IQ) assessments and 
other cognitive measures. Educational effects have been demonstrated largely on 
tests of verbal ability [51], but also on less obvious measures such as tests of spatial 
memory and even simple line drawings [52]. Unavoidable confounding variables 
and lack of prospective longitudinal studies make it difficult to parse out whether 
smokers began smoking because of inherently lower cognitive abilities, whether 
their propensity to smoke led to decreased interest or motivation for advanced edu-
cation and occupational attainment [50], or perhaps a combination of both. Familial 
influences such as genetic and environmental circumstances may additionally cre-
ate a set of vulnerabilities including increased probabilities for first use and early 
school dropout prior to first use [53]. In addition, cannabis use may impact psy-
chosocial adjustment and development, psychological and physical functioning, 
interpersonal relationships, employment, and influence progression from abuse to 
dependence [54]. A cannabis-associated “cultural divergence” in which members of 
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a drug using culture diverge from the mainstream in their interests and skills may 
also lead to deficits in skills measured by standardized, mainstream measures of 
neuropsychological ability [55]. These variables likely work synergistically, exac-
erbating or perpetuating one another, ultimately impacting IQ.

At the opposite end of the spectrum, a higher degree of cognitive reserve or 
premorbid ability may be a protective factor against the detriments of long-term 
heavy cannabis use, setting a higher threshold for neurocognitive impairment [56]. 
In one of the few prospective longitudinal studies available, Fried and colleagues 
[57] examined IQ scores before, during, and after cessation of regular cannabis use 
to determine what impact it may have on IQ. The researches followed 70 youth 
from birth, evaluating their IQ’s between the ages of 9–12 and again between the 
ages of 17–20. While there were no differences in IQ during preteen IQ assessment 
and prior to any cannabis use, current cannabis use was significantly correlated with 
a dose related decline in IQ. Heavy current use was defined as at least five joints 
per week and heavy users demonstrated an average decrease of 4.1 IQ points which 
was in contrast to gains in IQ points for light current users (less than five joints per 
week), former users, and non-users. Of note, previous heavy users had smoked a 
mean of 37 joints per week whereas current heavy users smoked an average of 14 
joints per week, yet no negative effects were observed among subjects who had 
been previously heavy users. These findings seem to highlight the detriments par-
ticular to current heavy use. Among the current users, only the number of joints 
smoked per week was negatively related to change in IQ from preteen to young 
adult. Duration of marijuana (MJ) use, total quantity of MJ use and former use of 
MJ were not found to be correlated with change in IQ. Interestingly, although cur-
rent heavy users experienced a decrease in IQ scores, their scores were still above 
average. Therefore if they had not been assessed prior to initiation of use, these sub-
jects would not have displayed detectable deficits, as their scores remained within 
the average range despite declines in functioning.

In a less controlled study, Block and Ghoneim [58] matched participants on in-
tellectual functioning before the onset of drug use utilizing scores from standard-
ized testing administered in the fourth grade. Participants ranged in age from 18–42 
and cannabis users were only included if they had used at least weekly for the last 
2 years. Adult participants were then administered various subtests from the 12th 
grade version of the Iowa Tests of Educational Development in addition to other 
clinical measures. Results indicated overall impairments among heavy cannabis us-
ers (seven or greater times per week) relative to non-users. Light and intermediate 
cannabis use (1–4 times weekly and 5–6 times weekly respectively) was not associ-
ated with deficits. Although there are a number of limitations affecting the general-
izability of this study, the results are nonetheless intriguing.

Based on current evidence it is unclear whether there is a direct causal relation-
ship between cannabis use and lower IQ; however, heavy current cannabis use does 
appear to be highly correlated with measures of intellectual capacity.
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Attention

The ability to encode, maintain, and properly act upon behaviorally relevant infor-
mation is critical for successful goal driven cognitive processing [59]. The use of 
cannabis has been reported to impact a number of processes in the attentional sys-
tem, which in turn impact performance on neuropsychological domains including 
learning and memory. The attentional system must utilize aspects of both automatic 
and controlled processes, which require the ability to engage, disengage, and shift 
focus for appropriate responsivity to perceptual or cognitive stimuli [52]. Data-
driven, bottom up processing is generally considered a rapid and automatic process 
arising from at least some different cortical circuits than the more effortful top-
down processing [60]. The conscious, effortful attention is considered a top-down, 
conceptually driven process [60], which utilizes volitional control and specific allo-
cation of attentional resources [61]. The former represents lower levels of process-
ing, while the latter represents higher order processing and is considered a frontal 
executive function. Not surprising, impairment within lower levels inevitably affect 
higher, more advanced levels of processing.

Basic arousal is a prerequisite for attention and is a physiological state mediated 
by the brainstem, which prepares the organism for sensory and motor processing 
[62]. Decreases in arousal or drowsiness can lower the ceiling for how much pro-
cessing may occur at any one time within the attentional system, which is of lim-
ited capacity already [52]. It has been found that lower doses of cannabis (< 7 mg) 
result in physiological arousal such as increased heart rate, which is paradoxically 
related to subjective feelings of drowsiness, impaired attention, and cognition. With 
increasing doses, heart rate increases in a dose-dependent manner and drowsiness 
seems to dissipate, producing more stimulation within the central nervous system 
associated with subjective reports of agitation, aggression, and anxiety; however, 
this stimulatory effect is not necessarily associated with improved attention or cog-
nitive performance [16].

Cannabis users have demonstrated impairments on more complex measures of 
attention such as the ability to select and discriminate relevant stimuli and sus-
tain attention on particular tasks resulting in more incorrect responses [48, 63, 64]. 
While occasional use of cannabis does not seem to significantly impair the ability 
to filter irrelevant auditory stimuli during acute intoxication [33], chronic use does. 
For example, event related potentials (ERPs) are known to be temporal represen-
tations of electrical brain activity related to sensory, motor, and cognitive events 
[65]. In a series of studies done by Solowij and colleagues [64, 66, 67], ERPs were 
recorded from long-term cannabis users during a complex auditory selective at-
tention task, which were compared with the performance of nonuser controls. Not 
only did long-term users display dysfunctional allocation of attentional resources 
and evaluation strategies, increasing duration of cannabis use was associated with 
progressively impaired mode of information processing, where complex irrelevant 
information was not properly filtered [64]. In sum, these findings indicate increased 
distractibility and deficits in selective and sustained auditory attention with chronic 
cannabis use.
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Visual Attention

Speed of visual information processing during simple target detection tasks, may 
remain intact in the face of cannabis use [68, 69], and in some cases may actually 
provide functional advantage for target detection because of faulty inhibition [70]. 
However, with more complex tasks of selective and divided visual attention, canna-
bis users tend to be significantly slower to detect both central and peripheral visual 
stimuli [48]. In fact, slower reaction times were predicted by earlier age of onset 
(prior to age 16), suggesting that cannabis may interfere with the development of 
visual processing ability [71]. Deficits in visual attention, combined with slower 
reaction time, may represent one of the more harmful side effects of cannabis use, 
as it can result in reduced driving ability. In fact, cannabis does have a significant 
impairing effect on driving [72], resulting in increased risk of responsibility for col-
lisions and driving related fatalities [73].

Executive Function

Among cannabis users, both short-term and long-term frequent heavy use has been 
associated with impaired executive functioning [44]. The term executive function 
refers to response choice and execution of adaptive responses such as formulating 
goals with long-term consequences, generating alternatives, selecting and initiating 
goal directed behaviors, self-monitoring the adequacy and correctness of one’s be-
havior, correcting and modifying the behavior when conditions change, and persist-
ing in the face of distraction. The cerebral locations responsible for these functions 
are attributable to the frontal lobes, which include the primary, premotor, and sup-
plementary motor areas, the dorsolateral, orbital and basal areas, as well as anterior 
cingulate gyri—all of which have numerous cortical and subcortical connections 
[74, 75]. Frontal lobe functioning is among the last cognitive functions to fully de-
velop and optimal functioning does not occur until after adolescence [74]. Negative 
influences on prefrontal development include prenatal environment, physical and 
psychosocial factors, and use of drugs of abuse [76], which likely include cannabis.

Executive functions are among the most complex cognitive processes and are 
essential to an individual’s ability to respond to novel situations in adaptive ways. 
They are the basis of many cognitive and emotional skills necessary for efficient 
functioning. For example, planning involves the ability to identify, organize, and 
carry out an intention. In order to do this, an individual must be able to conceptual-
ize, think ahead, employ effective impulse control, and exercise reasonably intact 
memory functions. Further, efficient planning entails decision-making and judg-
ment of stimuli that must be held in short-term memory and depends on a complex 
network of allocated attentional resources distributed by the dorsal prefrontal cortex 
[52]. The frontal executive system is therefore a top-down, regulatory system in 
which lower cognitive functions, such as attention, are orchestrated and manipu-
lated through more advanced skill sets such as mental flexibility, impulse control, 
working memory, and judgment and decision making.
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Mental Flexibility

Not surprising, acute cannabis intoxication can result in reduced functional abilities 
to quickly and fluidly switch between tasks [48] and current users not under the di-
rect influence also show impairments [44]. While light users (< 10 times per month) 
may not demonstrate blatant impairments in flexibility of thought, heavy users (ap-
proximately 5 days per week) have demonstrated impairments in concept formation 
of simple mental categories and perseverative behavioral responses [74] reflecting 
an inability to incorporate feedback to guide or change incorrect response selection 
[56]. These deficits appear to increase with increased use [56].

Flexibility of thought has also been considered one aspect of creativity and in-
crease in subjective creativity is a commonly cited incentive for using cannabis. 
However, regular users display diminished capacities on measures of mental flex-
ibility as well as other measures of creativity such as divergent thinking, elabora-
tion, fluency, and originality [77].

Impulse Control

Impulsivity is a complex construct; however, impulsive behavior has been associ-
ated with decreased inhibition, decreased attention, and decreased motor control. 
An ability to inhibit inappropriate or otherwise irrelevant responses is a hallmark of 
frontal executive functioning. Impairment within this domain has been one of the 
more consistently reported deficits associated with cannabis use despite other rela-
tively intact cognitive functions [78-80]. This effect can be particularly pronounced 
in individuals exhibiting lower cognitive reserves [56] and conditions creating in-
creased task complexity with increasing demands seem to exacerbate the negative 
impact on response inhibition [81]. Although early onset and longer duration of 
use are associated with greater impairments in impulse control [79, 81, 82], this 
could simply reflect poor impulse control as a contributing factor to the initiation 
of cannabis use and/or the inability to discontinue use, rather than a consequence of 
cannabis use per se [79].

Working Memory

Human and animal studies confirm that the frontal lobes play an important role in 
working memory for both sensory and motor events [60]. Working memory is a 
temporary and limited capacity memory store for manipulation of information that 
may be used in more complex cognitive tasks such as language comprehension, 
learning, and reasoning. Working memory is considered more complex than 
short-term memory because it requires the simultaneous storage and processing of 
information and calls upon the central executive system for allocation of attention 
to both visuospatial and phonological/language based information [83]. It is vulner-
able to distraction because of reliance on the higher order attentional systems.
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Cannabis intoxication can cause difficulty maintaining a coherent train of 
thought because of the intrusion of irrelevant information and deficits in both verbal 
and spatial working memory have been reported following acute intoxication [31, 
82]. Among sober frequent users, spatial and verbal working memory may remain 
intact [68, 84]; however, it is unclear how increased task difficulty might impact 
these findings.

Decision Making

Impairments in inhibition and performance monitoring associated with cannabis 
use may translate globally into faulty decision making [80] reflected in both altered 
neuromodulation of the frontal cortex [85, 86] and overt behavior. Decision-making 
can be thought of as a two-stage process involving an evaluation of a situation fol-
lowed by a corresponding behavior. Adaptive decision-making involves properly 
weighing the potential rewards and punishments associated with a particular behav-
ioral response and responding to the situation accordingly [56]. Impairments of this 
type are seen in the acutely intoxicated [87] as well as in recent and chronic users 
abstinent at the time of evaluation [56]. Similarly, while moderate frequency use 
(defined as 3 times per week) has been related to elevated risky decision-making 
and impaired executive planning [68], dose related alterations in heavy users seem 
to persist following weeks of abstinence [56]. During situations in which rewards 
and punishment must be weighed concurrently, long-term heavy MJ users tend to 
make more decisions that lead to larger immediate gains despite acknowledgment 
of more costly losses, make fewer rational decisions overall, and require more at-
tempts to obtain correct planning solutions [68, 88]. Despite the existence of clear 
deficits, it remains unclear whether the basis for such deficits is directly attribut-
able to cannabis exposure or preexisting genetic and behavioral risk factors. Either 
way, an inability to properly balance rewards and punishments likely contributes to 
continued use [88].

Learning and Memory

Important aspects of memory that could differentially affect quantification of a 
single individual’s capacity include that individual’s ability to encode new informa-
tion, consolidate this information to memory, and retrieve that information when 
necessary. Generally speaking, free recall will be more difficult than recognition. 
While there are several neuropsychological measures of verbal learning and mem-
ory, most assess the ability to learn new information over a series of trials, immedi-
ate recall of that new information, as well as delayed memory after a brief interim 
period, and the ability to recognize the new information.

Among some of the most rigorous studies of cannabis users, deficits in the ability 
to learn and remember new information have been reported, and heavier, longer-
term users have exhibited more difficulty with both verbal and visual information 
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[44, 56, 58, 89, 90]. Regardless of the type of linguistic information presented [91] 
impairments have been noted in both immediate and delayed free recall following 
acute intoxication [17, 44, 92, 93]. Practice and repetition do not appear to facilitate 
performance [93] and impairments increase with dose [16, 91]. For long-term us-
ers, learning curves reflect a less steep gradient, with fewer overall words recalled 
and a greater proportion of individuals falling within the “very poor” learning range 
compared to short-term users [90].

Recognition memory, however, appears to remain relatively intact, suggesting 
that cannabis may have less of an effect on the encoding (acquisition and retention) 
of new information and cause more detriments to the retrieval of newly acquired 
information [56, 82, 92, 93]. Although retrieval cues can facilitate recall, intrusion 
errors are substantially increased and primacy effects suggest interference with the 
transformation of information to longer-term memory [91–93].

Motor Function

The primary motor, premotor, and supplementary motor areas are all located within 
the frontal system and the prefrontal cortex receives input connections from the 
limbic system, which can affect the motor system in multiple ways [74, 75]. As 
previously discussed, impaired behavioral inhibition or increased disinhibition is a 
hallmark of executive dysfunction and is often measured in terms of reaction time 
and errors of commission. Lopez-Larson et al. [94] evaluated activation differences 
within the motor network utilizing a functional magnetic resonance imaging (fMRI) 
bilateral finger-tapping task in heavy MJ using adolescents. Findings indicated that 
healthy controls had significantly greater activation than MJ users within the cin-
gulate gyrus and cerebellum, which also correlated with lifetime MJ smokes. These 
results suggest that the cerebellum and the cognitive/attentional component of the 
motor network (cingulate) may be significantly affected by heavy MJ use, which 
may lead to impairments in motor function, cognition, and mood.

Numerous studies have reported impairments in psychomotor speed and dexter-
ity with cannabis intoxication, and greater impairment with heavier use [17, 40, 
56, 82, 95]. Reaction times are slower among heavy users; however, with more 
complex tasks, heavy and light users appear similarly impaired [56]. Impairment 
in motoric reaction times seems to be one of the more long-lasting deficits and has 
been observed in abstinent participants at 12 [96], 24 [44], and 48 h following use 
[40]. However, deficits are not apparent after 4 weeks of abstinence [63].

In Zuurman et al.’s [16] systematic and comprehensive literature review, motor 
control and visuomotor control appeared to demonstrate an inverse dose response 
association where lower doses were associated with more impairment than moder-
ate doses, and higher doses demonstrated the least impairment. However, this re-
view included studies with varying designs including double-blinded (57 %), single 
blinded (26 %), open design (7 %), and several that were unknown (10 %). It is there-
fore not possible to attribute these findings to acute versus chronic use or whether 
or not these were residual symptoms of short- or long-term abstinence within adult 
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or adolescent populations. Interestingly, studies utilizing the Cambridge Neuropsy-
chological Test Automated Battery (CANTAB) have consistently found negative 
results (absence of impairments) in psychomotor functioning, possibly reflecting 
test insensitivity [68, 88]. Few others have reported intact psychomotor functioning 
upon acute intoxication when using other, less utilized measures [33].

Language

Changes in verbal abilities appear to be consistently implicated in long-term heavy 
cannabis use [44, 55]. These deficits have been observed in both language produc-
tion, such as phonemic and semantic fluency, as well as in lower overall verbal IQ, 
deficient verbal learning, and impaired recall of verbal information [44, 55]. How-
ever, bias toward verbally based methods of assessment may artificially increase the 
likelihood of finding verbal, as opposed to non-verbal deficits.

Temporal Disintegration

Another very consistent finding among the acutely intoxicated as well as absti-
nent short- and long-term chronic users is impaired time estimation, also known as 
temporal disintegration [48, 81, 96, 97]. Theoretically, this is considered a cogni-
tive phenomenon in which the ‘individual has difficulty retaining, coordinating and 
serially indexing memories, perceptions, and expectations relevant to the goal he 
is pursuing’ [98]. It is thought to relate to memory, temporal order or context, and 
perhaps working memory [97]. Subjectively, temporal disintegration is experienced 
as a confusion of past, present, and future and can be clinically related to deperson-
alization experiences, but has also been associated with increased insight, creativity, 
and musicality [35]. Objectively, cannabis users tend to misperceive the passing of 
time evidenced by both under and overestimates of time elapse [48, 81, 96], result-
ing in spontaneous increases in self-timed behaviors such as counting and tapping 
[97] and tend to sacrifice accuracy for speed [81]. Disruptions of temporal gauging 
appear to increase with increased doses [11, 98].

Residual Effects

In several well-controlled studies, a variety of neuropsychological deficits have 
been reported among long-term users following 12–72 h abstinence [50, 54, 58, 99, 
100, 101]. Pope et al. [50] compared current heavy users (> 5000 times in lifetime) 
and former heavy users (> 5000 times in lifetime, but fewer than 12 times in the 
last 3 months) on several measures of neurocognitive performance during base-
line and after 1, 7, and 28 days abstinence. At days 0, 1, and 7, the current heavy 
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users scored significantly below former users on recall of word lists, and level of 
impairment was associated with urinary THC concentrations. However, by day 28, 
current heavy users showed no differences from former users on ten different neu-
rocognitive measures, rendering the two groups virtually indistinguishable. Authors 
suggest that the subtle cognitive impairments observed in the active cannabis users 
during the first week of abstinence may represent actual residual cognitive deficits 
or abstinence phenomena rather than a persistent loss of functional ability. Further-
more, there were no correlations between cumulative lifetime use of cannabis and 
cognitive deterioration.

Although there is evidence that heavy users exhibit at least some residual cogni-
tive deficits following discontinuation of use, these deficits seem to be limited to 
several days or weeks and may represent the persistence of THC in the body or a 
withdrawal effect rather than directly related residual effects per se. Any cognitive 
deficits observed within a one-month period of discontinuation seem to remediate 
after approximately one-month abstinence [47, 50, 82, 102].

Persisting Cognitive Impairments Following Long-Term Use

Despite subjective reports of lasting effects following prolonged abstinence (months 
and years), deficits appear to be quantifiably minimal or negligible in adult popula-
tions [103]. Research findings strongly support cognitive deficits associated with 
acute cannabis intoxication, and even lingering residual impairments for up to sev-
eral weeks following use; however, there is less clear evidence that deficits persist 
longer than 28 days and even less evidence that cannabis causes permanent neuro-
toxic damage. Some ex-users have reportedly demonstrated deficient filtering of 
auditory information and alterations of electrophysiology following 2 or more years 
of abstinence [64, 66, 67], but others report no significant cognitive impairments 
[104, 105]. Additional research using controlled study approaches is needed before 
any conclusions may be drawn regarding long-term residual cognitive changes as a 
consequence of cannabis exposure.

Age of Onset and Cognitive Dysfunction

While the literature on deficits associated with cannabis use in adults has been in-
consistent, research findings clearly suggest adolescents are more vulnerable than 
adults to neurocognitive changes associated with cannabis use. Younger age of on-
set in particular has been associated with poorer cognitive performance spanning 
multiple domains as well as negative long-term behavioral and mental health con-
sequences [63, 78, 106−108]. The frontal executive system seems to be particu-
larly vulnerable in this younger population reflected in volumetric abnormalities 
[109], decreased white matter fiber integrity [79, 108], altered neurocircuitry [94], 
and compensatory changes in functional connectivity involving cognitive control 
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regions of the frontal cortex [46]. This is of particular concern because optimal 
frontal lobe functioning does not occur until after adolescence, as it is the last region 
to fully develop [74]. Chronic cannabis use has been associated with diminished 
neuronal and axonal integrity in the dorsolateral prefrontal cortex [110] and may be 
particularly disruptive to prefrontal cortical maturation [111] as well as the underly-
ing glutamatergic and GABAergic functions essential to frontal cortical circuits and 
inhibitory processes [112].

Earlier age of onset, greater frequency of use, and total lifetime use are asso-
ciated with poorer cognitive performance, particularly on measures of executive 
control and inhibitory responses [41]. Earlier age of regular use and greater dura-
tion of exposure have been associated with poorer cognitive performance over and 
above recent use [113]. Problems with frontal executive functions may manifest as 
intensified novelty-seeking, increased impulsivity and decreased future orientation 
[109], longer reaction times and more errors of commission [40]. Other deficits 
include difficulties in selective and sustained attention, learning and memory, work-
ing memory, and processing speed [40, 41, 45, 50, 55, 57, 64, 66, 71, 80, 99, 107, 
109, 114, 115]. Furthermore, deficits in cognitive functioning are evident at least 6 
weeks following abstinence in adolescent users [116], representing a longer dura-
tion of residual effects. Lower verbal IQ has also been reported, although this result 
is likely due to multiple factors as discussed previously [55].

Discussion

Subjective and self-report profiles of the drug response suggest a number of posi-
tive experiences may occur after consumption; however, the objective assessment 
of cognitive outcomes suggests potentially negative effects particularly after chron-
ic heavy use. This is especially true for youth where study findings indicate more 
negative and longer lasting neurobehavioral and affective consequences. Thus both 
positive and negative subjective effects are commonly endorsed, often simultane-
ously, in areas of emotional, sensory, cognitive, physiological, and motor function-
ing. Nevertheless, particular reactions to smoking appear to be mediated by indi-
vidual characteristics as well as dose and potency consumed, with the lower doses 
inducing the more positive emotional reactions and high doses tending to produce 
discomfort experienced as paranoia, panic, and anxiety. While several studies have 
evaluated cognition after extended periods of abstinence and overall report no sig-
nificant long-term deficits, these findings do not discount alterations in brain func-
tion or integrity. It is possible that some neuropsychological measures do not have 
the sensitivity to identify subtle brain malfunctions or may not have a sufficient 
difficulty level to elicit dysfunctional responding.

Where neuropsychological measures have failed to detect significant differences 
or otherwise yielded inconclusive or inconsistent results, neuroimaging techniques 
have found subtle abnormalities in brain circuitry, even with prolonged absti-
nence [117]. Changes in regional cerebral blood flow during task engagement, but 
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statistically normal neurocognitive performance implies a compensatory mecha-
nism, in which the brain seems to work harder to maintain average functioning 
[117]. This has important implications for individuals who may have lower cogni-
tive reserve and are easily cognitively fatigued as may occur in individuals with 
lower intellectual capacity, head injury, stroke, or other neurocognitive complica-
tions. For some individuals, cognitive impairments may only be observable and 
quantifiable in situations of stress, increased task difficulty or when it is critical to 
inhibit behaviors.

Despite the observed trends of lower estimates of intellectual capacity among 
cannabis users, it is unclear how the use of cannabis is related to cognitive capac-
ity. The relationship between cannabis use and general intellectual functioning is 
multifaceted and seems to have a complex relationship with various risk factors for 
initial use as well as decreased propensity for scholastic achievement. For example, 
it is not clear to what extent cannabis use impedes age appropriate gains or slows 
the acquisition of an age appropriate knowledge base.

Early onset use before the age of 16 is particularly concerning as the brain is still 
developing and is vulnerable to substance induced physiological changes. Not sur-
prisingly, study findings suggest cannabis may have more lasting effects on young 
users. Complex emotional reactions and executive cognitive functions depend on 
the integrity of frontal neurocircuitry known to be impacted by early onset canna-
bis use and alterations to this system have the potential to interfere with success-
ful functional maturation. Interference with this maturation could potentially result 
in lifelong consequences such as chronic emotional and cognitive dysregulation 
resembling aspects of ADHD, major depression, anxiety, and schizophrenia. For 
some individuals, it has been reported that heavy chronic cannabis use may result 
in lower quality of life, lower life satisfaction, and lower educational attainment. In 
addition, heavy users are more vulnerable to future drug use, as illustrated by the 
gateway hypothesis.

According to the gateway hypothesis, initiation and hierarchical sequential pro-
gression into harder drugs is fueled by a stage of intermediary marijuana use, which 
does not happen by opportunistic chance [118]. Age of initiation and intensity of 
substance use are considered the strongest predictors of subsequent drug use trajec-
tory, including escalation in frequency, severity of pathological use, and severity 
of drug type [119−122]. According to a 2002 report by the Substance Abuse and 
Mental Health Services Administration (SAMHSA), adults who were aged 26 or 
older, had the highest prevalence of heroin, cocaine, and prescription drug use if 
they initiated marijuana use before the age of 15. Among those who had never used 
marijuana, less than 1 % had ever used cocaine or heroin and 5 % had used prescrip-
tion drugs recreationally. In a 25-year longitudinal study ( N = 1265), Ferguson et al. 
[123] reported similar trends of decreased use with increasing age and also reported 
98 % had used marijuana prior to other illicit drugs. Heavier drug use, in turn, is 
often related to compounding emotional and cognitive difficulties.

Through numerous studies, this drug use trajectory has been repeatedly demon-
strated the world over and under various normative cultural use patterns; however, 
other explanations exist [112, 124, 125]. For example, it is unclear whether the 
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progressive drug use trend is a direct consequence of the drug itself, increasing 
drug-seeking behavior through biochemical mechanisms, or due to peer group in-
teractions, social availability, and paradigm shift in beliefs about the harmful con-
sequences of drug use [124, 126, 127]. Likely the result of complex interactions 
among these factors, the gateway phenomenon is alarming given the relationship 
between age of first time marijuana use, frequency of use, and significant likelihood 
of progression into harder drugs of abuse.

There are several limitations to this review. First, the variations in sample com-
positions among the studies reviewed impede accurate large-scale comparisons. For 
example, comparisons of adolescents versus adults, naïve users versus chronic us-
ers, psychiatrically and emotionally vulnerable populations versus well-educated 
high functioning individuals will result in inconsistent patterns of subjective and 
objective clinical assessment. Also, given restrictions on time, money, and resourc-
es, cognitive assessment measures are often chosen out of convenience, brevity of 
assessment, or used as an adjunct measure in an investigation to meet more complex 
ends.

In summary, the effects of marijuana use have not yet been fully appreciated 
within the academic community, or society at large. Marijuana has been implicated 
in psychosocial adjustment and developmental outcomes, psychological and physi-
cal well-being, interpersonal relationships, and employment, ultimately lowering 
overall life satisfaction [50, 54]. Ongoing and future studies of marijuana’s effects 
on the human brain (cognitive and affective) are likely to include more sensitive 
clinical measures as well as a range of neuroimaging techniques such as magnetic 
resonance imaging (MRI), functional magnetic resonance imaging (fMRI), mag-
netic resonance spectroscopy (MRS), and diffusion tension imaging (DTI). These 
imaging methods are invaluable in identifying subtle brain changes in both normal 
and abnormal developmental trajectories as well as substance-induced changes that 
lead to altered behavior. Combining neurocognitive measures with neuroimaging 
techniques will enhance our understanding of the neural substrates underlying overt 
behavior and perhaps help elucidate the point at which neurobiological changes 
induce changes in behavior. Incorporating these techniques within longitudinal 
paradigms will help distinguish between premorbid conditions that lead to initial 
use versus marijuana induced changes in structure and function, and the degree to 
which neuroplasticity can counteract the long-term consequences within various 
marijuana using populations.
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Abstract Endocannabinoids are theorized to modulate cue-motivated behavior by 
amplifying dopamine release within the mesolimbic dopamine system. Here, we 
summarize the neurochemical results that revealed how endocannabinoids, particu-
larly 2-arachidonoylglycerol within the ventral tegmental area, augment cue-evoked 
dopamine release events into the nucleus accumbens while concurrently facilitating 
cue-motivated behavior. Data are initially described within the context of the clas-
sical role attributed to the mesolimbic system—promoting reward seeking. We then 
expand our discussion beyond simple reward-directed behaviors by discussing a 
potential role for endocannabinoid-mesolimbic dopamine interactions in: switching 
an animal’s motivation from feeding to foraging behavior when reward availability 
is temporally delayed, facilitating the extinction of fear memories by amplifying 
dopaminergic updates of the association between aversive stimuli and their predic-
tors to the fear network, and promoting the avoidance of harmful stimuli through 
newly discovered negative reinforcement mechanisms.

Keywords Endocannabinoids · 2-Arachidonoylglycerol · Dopamine · Motivation · 
Negative reinforcement · Aversion · Fear · Reward · Ventral tegmental area · Nucleus 
accumbens

Introduction

Introduction to Cue-Motivated Behavior

Survival often demands motivated displays of behavior devoted to obtaining valued 
commodities from the environment. Early studies on animal behavior noted the ex-
istence of distinct behavioral repertoires associated with obtaining such commodi-
ties. From these studies it was inferred that the ‘appetite’ of an animal produces a 
readiness to act, and out of this altered motivational state arise incipient actions 
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devoted to acquiring the desired commodity [1]. These incipient actions are clearly 
distinct from those proceeding obtainment, such as consumption of the commodity. 
One ethologically relevant example is sex. The initial component of sexual behavior 
is often described as being appetitive in nature [2–4]. During a sexual exchange an 
animal first attempts to find and attract a potential mate—sometimes even invoking 
some ornate display of behavior in the course of the courting process. The proceed-
ing copulatory, or consummatory response is generally more reflexive in nature, and 
ultimately results in reducing the animal’s motivational drive for the sex. Another 
biologically important example is feeding. During a feeding event, the appetitive 
act of seeking out a food source often precedes the consummatory act of placing the 
food into the mouth and swallowing. Again, these two responses are behaviorally 
distinct, as the amount of effort required to seek out the commodity fails to influ-
ence the more reflexive act of food consumption [1, 5], while feeding ultimately 
reduces motivation for the specific food that was ingested [6, 7]. A commonality 
between the appetitive responses of seeking sex and food is that both of these in-
cipient actions require the animal to explore their surroundings to gain access to the 
desired commodity. During exploration, critical associations with environmental 
stimuli are formed that, in turn, acquire the ability to recapitulate previously suc-
cessful behavioral repertoires through the recruitment of motivational processes [8, 
9]. This conserved feature of appetitive behavior implies the existence of discrete 
neural circuitry devoted to guiding incipient actions as animals seek valuable com-
modities from their environment.

Introduction to the Mesolimbic Dopamine System

The mesolimbic dopamine system, a subcortical neural pathway—highly conserved 
across vertebrate species [10]—is theorized to promote incipient actions by generat-
ing a teaching signal that draws animals toward favorable stimuli and away from 
harmful ones [11–13]. This dopamine signal is generated by phasic bursts of dopa-
mine neural activity within the midbrain [12] that are heterogeneously transmitted 
as transient release events throughout terminal regions of the mesolimbic pathway, 
such as the nucleus accumbens [14, 15]. Using cutting-edge neurochemical tech-
niques, we can measure these transient release events in the nucleus accumbens 
when animals are presented with motivationally salient stimuli [16–18]. The nucle-
us accumbens has been fittingly described as a limbic-motor [19] and Pavlovian-
instrumental [20] interface, which conveys the important theoretical construct that 
this particular brain region is critically involved in transforming information from 
motivational-salient environmental cues into incipient actions devoted to obtaining 
highly valued commodities. The nucleus accumbens primarily receives dopaminer-
gic afferents from the ventral tegmental area of the midbrain. The ventral tegmental 
area not only consists of dopamine neurons, rather, this brain region is composed 
of GABA, glutamate and dopamine neurons that interact to influence accumbal 
dopamine release. The proportional expression of these different neural subtypes 
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within the ventral tegmental area is currently thought to be approximately: 60 % 
dopaminergic, 25 % GABAergic and 15 % glutamatergic neurons [21–23].

Introduction to the Endocannabinoid System

While many research groups have confirmed a role for accumbal dopamine con-
centrations in cue-motivated behavior [24–30], the importance of endocannabinoid 
modulation of dopamine release in these processes is just beginning to be real-
ized. This is primarily due to the historical fact that Arvid Carlson first identified 
dopamine to be critically involved in controlling motor behavior in 1957 [31], but 
endocannabinoids were not discovered by Raphael Mechoulam until the mid-1990s 
[32, 33]. The endocannabinoid system is comprised of lipid signaling molecules—
2-arachidonoylglycerol and anandamide are the best characterized [32, 33], their 
G protein-coupled receptor targets (CB1 and CB2); although it should be noted 
that anandamide also exhibits some binding affinity for TRPV1 receptors [34], 
their synthetic enzymes (diacylglycerol lipase and N-arachidonoyl phosphatidyl-
ethanolamine phospholipase D), their hydrolytic enzymes (monoacylglycerol lipase 
(MAGL) and fatty acid amide hydrolase (FAAH)) [35–37], and a recently charac-
terized transport system [38].

Endocannabinoid-Dopamine Interaction in Cue-Motivated 
Reward Seeking

Insights from Endocannabinoid Psychopharmacology and 
Neurochemistry

Advances in our understanding of the endocannabinoid system and rational drug 
design led to the development of new pharmacological tools allowing investiga-
tors, for the first time, to focus on how endocannabinoids might modulate cue-
motivated behavior. A number of psychopharmacology studies first investigated the 
effects of disrupting endocannabinoid signaling on motivated behavior by using 
cannabinoid receptor antagonists/inverse agonists. These initial studies revealed 
that disrupting endocannabinoid signaling decreases motivation for both food [39] 
and drugs of abuse [40–42]. Additional research revealed that disrupting endocan-
nabinoid signaling is particularly effective at reducing environmental influences 
over motivated behavior [43–45]. The observation that disrupting endocannabinoid 
signaling is particularly effective at reducing cue-motivated behavior, regardless of 
the commodity that the cue predicts [44], suggested the existence of a central neural 
mechanism through which endocannabinoids modulate their effects on motivation. 
Simultaneously, neurochemists began using cannabinoid receptor antagonists to 
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confirm that exogenous cannabinoids, like the primary psychoactive component of 
cannabis—delta-9-tetrahydrocannabinol, increase dopamine concentrations in the 
nucleus accumbens by binding to cannabinoid CB1 receptors in the brain [46–50].

Theoretical Neural Mechanism of Endocannabinoid-Dopamine 
Interactions

The finding that CB1 receptor activation is required to observe accumbal dopamine 
release events raised the intriguing possibility that maybe endocannabinoids capa-
bly modulate dopamine release events in their own right. However, it was also real-
ized that dopamine cell bodies lack CB1 receptors. Emerging electrophysiological 
evidence revealed an indirect mechanism through which endocannabinoids might 
modulate dopamine release during periods of phasic neural activity—a mechanism 
that has become known as depolarization induced suppression of inhibition/excita-
tion [51]. Endocannabinoids, unlike the majority of vesicular released neurotrans-
mitters, are synthesized post-synaptically and released on demand during periods of 
high neural activity [52, 53]. Specifically, activation of Gq/11-coupled metabotropic 
receptors and/or postsynaptic depolarization is thought to activate voltage gated 
Ca2+ channels, allowing for an influx of intracellular Ca2+ that, in turn, activates 
the synthetic enzymes responsible for producing endocannabinoids [54]. The new-
ly synthesized endocannabinoids are then released from the postsynaptic domain 
and act retrogradely at presynaptic CB1 receptors. Cannabinoid CB1 receptors are 
typically coupled to Gi G-proteins which, when activated, ultimately reduce neu-
rotransmitter release through modulation of presynaptic K+ and Ca2+ conductances 
[55]. While endocannabinoids bind to CB1 receptors on both GABAergic and glu-
tamatergic terminals in the ventral tegmental area [56], an abundance of evidence 
suggests that a suppression of GABA release onto dopamine neurons ultimately 
facilitates dopamine neural activity via disinhibition of the dopamine cell bodies 
[57–59]. According to this line of logic, endocannabinoid levels should be highest 
in the ventral tegmental area after periods of high dopaminergic neural activity, 
and consequently, this increase in endocannabinoid tone should amplify accumbal 
dopamine release in a manner that facilitates cue-motivated behavior.

Disrupting Endocannabinoid Signaling Decreases the Neural 
Mechanisms of Cue-Motivated Reward Seeking

To investigate the role of endocannabinoids in the neural mechanisms of cue-mo-
tivated behavior (Fig. 8.1a), we first treated animals with a cannabinoid receptor 
antagonist/inverse agonist while measuring accumbal dopamine release during a 
reward seeking task [60]. In this case, animals were trained to respond on a lever 
for brain stimulation reward—electrical currents delivered to the ventral tegmen-
tal area. Brain stimulation reward is a highly reinforcing stimulus, well known to 
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Fig. 8.1  Depiction of all behavioral procedures described herein. a In a representative food seek-
ing trial the animal is presented with a cue-light and response lever. Pressing the lever once results 
in the immediate delivery of a rewarding stimulus (e.g., brain stimulation reward, highly palatable 
food), retraction of the lever, and a 10 s inter-trial-interval. b In a periodic reinforcement trial 
(i.e., fixed interval) the animal is presented with a lever but delivery of reward is delayed until a 
response occurs after fixed period of time (e.g., 30 s). Responses occurring prior to culmination 
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maintain high rates of lever responding during operant behavior. Presentation of a 
preceding environmental cue (e.g., light) signaled the availability of brain stimula-
tion reward. As occurs when animals are presented with environmental predictors 
of various rewarding stimuli, including sex [61], food [62, 63], and drugs [64, 65], 
the conditioned cue evoked a transient dopamine release event in the nucleus ac-
cumbens (Fig. 8.2c). Importantly, we determined that a greater magnitude of the 
dopamine release event corresponded with a decrease in the animal’s latency to 
respond for brain stimulation reward—suggesting that the cue-evoked dopamine 
release event motivated the incipient action aimed at obtaining the desired stimulus 
[60]. When the animal was systemically treated with the cannabinoid receptor an-
tagonist/inverse agonist rimonabant, however, cue evoked dopamine concentrations 
decreased (Fig. 8.2b, c), while the latency to respond for brain stimulation reward 
increased (Fig. 8.2a). The corresponding decrease in cue-evoked dopamine release 
and cue-motivated behavior is shown across trials in Fig. 8.2d. While these data 
appeared to show that endocannabinoids are necessary to observe cue-evoked do-
pamine release during motivated behavior, it remained unclear whether disrupting 
endocannabinoids in the ventral tegmental area alone would be sufficient to sup-
press the neural mechanisms of cue-motivated behavior. To investigate the precise 
role of endocannabinoids in the ventral tegmental area during cue-motivated behav-
ior, we infused the cannabinoid antagonist/inverse agonist rimonabant directly into 
the ventral tegmental area. As occurred following systemic administration, disrupt-
ing endocannabinoid signaling in the ventral tegmentum concurrently decreased 
cue-evoked dopamine concentrations and reward seeking behavior (Fig. 8.2e, f, g). 
These data demonstrated that endocannabinoids are required to amplify cue-evoked 
dopamine release during motivated behavior.

2-Arachidonoylglycerol, but not Anandamide, Facilitates  
the Neural Mechanisms of Cue-Motived Reward Seeking

Our research question next shifted to whether the endocannabinoid responsible for 
amplifying cue-evoked dopamine release during cue-motivated behavior was 2-ara-
chidonoylglycerol and/or anandamide. We began by systemically increasing 2-ara-
chidonoylglycerol or anandamide concentrations through pharmacological antago-
nism of their respective degradative enzymes, MAGL and FAAH [35–37]. JZL184 

of the interval are recorded, but produce no scheduled consequence. c In a negative reinforce-
ment session the animal is presented with a cue light (i.e., warning signal) and lever. If the lever 
is pressed within the first 2 s of warning signal presentation the animal prevents the occurrence of 
footshock by immediately entering an inter-trial period signaled by a tone (i.e., safety period) for 
20 s (avoidance response; red line). After the 2 s warning period elapses footshocks commence. A 
lever response will now terminate ongoing footshock and produce the 20 s safety period (escape 
response; blue line). d In a fear conditioned session the animal is presented with tone in association 
with an inescapable footshock (3 presentations, each culminating with footshock). 24 hours later, 
the animal is presented with the tone alone and fear-induced freezing behavior is assessed
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Fig. 8.2  Endocannabinoids sculpt ethologically relevant pattern of dopamine release during food 
seeking. a Response latency (a metric of reward seeking) for brain stimulation reward maintained 
in the brain stimulation reward task. A high (0.3 mg/kg i.v.; red bar) but not low (0.125 mg/kg i.v.; 
orange bar) dose of rimonabant increased the latency to respond for brain stimulation reward in 
comparison to vehicle (v, blue bar). b Mean dopamine concentration observed during the first sec-
ond of cue presentation under baseline (b), vehicle (v), and drug conditions. Rimonabant at a high 
(0.3 mg/kg i.v.; red bar) but not low (0.125 mg/kg i.v.; orange bar) dose decreased the concen-
tration of cue-evoked dopamine in comparison to vehicle. c Representative color plots ( top) and 
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is a known MAGL inhibitor [37] while URB597 is a known FAAH inhibitor [36]. A 
clear dissociation between the effects of the two endocannabinoids on cue-motivat-
ed behavior became readily apparent. Augmenting 2-arachidonoylglycerol levels 
increased motivation for food and brain stimulation reward, whereas, increasing 
anandamide levels failed to change behavior. It was also confirmed that JZL184 sig-
nificantly increased 2-arachydonoylglycerol levels in the ventral tegmental area by 
assessing midbrain tissue content immediately following brain-stimulation reward 
seeking sessions. Importantly, we found that systemically augmenting 2-arachydon-
oylglycerol levels increased cue-evoked dopamine concentrations in the nucleus 
accumbens while decreasing the latency to respond for brain stimulation reward 
(Fig. 8.3a, b, c, d). Again we wanted to determine whether increasing 2-arachydon-
oylglycerol in the ventral tegmental area alone would be sufficient to augment cue-
evoked dopamine release and facilitate cue-motivated behavior. In confirmation of 
a central role for 2-arachydonoylglycerol in amplifying the neural mechanisms of 
cue-motivated behavior by disinhibiting ventral tegmental area dopamine neurons, 
intrategmental infusions of JZL184 increased cue-evoked dopamine release into the 
nucleus accumbens while concurrently decreasing the latency to respond for brain 
stimulation reward (Fig. 8.3e, f, g). These data suggest that 2-arachydonoylglyc-
erol facilitates dopamine signaling, and consequently guides animals to appetitive 
stimuli and motivates their incipient actions devoted to obtaining the desired com-
modities.

dopamine concentration traces ( bottom) show the effects of rimonabant on cue-evoked dopamine 
events in individual trials. Top: Representative color plots topographically depict the voltammetric 
data with time on the x axis, applied scan potential ( Eapp) on the y axis and background-subtracted 
faradaic current shown on the z-axis in pseudocolor. Dopamine can be identified by an oxidation 
peak ( green) at +  0.6 V and a smaller reduction peak ( yellow) at − 0.2 V. Bottom: Corresponding 
traces show the concentration of dopamine (nM) detected at the time of cue presentation ( gray bar) 
following vehicle ( left; blue trace) and rimonabant ( right; red trace) administration. d A represen-
tative surface-plot shows changes in dopamine concentration (z axis) across trials (y axis) during 
baseline ( black line), vehicle ( blue line), and rimonabant ( red line) conditions. Data are centered 
around lever presentation on the x axis. e Disrupting endocannabinoid signaling within the ventral 
tegmental area is sufficient to decrease reward seeking. Intrategmental rimonabant (200 ng i.c.; red 
bar) significantly increased response latency in comparison to vehicle (v, blue bar). f Mean dopa-
mine concentrations observed during first second of cue-presentation under baseline (b), vehicle 
(v), and drug conditions. Intra-tegmental rimonabant (200 ng i.c.; red bar) significantly decreased 
the concentration of cue-evoked dopamine in comparison to vehicle. g Representative dopamine 
concentration traces from individual trials after vehicle ( left; blue trace) and rimonabant (200 ng 
i.c.; right; red trace) treatment. From Oleson EB, Beckert MV, Morra JT, Lansink CS, Cachope 
R, Abdullah RA, et al. Endocannabinoids shape accumbal encoding of cue-motivated behavior 
via CB1 receptor activation in the ventral tegmentum. Neuron. 2012;73(2):360–73; used with 
permission
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Fig. 8.3  a Augmenting 2-arachidonoylglycerol levels facilitate the neural mechanisms of cue-
motivated behavior. JZL184 (10 mg/kg i.v., purple bar) decreased response latency in comparison 
to vehicle (v, blue bar). b Facilitated reward seeking was accompanied by an increase in cue-
evoked dopamine concentration. c Representative color plots ( top) and dopamine concentration 
traces ( bottom) show the effects of JZL184 ( right, purple trace) in comparison to vehicle ( left, 
green trace) during individual trials. d A representative surface plot illustrates changes in dopa-
mine concentration across trials (y axis) under baseline ( black line), vehicle ( green line), and 
rimonabant ( purple line) conditions. e Augmenting 2-arachidonoylglycerol in the ventral tegmen-
tal area is sufficient to facilitate reward seeking. JZL184 (6 mg, ipsilateral, purple bar) decreased 
response latency in comparison to DMSO ( green bar). Post-treatment with a subthreshold dose of 
rimonabant (1.25 mg/kg i.v.) reversed the JZL184-induced decrease in reward latency. f Facilitated 
reward seeking occurred simultaneously with an increase in cue-evoked dopamine concentration 
in comparison to vehicle. g Representative traces show the effects of intrategmental vehicle ( left, 
green trace) and JZL184 ( right, purple trace) on cue-evoked dopamine concentration in individual 
trials. From Oleson EB, Beckert MV, Morra JT, Lansink CS, Cachope R, Abdullah RA, et al. 
Endocannabinoids shape accumbal encoding of cue-motivated behavior via CB1 receptor activa-
tion in the ventral tegmentum. Neuron. 2012;73(2):360–73; used with permission
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To Feed or Forage: Endocannabinoid-Dopamine 
Interactions Uniquely Modulate Motivated Behavior when 
Reward is Periodically Available

Periodic Reinforcement Requires Interoceptive Timing Cues 
to Guide Behavior

Often times in an ethological setting the environment fails to guide incipient ac-
tions toward highly valued commodities using a single external, or exteroceptive 
cue. In some cases, repertoires of animal behavior are forced to adapt to temporal 
constraints dictating availability of the desired commodity. For example, it might 
be beneficial for an animal’s motivation to switch from feeding to foraging during 
periods of time in which the primary food source is unavailable. In such instances, 
the focus of an animal’s appetite might rely on interoceptive timing cues encoded 
by discrete neural circuitry. Within a certain window of time, these interoceptive 
timing cues might prompt the animal to continue seeking the primary food source, 
however, after a substantial intermittent delay, the animal might be motivated to for-
age for alternative options. Previous accounts of interval timing proposed that the 
brain contains a neural timer that resets to zero following receipt of a desired com-
modity [66, 67] and that dopamine is critically involved in processing these second-
to-second estimations [68–75]. Based on our previous data and the well-document-
ed phenomenon that cannabinoids alter timing behavior [76–80], we speculated that 
endocannabinoids might modulate dopaminergic encoding of interoceptive timing 
cues and alter whether an animal is motivated to feed or forage.

Periodic Reinforcement Produces A Unique Behavioral Repertoire

We therefore theorized that cannabinoids might modulate dopamine release and 
differentially motivate incipient actions during experimental conditions of periodic 
reinforcement. To address this research question we measured real-time accumbal 
dopamine release during food-directed behavior maintained under a fixed interval 
schedule (Fig. 8.1b). On a fixed interval schedule, animals are provided unlimited 
access to an active lever that dispenses food pellets, but food delivery only occurs 
after a fixed period of time. Fixed interval procedures produce a characteristic tem-
poral response pattern on the active lever. After food delivery, responding initially 
slows before accelerating to a maximal rate at the interval terminus [81]. In addition 
to producing an accelerating temporal response pattern on the active lever, the in-
terval between reinforced responses in fixed interval procedures produces a critical 
range of intermittency that fosters irrelevant, or adjunctive behavior [82, 83]. In 
contrast to active lever responses, adjunctive behavior typically increases during 
the initial part of the interval before declining toward the interval terminus [84]. As 
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such, it was previously suggested that responses on an inactive lever might repre-
sent adjunctive behavior in two-lever operant tasks when primary reinforcement is 
periodically available [85]. One interpretation of this behavioral repertoire during 
food-maintained responding is that active lever responses reflect the animal seek-
ing a primary food source, whereas, adjunctive behavior reflects, in part, the animal 
foraging for an alternative option. Thus, in our fixed interval task we attempted to 
assess how cannabinoids modulate dopamine release, and how these changes in 
dopamine release might relate to both feeding and foraging behavior.

Mesolimbic Dopamine Release Encodes Interval Time During 
Periodic Reinforcement

As it remained unknown precisely how dopamine release is related to interval 
time during conditions of periodic reward availability, we began by characterizing 
changes in accumbal release over defined periods of time using a fixed interval task. 
We predicted that dopamine release would increase across the interval duration in 
parallel with the frequency of active lever responses. Contrary to our hypothesis, 
dopamine release decreased across the interval, even lawfully resetting to differ-
ent periods of time, while also signaling the delivery of food reward [86]. These 
data suggest that accumbal dopamine release encodes the period of elapsed time 
between occurrences of reward availability, but does so in an inversely proportional 
manner to interval time.

Cannabinoids Augment Dopamine Release and Accelerate 
Primary Reward Seeking During Period Reinforcement

To investigate how cannabinoids alter accumbal dopamine release and behavior un-
der conditions in which reward is periodically available, we first treated mice with 
the synthetic cannabinoid WIN 55,212–2 while they responded for food under a 
fixed interval schedule. WIN 55,212–2 accelerated the temporal response pattern on 
the active lever while concurrently increasing accumbal dopamine release through 
the initial portion of the interval [86]. Pretreatment with a low dose of a canna-
binoid CB1 receptor antagonist/inverse agonist blocked the increase in accumbal 
dopamine release and acceleration of responding on the active lever, thereby dem-
onstrating that these effects required cannabinoid CB1 receptor activation. These 
data prompted us to further investigate the role of the endocannabinoids 2-arachy-
donoylglycerol and anandamide in these effects, in addition to characterizing their 
effects on the complete behavioral repertoire—appetitive seeking of the primary 
food source versus foraging for alternative options.
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2-Arachidonoylglycerol, But Not Anandamide, Accelerates  
the Temporal Response Pattern of Primary Reward Seeking 
During Periodic Reinforcement

To assess the specific contributions of the brain’s two best characterized endocan-
nabinoids during periodically reinforced reward seeking, we employed a similar 
approach to that described above. We pharmacologically increased 2-arachidon-
oylglycerol and anandamide by inhibiting their respective degradative enzymes, 
MAGL and FAAH [35–37]. In the fixed interval task, elevating 2-arachidonoyl-
glycerol levels significantly accelerated the temporal response on the active lever 
in a manner resembling WIN 55,212–2, while elevating anandamide levels failed 
to change behavior [86]. Thus, reward directed behaviors that are guided by either 
exteroceptive or interoceptive timing cues are under control of the endocannabi-
noid 2-arachidonoylglycerol, whereas, under multiple conditions of reward avail-
ability, anandamide fails to modulate incipient actions aimed at acquiring valued 
commodities.

Endocannabinoids Promote Both Primary Reward Seeking and 
Foraging Behavior

As previously noted, after some period of time has elapsed in which the primary 
commodity of desire remains unavailable, it might be beneficial for an animal’s 
motivation to switch from seeking the primary reward to looking for alternative 
options. In the experimental laboratory, such behaviors may become manifest as 
reinforcement-irrelevant, or adjunctive behavior, and be measured by responses on 
the inactive lever. It might not be surprising, therefore, that increasing 2-arachidon-
oylglycerol levels with JZL184 suppressed inactive lever responses [86] while ac-
tive lever responses increased. These data might suggest that competing motivation 
to seek out alternative options is minimized by heightened dopamine concentrations 
that serve to motivate the animal to seek the primary food reward. Interestingly, 
disrupting endocannabinoid signaling by treating animals with a cannabinoid CB1 
receptor antagonist/inverse agonist also reduced inactive lever responses [86]. This 
finding suggests that endocannabinoids might promote behavioral fitness by moti-
vating behaviors directed at both obtaining primary reinforcement and alternative 
options. An endogenous endocannabinoid tone might be required to motivate the 
animal to seek out alternative options, or forage, while increased concentrations 
of 2-arachidonoylglycerol might promote the incentive to continually commit in-
cipient actions aimed at obtaining the primary reward of interest. According to the 
aforementioned model of endocannabinoid-dopamine interactions, it is likely that 
heightened phasic activation of dopamine neurons augments basal concentrations 
of 2-arachidonoylglycerol, which consequently increases dopamine release and 
motivates the animal to continue seeking the primary food reward. Taken together, 
this line of logic suggests that endocannabinoid tone is required to promote an ani-
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mal’s propensity to forage for alternative options, but amplified signaling serves to 
exclusively motivate incipient actions directed at obtaining the desired commodity.

Potential Endocannabinoid-Dopamine Interactions During 
the Avoidance of Aversion and Aversion Itself

Introduction to Dopaminergic Encoding of Aversive Stimuli

To survive, animals must be concerned about not only seeking reward stimuli in the 
environment, but also avoiding aversive ones. While it was once thought that the 
mesolimbic dopamine system is a simple reward circuit, recent evidence demon-
strates that midbrain dopamine neurons are critically involved in guiding animals 
away from potentially harmful outcomes [87–89]. Dopamine depletion impairs 
learning about aversive events [90], while restoring dopamine to terminal fields 
overcomes these deficits [91]. An abundance of evidence shows that aversion, in 
addition to reward, is represented by dopamine neural activity [87, 92–94]. Indeed, 
electrophysiological studies reveal that anatomically distinct populations of dopa-
mine neurons encode either aversion or reward [87, 92, 94]. As a consequence, 
real-time accumbal dopamine concentration transients are detected when animals 
are presented with predictors of aversion and its avoidance [93–95]. These data 
suggest that dopamine neurons guide incipient actions as animals seek to avoid 
aversive stimuli in the environment and raise the intriguing possibility that endo-
cannabinoids modulate the processes of negative reinforcement. For more thorough 
reviews on the role of dopamine in the processing of aversion we refer the reader 
to: [13, 96, 97].

Dopamine Encodes Warning Stimuli During Conditioned 
Avoidance: A Potential Role for Endocannabinoid Modulation of 
Negative Reinforcement

We recently became interested in exploring endocannabinoid-dopamine interac-
tions during events that increase the probability of incipient actions devoted to 
avoiding the particular event—a psychological concept known as negative rein-
forcement. This experimental goal required an initial characterization of accumbal 
dopamine release during conditioned avoidance, a scenario in which an animal must 
respond to an environmental cue by carrying out some incipient action to prevent 
the delivery of an aversive stimulus. To characterize dopamine release during con-
ditioned avoidance we measured subsecond accumbal dopamine release events dur-
ing behavior maintained in an operant conditioned footshock procedure (Fig. 8.1c). 
During the operant conditioned footshock procedure we implemented, a stimulus 
light is presented to the animal as a warning signal for 2 s prior to the delivery of 
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recurring footshocks (Fig. 8.4a). A response lever is simultaneously extended into 
the operant chamber when the warning signal is illuminated. If the animal responds 
on the lever during the initial 2 s warning period the lever retracts, the light dims, 
a tone sounds and the footshock delivery is prevented for the duration of a 20 s 
safety period. If the animal fails to respond to the 2 s warning signal the ensuing 
footshocks may still be relieved by pressing the lever, thereby terminating ongoing 

Fig. 8.4  a Dopamine encodes conditioned stimuli during negative reinforcement. Representative 
color plots ( left) and dopamine concentration traces ( right) show avoidance ( top), one-footshock 
escape ( middle), and two-footshock escape ( bottom) responses. Arrows indicate lever responses, 
lightning bolts indicate footshocks, trumpets indicate safety periods, levers + lights indicate warn-
ing signals. Left, Voltammetric current ( z-axis) plotted against applied scan potential (Eapp; y-axis) 
and time ( x-axis). Right, dopamine concentration traces plotted as a function of time. Inset shows 
cyclic voltammogram for dopamine. b Warning signal presentation increases dopamine release 
when rats successfully avoid footshock. Mean ± SEM traces depict the time course of changes 
in subsecond dopamine release as animals minimize punishment by avoiding footshock. Dashed 
lines represent warning stimulus onset, around which mean data are grouped. Color representa-
tions: light gray, maximum warning stimulus duration; dark gray, safety period. c Warning signal 
presentation inhibits dopamine release when rats fail to avoid or escape footshock. Only one-
footshock escape trials are included in the mean. d Maximal dopamine concentration evoked by 
warning signal presentation predicts successful punishment avoidance. From Oleson EB, Gentry 
RN, Chioma VC, Cheer JF. Subsecond dopamine release in the nucleus accumbens predicts condi-
tioned punishment and its successful avoidance. The Journal of neuroscience. 2012;32(42):14804–
8; used with permission
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shock and producing a 20 s safety period signaled by a tone. Thus, the animal may 
either elicit an avoidance response by pressing the lever during the 2 s warning 
signal or elicit an escape response by pressing the lever after shocks commence. 
Under these conditions, warning signal evoked accumbal dopamine release was 
exclusively observed during successful avoidance responses (Fig. 8.4b, c, d). In 
other words, the occurrence of accumbal dopamine release during warning signal 
presentation predicted whether or not the animals would successfully avoid foot-
shock. These data suggest that accumbal dopamine release encodes cues predicting 
negative reinforcement and may motivate incipient actions devoted to the avoid-
ance of the stimuli they predict. As this form of dopamine signaling was previously 
shown to be under modulatory control of endocannabinoid signaling, we speculate 
that manipulating endocannabinoid transmission will alter the dopaminergic neu-
ral mechanisms of cue-motivated avoidance behavior. Future studies will assess 
whether disruptions in endocannabinoid signaling will reduce dopamine release 
evoked by cues predicting negative reinforcement, and whether increases in ventral 
tegmental area 2-arachidonoylglycerol levels will facilitate this neural mechanism 
of cue-motivated avoidance. These advances in our understanding of the role of 
endocannabinoids in the neural mechanisms of negative reinforcement may lead 
to the development of novel treatment approaches for psychopathologies involving 
negative reinforcement, such as drug addiction [98, 99].

Dopamine Encodes Aversion

Endocannabinoids may also modulate dopaminergic neural encoding of aversion. 
Precisely how dopamine neurons encode aversive stimuli remains a controversial 
subject. For the purpose of this chapter, we will focus exclusively on real-time elec-
trochemical measurements of accumbal dopamine release during presentations of 
aversive stimuli and their conditioned predictors. The Roitman group first demon-
strated that, in the freely-moving animal, accumbal dopamine release oppositely 
encodes rewarding and aversive stimuli [100]. Specifically, they demonstrated 
that an aversive quinine solution suppresses, whereas an appetitive sucrose solu-
tion increases the frequency of dopamine transient events. This observation led to 
speculation that a decrease in accumbal dopamine release events might also encode 
conditioned aversive stimuli, or fear memories—powerful stimuli that the endocan-
nabinoid system is known to modulate [100].

Dopamine Encodes Conditioned Fear: A Potential Role for 
Endocannabinoid-Dopamine Interactions in the Extinction of 
Fear Memories

Two concurring reports recently characterized how accumbal dopamine release 
events encode conditioned predictors of fear by employing standard fear condi-
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tioned methodologies. In a fear-conditioned task, an experimental animal is initially 
presented with three consecutive tones, each culminating with a potent inescapable 
foot shock (Fig. 8.5a; Fig. 8.1d). During this initial fear-conditioning phase of the 
experiment, the animal begins to freeze when the tone in presented. This freezing 
response is thought to be a behavioral manifestation of a negative emotional state 
of fear [101–104]. The ability of the tone to produce a freezing response is then as-
sessed 24 h after the initial fear-conditioning period within a novel context. Now, 
when presented alone the conditioned predictor of fear initially elicits a freezing 
response, however, the percentage of time spent freezing dissipates over repeated 
tone presentations (Fig. 8.5b). Theoretically, the magnitude of the freezing response 
is attenuated over time because the fearful memory that the tone represents extin-
guishes over repeated pairings. As occurred when animals tasted an aversive qui-
nine solution, tone presentations that produced a freezing response also suppressed 
the frequency of dopamine release events detected in the core region of the nucleus 
accumbens (Fig. 8.5c, d) [93, 94]. As we previously demonstrated that 2-arachidon-
oylglycerol levels in the ventral tegmental area facilitate dopamine release during 
cue-motivated behavior, it is possible that facilitating endocannabinoid levels may 
enhance the extinction of fear-memories, in part, by augmenting dopaminergic en-

Fig. 8.5  Dopamine encodes conditioned stimuli predicting aversive stimuli. a, b Fear conditioning 
produces freezing behavior that extinguishes across repeated trials of conditioned stimulus (CS) 
presentation on fear-memory retrieval day. c Representative color plot ( left) and corresponding 
dopamine concentration trace ( right) show a CS-induced decrease in dopamine release. d Mean 
± SEM dopamine concentration trace during presentations of a CS that produces a conditioned 
freezing response. Gray represents CS duration. From Oleson EB, Gentry RN, Chioma VC, Cheer 
JF. Subsecond dopamine release in the nucleus accumbens predicts conditioned punishment and its 
successful avoidance. The Journal of neuroscience. 2012;32(42):14804–8; used with permission
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coding of the environmental predictor of the aversive stimulus. Enhancing neural 
representations of the association between a fearful event and its predictive stimulus 
may strengthen dopaminergic updates to the fear network, which might ultimately 
facilitate extinction of the cue-induced fear response. Uncovering such a neural 
mechanism might aid the development of treatments strategies for psychopatholo-
gies characterized by conditioned maladaptive fear responses, such as post-traumat-
ic stress disorder.

Conclusion

While we have unambiguously demonstrated that endocannabinoid-dopamine in-
teractions in the ventral tegmental area guide cue-motivated incipient action se-
quences directed at primary rewards [60], this is just the beginning. It is becoming 
clear that the mesolimbic dopamine system is more than a mere reward circuit, 
rather we theorize that endocannabinoid-dopamine interactions within the ventral 
tegmental area evolved to encode various ethologically-relevant stimuli in a manner 
that promotes survival. Of note, we believe there is strong potential that endocan-
nabinoid-dopamine interactions are also capable of guiding animals to seek alterna-
tive resources when the primary commodity of desire is unavailable, facilitating 
the extinction of fear memories by amplifying neural signals to the fear network 
that encode information regarding the association between fearful stimuli and their 
conditioned predictors, and guiding animals away from potentially harmful stimuli 
by promoting negative reinforcement.
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Abstract The abuse of synthetic cannabinoids is a new phenomenon where lit-
tle information is known about the behavioral effects of these emerging drugs. In 
addition, motivation for first time use and chronic abuse is unknown. This chapter 
presents studies that may explain the motivation of synthetic cannabinoid use by 
correlating the abuse of synthetic cannabinoids with what is known about mari-
juana. Although the putative pharmacological targets of these cannabinoid com-
pounds are similar, it seems likely their actions are not identical, which could affect 
the behavior and motivation of an individual to seek one drug over another, as well 
as causing them to have differing, yet similar, toxicological effects. Thus, this chap-
ter explores what is known about the similarities and differences in the behavioral 
and motivational effects of synthetic cannabinoids and marijuana.

Keywords Synthetic cannabinoid · Marijuana · ∆9-THC · Behavior · Mental illness 
· Addiction · Motivation · Rodent models · Human studies

Introduction

The use of synthetic cannabinoids as drugs of abuse is a relatively new phenomenon 
with reports of Internet sales beginning around 2004 [1]. Hence, little information 
is known about the behavioral aspects of the abuse of these substances. In contrast, 
decades of research and clinical reports of marijuana use have been recorded, which 
may predict the behavioral effects and motivation for abuse of the synthetic can-
nabinoid derivatives.
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Marijuana

Marijuana, or cannabis, consists of dried leaves and flowers, and sometimes also 
seeds and stems, from the hemp plant, Cannabis sativa. A similar plant derivative, 
hashish or hash, is made from the dried resinous exudates of the flowering tops. 
Cannabis sativa contains a large and complex mixture of chemical compounds, the 
best known of which are the cannabinoids. Because these are natural constituents of 
the cannabis plant, they are sometimes referred to as phytocannabinoids to distin-
guish them from endogenous cannabinoid receptor ligands (endocannabinoids) or 
from synthetic cannabinoids [2]. Over a hundred different phytocannabinoids have 
been identified in marijuana [3] where the most abundant psychoactive cannabinoid 
in marijuana is ∆9-Tetrahydrocannabinol (∆9-THC).

The federal government of the United States classifies the marijuana plant as 
a Schedule I drug (i.e., no recognized medical value and a high abuse potential); 
however, synthetic ∆9-THC (dronabinol, Marinol®) has recently been reclassified 
in 2013 from Schedule II to Schedule III and is approved by the U.S. Food and Drug 
Administration for a few indications. Dronabinol and another synthetic cannabi-
noid, nabilone (CESAMET®, Schedule II) is approved for the treatment of nausea 
and vomiting associated with cancer chemotherapy and as an appetite stimulant for 
AIDS-wasting syndrome. A variety of other medical uses for marijuana or synthetic 
∆9-THC have been proposed including treatment of spasticity in multiple sclerosis 
and chronic pain management for fibromyalgia and other neuropathic pain [1, 4].

Pharmacological Effects of Marijuana

Marijuana produces a number of well-described subjective pharmacological effects 
consisting of a euphoric dreamy state and altered perceptions, which are presum-
ably the reason for consumption. Effects on perception include visual imagery, an 
enhanced sense of hearing, increased appetite, and an altered ability to judge dis-
tance and the passage of time. Other effects include impaired short-term memory 
and compromised balance. Complex processes that require perception, attention, 
and information processing are diminished. These impairments can last 4–8 h [5, 6].

Physiologically, marijuana consumption produces notable cardiovascular effects 
that include a rapid, dose-dependent increase in heart rate that may be accompanied 
by an increase in blood pressure [7, 8]. In addition, there is often vasodilation of the 
scleral and conjunctival vessels resulting in bloodshot eyes.

High doses of marijuana may be associated with less common effects such as 
anxiety and panic attacks, paranoid feelings, and delusions. Doses high enough to 
achieve these severe side effects generally occur after oral consumption because 
more marijuana may be ingested than intended due to the delay in absorption [5].
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Marijuana Tolerance

Dramatic tolerance occurs to many effects of marijuana in animals and humans. 
Within a week of daily intravenous administration, a dose (1.8 mg/kg ∆9-THC) 
that initially completely suppressed key pecking for food in pigeons, no longer 
produced an effect. With continued daily administration, McMillan et al. [9] were 
able to administer doses 20 times the original dose without disrupting behavior. In 
an extension of these studies [10], the investigators continued increasing the daily 
dose until 100 times the original dose could be administered without suppressing 
behavior. Importantly, this 180 mg/kg dose of ∆9-THC was lethal to non-tolerant 
pigeons. The full extent of tolerance development could not be fully explored due to 
limited solubility of ∆9-THC. A ten-fold development of tolerance was also demon-
strated in rats, along with cross-tolerance to other cannabinoids, but not to morphine 
[10]. Tolerance has been demonstrated in a wide variety of other laboratory animals 
(mice, rabbits, dogs and monkeys) against numerous other endpoints including anti-
nociception, ataxia, catalepsy, hypothermia, suppression of locomotor activity, and 
other effects (see review [11]).

Controlled studies of ∆9-THC tolerance in humans have been infrequent and, 
as a whole, been inconclusive. For example, early reports in the 1960s and 1970s 
referred to a phenomenon of “reverse tolerance” in which first time users did not 
experience the euphoric effects of marijuana [11]. Another study quantitatively ex-
amined tolerance in humans by administering escalating doses of oral ∆9-THC ev-
ery 3.5–6 h (40–120 mg) for 6 days. Tolerance developed to the subjective, euphoric 
intoxication, but not to the cardiovascular effects [12].

Tolerance to the cardiovascular effects occurs to a lesser degree and bloodshot 
eyes can still occur in individuals who are tolerant to other effects [12]. A mild 
withdrawal effect has been noted in heavy long-term users, and many chronic users 
who suffer negative consequences, such as job loss or court-mandated treatment 
programs, may maintain their use patterns despite efforts to abstain or reduce use 
due to withdrawal [13−15].

Development of Synthetic Cannabinoids

The use of marijuana for illicit or medicinal purposes has been occurring for hun-
dreds, if not thousands, of years [1]. Synthetic ∆9-THC has been used medicinally 
for several decades; however, the new synthetic cannabinoids, which are not de-
rived from ∆9-THC, appeared for sale in on the Internet in 2004 for use in illicit 
drug markets [1]. Many of the first “K2” or “Spice” synthetic cannabinoids were 
synthesized by John W. Huffman, a medicinal chemist at Clemson University, for 
use in hypothesis-driven research to learn more about cannabinoid receptors, and to 
explore the potential of using cannabinoid compounds to treat a variety of diseases. 
Years later, clandestine chemists synthesized these compounds and began selling 
these drugs that were, for all intents and purposes, legal but never approved for 
medical use due to adverse side effects, like euphoria [16].
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How does decades of information reported on marijuana correlate to the new 
wave of synthetic cannabinoid abuse? Why do people abuse synthetic cannabinoid 
drugs when marijuana is readily available? What is the motivation to abuse these 
new drugs? Do individuals chronically abuse synthetic cannabinoids and, if so, 
why? Generally, chronic abuse of any illicit or addictive substances may be corre-
lated to the inherently rewarding nature of these substances to the human brain, and 
hence motivation for use. Unfortunately, little is known about the motivation and 
reward to use synthetic cannabinoids.

Human Motivation and Dependence

No consensus has been reached about the motivation for some individuals to choose 
to consume illicit drugs, like synthetic cannabinoids. Many hypotheses indicate that 
a decrease of dopaminergic activity within the ventral striatum, an award center 
in the brain, may lead to a lack of reward for that individual [17]. A decrease in 
dopaminergic activity in the ventral straitum has been associated with a propensity 
to use illicit substances [17, 18] suggesting some users may be motivated to abuse 
drugs to increase the activity in hypoactive areas of the brain [19]. Hence, drugs are 
particularly rewarding and addicting for these individuals. In contrast, not everyone 
that uses drugs, such as alcohol or marijuana, becomes addicted and/or chronic 
users, but several factors can predict who is likely to abuse. Some factors include 
genetics, environment, and developmental factors, such as age, stress, and access 
to drugs [20].

Neurotransmitters and Dependence

The role of dopamine in drug reward and addiction has been extensively studied 
[20]. As determined by real time PET scans, the euphoria experienced after drug 
administration is both dose-dependent and time-dependent (e.g., how quickly the 
drug is administered). Euphoria is correlated with dopamine release within the ven-
tral striatum, specifically within the nucleus accumbens, where the greater the do-
pamine release, the greater euphoria or “high” [20, 21]. Both ∆9-THC and synthetic 
cannabinoids, like WIN 55,212–2, induce dopamine release within the nucleus ac-
cumbens and increase neural firing of dopaminergic neurons [22]. Also, the extent 
of dopamine release could be influenced by genetic factors as has been demon-
strated in different strains of rats. Some strains of rats actively seek out drug or 
self-administered drugs more than other strains [23, 24]; thus, some individuals are 
more susceptible to the rewarding effects of cannabinoids as well as to the potential 
of addiction. Additionally, cannabinoids are known to modulate the release of other 
neurotransmitters, like glutamate and GABA, which may play a role in the inherent-
ly rewarding nature of these drugs of abuse [25, 26]. For example, an imbalance of 
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glutamate and GABA could be linked to depression, anxiety and suicidal behavior, 
which could lead to drug-seeking by these individuals to attenuate the severe ad-
verse effects and, in return, potentiate the rewarding nature of drugs of abuse [27].

How do the reward centers of the brain promote the use of synthetic cannabi-
noid abuse? At this time no one knows. Several case studies indicate that synthetic 
cannabinoids do cause changes within the brain and the endocannabinoid system 
because chronic use of synthetic cannabinoids can lead to dependence and with-
drawal. Hence, motivation for continued use results from limiting withdrawal or 
substituting for ∆9-THC [28].

Synthetic Cannabinoid Dependence

Gunderson et al. reported data from three individuals who, at the time of the study, 
used synthetic cannabinoids and exhibited symptoms of dependence [28]. One in-
dividual with a 10-year history of marijuana abuse admitted to switching to syn-
thetic cannabinoids in attempt to limit withdrawal symptoms caused by cessation 
of marijuana use to comply with mandated drug screens. When using synthetic can-
nabinoids, this individual experienced no withdrawal symptoms from marijuana, 
but noticed the synthetic cannabinoids were more potent than marijuana. A second 
individual with a history of marijuana use switched to synthetic cannabinoids for 
a new type of “high” and admitted to being attracted to the flashy packaging and 
multitude of available products. This person reported the synthetic cannabinoids 
produced an “extreme high”, similar to high quality marijuana, but the duration of 
action was shorter. Interestingly, this individual became concerned about the safety 
of the synthetic cannabinoids and voluntarily tapered synthetic cannabinoid use. A 
third individual noted synthetic cannabinoid use increased the severity of withdraw-
al symptoms and led to continued use of these products. Like the second individual, 
this third person compared the high of synthetic cannabinoids to marijuana, but with 
a shorter duration of action [28]. All three cases met the DSM-IV-TR criteria for 
cannabinoid dependence and were motivated to continue use to limit withdrawal 
symptoms, such as irritability, cravings, and anxiety [28]. Generally, most individu-
als report a positive experience and many co-abused with alcohol, marijuana, or 
tobacco [29].

Another case study [30] described an individual who used the purported synthet-
ic cannabinoid “Spice Gold” daily for 8 months. Chronic abuse led to dependence 
that became apparent during a shortage of “Spice Gold” in which the individual 
experienced withdrawal symptoms. The main motivation for continued use was to 
prevent withdrawal symptoms of nervousness and general unrest.

Motivation to Abuse Synthetic Cannabinoids

As mentioned in one of the above cases, the packaging and various brand names of 
synthetic cannabinoid products can be very appealing (Fig. 9.1), yet deceptive. The 
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packaging does not indicate what compound or compounds are within the product, 
but instead are labeled with brand names like “K2”, “Spice”, “Aroma”, “Genie”, and 
“Dream” [31, 32]. The packages are usually brightly colored foil packets containing 
dried plant material spiked with synthetic cannabinoids (Fig. 9.1). Sometimes the 
packages state “incense”, “potpourri”, “not suitable for children under 18”, or “not 
for human consumption” [32]. Also, many packages try to circumvent existing laws 
and regulations by indicating that the product does not contain specific compounds, 
like JWH-018 or JWH-122, which may be illegal or legal, depending on location. 
Analysis of several of these products detected illicit compounds, even when the 
same illicit compounds were indicated to not be within the package [31]. Hence, 
the packages are deceptively labeled, the brand names are made to confuse both 
consumers and regulators, and are marketed to a group of people that may be first-
time drug users or uninformed individuals who believe these products are safe [33].

Other motivations for synthetic cannabinoid abuse are more logical and not nec-
essary neurological. For example, some individuals have chosen to use synthetic 
cannabinoids because of the “legal” status of these compounds. Also, reports have 
demonstrated that many like to use synthetic cannabinoids due to the euphoric ef-
fects produced, others are curious about these new substances, and the widespread 
belief that these drugs are safe. An Internet survey of individuals who had used syn-
thetic cannabinoids revealed that many believe these drugs have little risk to health 
and are not dangerous [29]. Some users have indicated that synthetic cannabinoids 
have a greater potency than marijuana and are more readily available since synthetic 
cannabinoids can be bought at local gas stations, on the Internet, and in head shops 
[31]. The easy availability of the synthetic cannabinoids added to the perception 
that these drugs are safe. Alarmingly, fourteen percent of respondents to the Internet 
survey agreed with the statement, “If Spice products were not safe for human use, 
they would not be marketed and sold in stores” [29].

A significant hazard of using marijuana is loss of employment. Marijuana is 
metabolized to very long lasting metabolites that are both active and inactive, but 
are excreted in urine and detectable for days, weeks, or even months after last 
use. Positive drug tests can result in loss of jobs and/or benefits such a workman’s 

Fig. 9.1  Example of flashy, 
foil packages containing syn-
thetic cannabinoids. (Photo 
acknowledgement to Cindy 
L. Moran, affiliated with 
the Arkansas State Crime 
Laboratory)
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compensation. Many users of synthetic cannabinoids are aware that these substanc-
es cannot be detected in normal drug screens [34], which is a motivating factor for 
not only employees subjected to random drug tests, but also athletes, individuals 
enrolled in marijuana cessation programs, and those required to pass court-man-
dated drug screens [29, 31, 35]. Currently, no pharmacokinetic studies have been 
completed in humans to determine the length of the various metabolites of synthetic 
cannabinoids remain within the body and what metabolite could be a biomarker, 
such as with the carboxylated ∆9-THC metabolite that has a long half-life and can 
be detected weeks after marijuana use.

Marijuana Versus Synthetic Cannabinoids

Although many synthetic cannabinoid users indicate these drugs usually have a 
similar “high” to marijuana, the duration of action of the synthetic cannabinoids is 
generally shorterthan marijuana [28, 35]. A study in rhesus monkeys trained to dis-
criminate ∆9-THC from vehicle demonstrated the same phenomenon. In this study, 
the monkeys were trained to press one lever after ∆9-THC had been administered 
or press the other lever if saline was administered. When tested after administration 
of ∆9-THC, the monkeys responded on the ∆9-THC-appropriate lever for over 3 h. 
When JWH-018 and JWH-073, two popular synthetic cannabinoids, were admin-
istered both compounds also elicited responding on the ∆9-THC-appropriate lever 
indicating the drug effects were similar to ∆9-THC. Interestingly, the duration of 
action of the synthetic cannabinoids was shorter; responding after administration of 
JWH-018 lasted 2 h and 20 min and responding after administration of JWH-073 
lasted only 1 h and 40 min [35, 36]. The relatively short duration of action of these 
drugs is disconcerting since, as seen with other shorter-acting illicit drugs, abuse 
and development of tolerance is increased due to the propensity to re-administered 
drug more often to maintain the “high”. Ginsburg et al., explained:

Because of a relatively short duration of action, JWH-018 and JWH-073 might be adminis-
tered more frequently than ∆9-THC to achieve a similar time course of effect as ∆9-THC. 
Such frequent, repeated use could present additional abuse and dependence liability for 
these shorter-action drugs by strengthening the association between stimulus and drug 
effects, thereby leading to more habitual use [36].

Memory and Psychiatric Disorders

Several adverse side effects have been associated with marijuana use, although these 
effects are usually less serious than with many other abused and illicit substances. 
As previously mentioned, use of marijuana has been known to cause anxiety and 
panic attacks. Also, marijuana use has been associated with memory loss [37], and 
this concern is applied to continued use of synthetic cannabinoids, especially among 
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adolescents, which could lead to memory and learning problems. A significant haz-
ardous side effect is loss of judgment when under the influence of the drug. Such 
loss of judgment could cause users to place themselves and others in dangerous 
situations.

Memory Deficiencies

Reports have indicated synthetic cannabinoid abuse, especially chronic abuse, can 
lead to memory disturbances, lack of motivation, and a relapse of psychiatric dis-
orders in sensitive individuals. Unfortunately, most studies lack an exact identifica-
tion of the compounds present in the products used by these individuals. Many state 
use of “K2” or “Spice” or “Aroma”, but no toxicological testing of these products 
was conducted to ascertain if the effects were caused by one or more of many syn-
thetic cannabinoids or other drugs, such as the cathinone-like stimulants (generally 
referred to as “bath salts”) or simply marijuana. This confounding factor compli-
cates most clinical reports and caution should be used with interpreting data when 
no analysis of the drug has been completed.

A case study of a chronic user of “Spice Gold” indicated he became “listless and 
[had] problems thinking clearly” after smoking this purported brand of synthetic 
cannabinoid [30]. This same individual had memory lapses and neglected duties 
and interests. A different individual smoked “K2” and admitted he only recalled 
“bits and pieces” of his experience while under the influence of the purported syn-
thetic cannabinoid [38]. According to a survey administered by Castellanos et al., 
100 % of adolescents that used synthetic cannabinoids had memory lapses [34]. 
Interestingly, 82 % of the respondents noted negative effects, such as irritability 
and anxiety. Also, other studies have noted the propensity for severe anxiety and 
irritability after using a synthetic cannabinoid or withdrawing from synthetic can-
nabinoid use [30, 39]. Other negative effects include confusion, sudden depression, 
paranoia, agitation, and loss of consciousness [1, 31] (Table 9.1 [30, 34, 40−42]).

Antidotal Self-Reports

Since no human studies have been completed on the behavioral effects of synthet-
ic cannabinoids, aside from published clinical reports of extreme cases, the next 
best information is from antidotal reports of self-use from the website erowid.org. 
Several individuals reported similar, pleasant “highs” like that with marijuana, but 
many report bad experiences. Paranoia and intense anxiety is relatively common 
[43, 44]. Also, extremely dry mouth is noted by most individuals [43, 44]. Another 
user chronicled his battle with tolerance, dependence, and severe withdrawal in-
dicating the addiction to synthetic cannabinoids was “the worst”. This individual 
lost 20 pounds (nearly 10 kg) in 2 months and his appetite had not fully recov-
ered after 8 weeks of being abstinent [45]. A different chronic abuser complains of 
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major adverse effects but continues to use synthetic cannabinoids because he has an 
“unreasonable addiction” to these compounds and cannot stop. His major adverse 
effects include pain in his lungs, coughing up black mucus, joint pain, and kidney 
pain [46]. Interestingly, a report published in Centers for Disease Control and Pre-
vention, Morbidity and Mortality Weekly Report, followed 16 cases of acute kidney 
injury in six U.S. states where the acute kidney injury is associated with the use of 
XLR-11, a synthetic cannabinoid that emerged in 2012 [47].

Link to Psychosis

Like marijuana, abuse of synthetic cannabinoids can lead to psychotic relapse in 
individuals predisposed for psychotic disorders. Every-Palmer et al., reported that 
nearly 70 % of patients previously diagnosed and treated for psychotic disorders 
displayed psychotic symptoms after using JWH-018. Synthetic cannabinoid-in-
duced psychosis is not necessarily related to chronic use, either. The patients with 
a history of psychosis noted a psychotic relapse within 24 h of using “Aroma”, 
a purported synthetic cannabinoid-containing product, with the psychotic relapse 
lasting a few days to several weeks. These patients also noted pronounced anxiety, 
aggression, and paranoia. Although this study presented much needed information 
about psychosis after synthetic cannabinoid use, the study was subjective due to the 
methodology of only interviewing patients who were currently seeking treatment 
for diagnosed mental disorders, and the analytical testing of “Aroma” product was 
completed in a separate, unrelated study [35].

Interestingly, a different case study included an individual with psychotic symp-
toms who had no previous history of mental illness or violence [38]. This individual 

Table 9.1  Central and behavioral effects of synthetic cannabinoids. (Modified from [33], used 
with permission)
Effect Example case report
Memory changes All individuals evaluated reported memory changes [34]
Confusion Observed in a 27-year-old man after smoking “SpicyXXX” [40]
Sedation Reported in a 21-year-old man after smoking Spice [40]
Agitation Reported by 20- to 30-year-old patients following consumption of 

synthetic cannabinoids [41]
Irritability Reported by 15- to 19-year-old patients who smoked “Spice” or 

“K2” [34]
Psychosis New-onset psychosis in healthy, young men [42]
Anxiety Reported in 15- to 19-year-old boys after consuming synthetic can-

nabinoids [34]
Tolerance, dependence, 
withdrawal

Tolerance to “Spice Gold” reported by a 20-year-old male after 
smoking daily for 8 months [30]

Each report is an example of a single report of each effect. More case reports are available on 
each effect
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admitted to smoking a large amount of “K2”—“more than usual”—and approxi-
mately 15 min later began banging his head on the sidewalk pavement. After the 
police were called and arrived at the scene, this individual crawled underneath a 
police car and stated he “didn’t deserve to live” [38]. Another case study of acute 
psychosis featured an individual who had been diagnosed with acute psychotic dis-
order in the past due to a history of substance abuse, specifically codeine cough 
syrup and marijuana [48]. This person voluntarily stopped taking cough syrup, but 
during a 4-week period of abuse of “K2”, this individual began exhibiting psychotic 
behavior again and was hospitalized. After detoxification and treatment, this indi-
vidual returned to normal with no psychotic symptoms [48].

Generally, individuals susceptible to psychosis may easily relapse after using 
a synthetic cannabinoid, like with marijuana abuse, but it cannot be determined if 
synthetic cannabinoid use cause the psychosis or if these individuals abuse syn-
thetic cannabinoids due to psychosis. Unlike marijuana, the synthetic cannabinoids 
seem to be able to induce psychosis in those without history of mental illness, such 
as the case study presented above by Thomas et al [31]. Likewise, other case studies 
have reported individuals with no prior mental illness who have had hallucinations 
while intoxicated on JWH-018 and JWH-073 [40]. Another case study described 
three individuals who presented with paranoia, hallucinations, and severe agitation 
after smoking “Space”, another purported brand of synthetic cannabinoid [49]. The 
severity of these reported symptoms have not been associated with marijuana use 
and indicate that synthetic cannabinoids are more efficacious than marijuana.

Cannabinoid Pharmacology

Why do the synthetic cannabinoids have distinct effects when compared to classical 
cannabinoids, like ∆9-THC? The question may be answered by the pharmacology 
of the cannabinoid receptors.

CB1 Receptors

The cannabinoid type 1 (CB1) receptors are G-protein coupled receptors that func-
tion with a basal level of activity. This activity can be modulated up or down de-
pending on the action of the drug. Agonists for CB1 receptors increase the activity, 
inverse agonists decrease activity, and neutral antagonists do nothing to the basal 
state of the receptor, but a neutral antagonist can attenuate the activity of both ago-
nists and inverse agonists. Most of the synthetic cannabinoids identified in these 
illicit products have been characterized as full agonists for the CB1 receptor. On the 
other hand, ∆9-THC in marijuana is characterized as a partial agonist with a lim-
ited ability to activate the CB1 receptor. This important pharmacological difference 
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between these agonistic compounds—either full or partial agonists—may explain 
some of the distinctive signs and symptoms seen with synthetic cannabinoid use.

Modulation of CB1 receptors from their basal state, resulting in either increased 
or decreased activity, has been shown to lead to emotional and behavioral changes. 
These changes may involve modulation of the endocannabinoid system. Other, non-
cannabinoid drugs of abuse (e.g., ethanol, nicotine, and cocaine) can change levels 
of endocannabinoids, specifically anandamide and 2-arachidonylglycerol, and in-
crease dopamine release [22, 50]. Interestingly, when rimonabant, a CB1-receptor 
antagonist/inverse agonist, was administered, the drug-induced dopamine increase 
was reversed [22, 50] (see also Chaps. 14, 15 and 19 of this book). Hence, the en-
docannabinoid system is probably involved in the dopamine reward system and en-
docannabinoids could impact reward, motivation, and drug-seeking behaviors [22]. 
Other animal studies have indicated that chronic ∆9-THC, nicotine, and alcohol 
modulate the endocannabinoid tone within the prefrontal cortex by increasing the 
concentration of endocannabinoids. This change in endocannabinoid tone could be 
involved in drug-seeking behavior. Thus, increases in endocannabinoid levels may 
be linked to drug addiction and motivation [51].

CB1 Receptors and Behavior

In addition to endocannabinoids, CB1 receptors have been shown to be involved in 
emotion, behavior, and motivation due to their distribution in brain structures such 
as the amygdala, hippocampus, and prefrontal cortex [52]. Many of these studies 
utilize knock-out mice, or mice genetically modified to not express a specific recep-
tor or gene (i.e., CB1 receptors), and compare the knock-out animals to wild-type 
mice, or mice with no genetic modifications. Due to breeding paradigms, knock-out 
mice and wild-type mice can be from a single litter; hence, littermate wild-type 
mice are considered the best control for knock-out mice studies.

Changes in receptor activity and regulation have been linked to aggression and 
depression in knock-out animals indicating involvement in behavior and motiva-
tion [52]. For example, studies have demonstrated that CB1 receptor knock-out 
mice spent more time threatening and attacking other mice in the same cage when 
compared to the CB1 wild-type mice [53]. In addition to aggression, the same CB1 
knock-out mice were more impulsive and more likely to demonstrate anxiolytic 
behaviors than the littermate wild-type mice [53, 54]. These behaviors may be due 
to changes in serotonin levels and expression of serotonin receptors within specific 
brain regions, such as the amygdala and brain stem [53]. In humans, aggression and 
impulsivity are behaviors usually observed together and have been linked to low 
serotonin levels. Thus, individuals exhibiting overly aggressive behavior are com-
monly treated with selective serotonin re-uptake inhibitors (SSRIs) to increase the 
concentration of serotonin [53].
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Cannabidiol: Another Cannabinoid in Marijuana

As mentioned, many studies have been completed with marijuana use in humans. 
Important to note is that ∆9-THC is only one of over 100 different cannabinoids in 
marijuana. Another significant cannabinoid component of marijuana is cannabidiol 
that is an inverse agonist at CB1 receptors [55, 56]. Cannabidiol has been shown to 
be neuroprotective by attenuating ∆9-THC-induced anxiety and ∆9-THC-induced 
psychosis [57, 58]. Also, cannabidiol has been shown to reduce withdrawal symp-
toms and cardiovascular effects of ∆9-THC indicating that cannabidiol, when used 
concurrently with ∆9-THC in marijuana, may protect against the adverse effects of 
the cannabinoid agonist [59].

Over the past few decades there is significant evidence that the potency of mari-
juana has increased, due to increased ∆9-THC concentrations [3, 60−62]. For ex-
ample, data from law enforcement confiscated samples within the United States 
showed concentrations of ∆9-THC in marijuana rising from a mean of 3.4 % in 1993 
to 8.8 % by 2008, and the prevalence of high potency (> 9 %) marijuana samples 
also greatly increased [3]. Additionally, another study indicated a possible down-
ward trend in cannabidiol concentration in marijuana [62]. If the concentration of 
the inverse agonist cannabidiol has not increased at the same rate as ∆9-THC [63], 
more adverse effects may be associated with marijuana than in past years due to the 
lack of the protection from cannabidiol [62]. Hence, marijuana users may begin to 
exhibit the severe effects now being associated with synthetic cannabinoid abuse.

Rimonabant

The only long-term study of synthetic cannabinoids in humans was with rimonabant 
(SR141716). Although this synthetic cannabinoid is an inverse agonist, or decreases 
basal activity of the CB1 receptors, this study indicated that changing the activity 
of the CB1 receptor has significant, adverse effects. Many participants in the study 
noted nausea, depression, anxiety, and suicidal ideation [64−66]. Interestingly, a 
prominent study—the STRADIVARIUS randomized trial of rimonabant—found 
that 43.4 % of rimonabant-treated patients experienced psychiatric side effects, 
which is significantly higher than the number in the placebo-treated patients (only 
28.4 %) [66]. Of the rimonabant-treated group, one patient successfully committed 
suicide whereas none did in the placebo group [66]. Similarly, rimonabant was ap-
proved for use in Europe in 2006, but withdrawn from the market in 2009 due to 
safety concerns, namely five individuals who successfully committed suicide while 
taking rimonabant [67]. These side effects are similar to case studies of synthetic 
cannabinoid agonist use (e.g., depression, anxiety, and suicidal ideation), which 
potentially correlates to modulations of the endocannabinoid system as well as how 
these effects may be due to a larger, global change within the brain, such as receptor 
up- or down-regulation.
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CB2 Receptors

In addition to the CB1 receptors, the CB2 receptor is also well-characterized and 
located predominately on immune cells. Although CB2 receptors are mainly found 
outside of the central nervous system, recent reports have indicated these receptors 
are located within the brain [68, 69], especially during neuro-inflammatory condi-
tions [70]. Many of the synthetic cannabinoids bind CB2 receptors with high affin-
ity, but no psychoactive effects are tied to these other cannabinoid receptors due to 
their primary peripheral distribution. Since CB2 receptors are located mainly on 
immune cells, they are potential drug targets for a variety of autoimmune diseases, 
like multiple sclerosis, due to immunosuppression [71]. Some people may seek out 
synthetic cannabinoids as an alternative to medical marijuana, especially if these 
individuals live somewhere medical marijuana is not legal. Unfortunately, the use 
of synthetic cannabinoids could be detrimental for the individual due to uninten-
tional immunosuppression as well as the extensive adverse effects associated with 
synthetic cannabinoids that are not associated with marijuana.

Self-Administration and Drug Discrimination

Very few animal behavioral studies have been published using the emergent syn-
thetic cannabinoid compounds that have recently been detected flashy packaging. 
However, other synthetic cannabinoids that are full agonists at CB1 receptors, such 
as CP-55,940, HU-210, and WIN 55,212–2, have been subject to animal studies. 
Among the commonly employed methods for testing the abuse potential of drugs 
are drug self-administration and drug discrimination studies.

In drug self-administration, rodents and sometimes non-human primates are im-
planted with an intravenous catheter through which drugs can be administered. Ani-
mals make operant responses such as pressing a response lever or using nose-poke 
holes where a beam of light is broken by a rat or mouse when the rodent pokes its 
nose into the hole. In each case, correct or appropriate responses produce drug infu-
sion. Drugs that have reinforcing effects increase the frequency of the response that 
produces drug administration. Drugs that are not reinforcing fail to maintain high 
levels of responding. For example, saline or vehicle infusions typically have very 
low operant responding levels. Hence, self-administration studies are a common 
method to evaluate the abuse liability of a drug because, with very few exceptions, 
drugs that maintain responding for self-administration in animal studies are likely 
to be abused by humans.

In drug discrimination studies, animals are trained to recognize the effect pro-
duced by a particular training drug. Most drugs that are active in the brain produce 
effects, including subjective effects, which are specific and recognizable. These ef-
fects recognized by the subject, either animal or human, are called discriminative 
stimulus effects. Laboratory animals can be trained to recognize these effects and 
make behavioral responses, such as level pressing or nose-poking, after drug is 
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administered. Two-lever drug discrimination is a commonly used experiment and 
subjects are trained to respond on levers to obtain food or water. One lever cor-
responds to drug administration and the other corresponds to saline or vehicle ad-
ministration. A correct response (e.g., if drug or vehicle was delivered) results in 
the presentation of food or water. Drugs that produce similar subjective effects to 
the training drug will elicit responding on the same lever; these drugs are said to 
substitute for the training drug. Well-trained subjects typically select the correct le-
ver (training drug- or saline-appropriate lever) with 85–100 % accuracy. Drugs that 
produce only responding on the saline/vehicle-appropriate lever usually are saline, 
vehicles, a low dose, or drugs that are dissimilar to the training drug (e.g., opioid 
agonists tested in ∆9-THC-trained subjects). Generally, similar drug discriminative 
effects in animals are believed to reflect the subjective effects of drugs in humans 
and drugs that are similar in drug discrimination studies are likely to have similar 
abuse potential in humans.

Animal Studies

Rats will dose-dependently self-administer WIN 55,212–2 indicating that the drug 
serves as a reinforcer [72]. While a low dose of 6.25 µg/kg/injection failed to main-
tain self-administration level greater than vehicle, higher doses ranging from 12.5 
to 50 µg/kg/injection maintained self-administration rates significantly greater than 
vehicle. Also, the discriminative properties of synthetic cannabinoids have been 
studied in laboratory animals. In one study, rats were trained to discriminate CP-
55,940 from vehicle by reinforcing correct lever pressing with food. Responding 
on one lever was only reinforced after administration of a dose of CP-55,940 and 
responding on the other lever was only reinforced after administration of vehicle. 
After the rats were trained to respond correctly, test sessions were conducted using 
different doses of CP-55,940 as well as of ∆9-THC, WIN 55,212–2, or cannabinol. 
All these cannabinoids dose-dependently substituted for CP-55,940. Substitution 
was specific for cannabinoids since several drugs from other classes (phencycli-
dine, haloperidol and diazepam) failed to elicit responding on the CP-55,940-appro-
priate lever [73]. Also, JWH-018 and JWH-073, two compounds detected in syn-
thetic cannabinoid products, dose-dependently substituted for ∆9-THC in monkeys 
trained to discriminate ∆9-THC from vehicle [36].

In another experiment, a single dose of CP-55,940 was administered in com-
bination with different doses of rimonabant, a CB1 inverse agonist. Rimonabant 
dose-dependently decreased responding on the CP-55,940-appropriate lever indi-
cating that the stimulus properties of CP-55,940 are mediated by CB1 receptors 
[73]. In similar experiments, CP-55,940 dose-dependently substituted for ∆9-THC 
in rats and rhesus monkeys [74]. In addition, rimonabant dose-dependently shift-
ed the dose-response curves for ∆9-THC, JWH-018 and JWH-073 rightward in a 
parallel manner, indicating rimonabant decreased the potency of the cannabinoid 
agonists through interactions with the CB1 receptor [36]. The results of these drug 
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discrimination experiments indicate that the discriminative stimulus properties of 
∆9-THC and the synthetic cannabinoids tested are mediated via CB1 receptors. 
Hence, it is highly likely that the subjective effects described in humans after use 
of synthetic cannabinoids and Δ9-THC are mediated by actions at CB1 receptors.

Drug-Seeking Behavior

Interviews of synthetic cannabinoid users indicated many individuals co-abuse 
other substances, such as alcohol, marijuana, and tobacco [29]. So, does abusing 
synthetic cannabinoids cause the seeking of other substances? One animal study 
suggests this could be true because low doses of the synthetic cannabinoid WIN 
55,212–2 induced mice to increase alcohol binge-drinking behavior [75]. In a varia-
tion of self-administration procedures, rats were trained to self-administer intra-
venous cocaine infusions by nose-poke responses. Cocaine was very reinforcing 
and maintained high levels of nose-poking behavior. After responding for cocaine 
stabilized, the cocaine infusions were discontinued for at least 14 days, although 
the animals continued to be exposed to the same behavioral testing environment. 
When cocaine was no longer available, nose-poke responding dropped to very low 
levels. Then, subcutaneous injections of HU-210 dose-dependently reinstated nose-
poke responding previously associated with cocaine infusions, which was inter-
preted as cocaine-seeking behavior. Likewise, cocaine infusions after prolonged 
discontinued dosing also reinstated nose-poke behavior, but infusions of saline 
did not. Similarly, exposure to environmental cues (e.g., stimulus lights and tones) 
previously paired with cocaine infusions, or exposure to intermittent foot-shock, 
both reinstated nose-poke cocaine-seeking behavior. Rimonabant dose-dependently 
antagonized cocaine-infusion induced, as well as environmental-cue induced, rein-
statement of nose-poke behavior. In contrast, the effect of the foot-shock stressor on 
drug-seeking behavior was not attenuated by rimonabant [76].

Adverse Effects

Why are there multiple human case studies published demonstrating the adverse 
side effects of synthetic cannabinoid use? Low doses of synthetic cannabinoids can 
have pleasant effects, but like most reinforcing effects, these effects seem to be bi-
phasic. Perhaps this is because there are other effects that might also be expressed 
in a dose-dependent manner. Across a variety of animal models of anxiety such as 
the social interaction test, elevated plus maze, and hole board exploration test, low 
to mid-doses of CP-55,940 produced anxiolytic-like effects in rodents [52, 77, 78]. 
Using different animal models such as analysis of open-field behavior for defensive 
withdrawal responses and conditioned-place avoidance, high doses of HU-210 and 
CP-55,940 produced lasting anxiogenic effects [79, 80]. Interestingly, the extent of 
adverse effects after synthetic cannabinoids use could be due to the anxiety state 
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prior to use. For example, in one study rats were chronically stressed for 21 days 
by exposure to unpredictable stressors. When these stressed rats were treated with a 
low or high dose of HU-210 and placed in the elevated plus maze, both dose groups 
of rats responded in a manner consistent with heightened anxiety. In contrast, in 
un-stressed control animals, a low dose of HU-210 induced an anxiolytic response 
[81]. Therefore, the response an individual has while using a synthetic cannabinoid 
may be related to the dose of the compound, as well as the state of anxiety prior to 
use.

Predicted Human Effects: Lessons Learned from Animal Studies

Since the synthetic cannabinoids are self-administered in several laboratory ani-
mal models, the general conclusion is these drugs are reinforcers. A major differ-
ence between synthetic cannabinoids and ∆9-THC in self-administration studies is 
that ∆9-THC is generally not a reinforcer in rodent self-administration models, and 
most attempts in other laboratory species have also been unsuccessful. However, 
in squirrel monkeys, under specific experimental conditions, ∆9-THC is reliably 
self-administered [82]. Generally, animals reliably discriminate the central nervous 
system effects of synthetic cannabinoids as being similar to ∆9-THC, suggesting a 
shared mechanism of action of these discriminative stimulus effects. Experiments 
with specific CB1 inverse agonists/antagonists suggest these effects are produced 
by actions at CB1 receptors. In animals, the synthetic cannabinoids produce adverse 
effects associated with anxiety and can produce drug-seeking behaviors. Thus, pre-
dicted human effects are what have been reported in case studies: anxiety, especially 
with high doses; co-abuse with other substances; and a propensity of continued 
abuse, which may lead to tolerance and dependence.

Conclusions

Although synthetic cannabinoids and ∆9-THC act at the same receptors and produce 
many shared effects, these compounds are not necessarily equal. Like ∆9-THC, 
synthetic cannabinoids produce euphoria, which is appealing to many users. Unlike 
∆9-THC, the adverse side effects associated with synthetic cannabinoid use seem 
to be more severe than after dosing with marijuana (summarized in Table 9.1). Dif-
ferences in drug potency, receptor specificity, and differing pharmacokinetics (e.g., 
faster onset, shorter duration of action) may correlate with greater incidence of ad-
verse reactions after abuse of synthetic cannabinoids. Also, the shorter duration of 
action of the synthetic cannabinoids may lead to continued abuse, tolerance, and 
dependence. Published clinical case studies and antidotal self-reports seem to sup-
port this notion; however, there is little information about the behavioral effects of 
synthetic cannabinoids in controlled experiments. In general, what is known of the 
effects of marijuana on behavior and motivation may not predict the same adverse 
effects after usage of synthetic cannabinoids.
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Abstract Like many other vertebrates, rodents emit ultrasonic vocalizations 
(USVs) throughout the entire life span in a variety of socially relevant situations, 
in order to communicate information regarding individual and group identity, sta-
tus, mood or environmental conditions. High rates of USVs are emitted by pups 
during the first days of life when removed from the nest, by juveniles engaging in 
social play behavior, by adult females during social investigation and by adult males 
when exposed to females or during aggression. The analysis of social USVs there-
fore offers a translational tool to study the neurobiological mechanisms underlying 
socio-affective communication.

Considering the major role of the endocannabinoid system in the regulation of 
emotional states throughout life, it is not surprising that endocannabinoids modulate 
the emission of USVs. Here, we will summarize the effects of cannabinoid drugs on 
USVs emitted in different social contexts, such as isolation-induced USVs emitted 
by pups and USVs emitted by juvenile and adult rodents during social and sexual 
behaviors. The data outlined here provide evidence for an important role of the en-
docannabinoid system in social communication in rodents from birth onward. Thus, 
the endocannabinoid system may be altered in neuropsychiatric disorders character-
ized by social dysfunction and communicative deficits.

Keywords Endocannabinoid system · Endocannabinoids · Ultrasonic vocalizations 
· Socio-affective communication · Rodents
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Introduction

Cannabis derivatives, such as hashish and marijuana, have been used for centu-
ries for both recreational and medical purposes. Today, Cannabis preparations are 
among the most widely used illicit drugs in Western Countries, with the first epi-
sodes of Cannabis use often occurring during adolescence [1–3], which is a critical 
phase for the development of the central nervous system (see Chap. 12) [4]. Besides 
adolescence, Cannabis derivatives are often consumed by women of child-bearing 
age and during pregnancy [5, 6]. Cannabis consumption during the prenatal pe-
riod is a major health problem because of its consequences for embryonic/foetal 
development [7–10]. Indeed, human and animal studies have shown that cannabi-
noids readily cross the placental barrier [11] and can be transferred to the offspring 
through breast milk [12], to induce long lasting neurobehavioral alterations [13–15].

The discovery in 1964 of the main psychoactive component of the plant Can-
nabis sativa, Δ9-tetrahydrocannabinol (THC) [16], led to the identification of the 
endogenous cannabinoid system which includes (1) cannabinoid receptors (CB1 
and CB2); (2) endogenous lipid ligands [endocannabinoids (ECs), mainly anan-
damide (AEA) and 2-arachidonoylglycerol (2-AG)] and (3) enzymes involved in 
EC synthesis, transport and degradation [17–20]. From then onwards, an increas-
ing number of experimental studies highlighted the role of the endocannabinoid 
system in the regulation of many physiological processes as well as the long-lasting 
neurobehavioral effects of developmental exposure to cannabinoid drugs. Animal 
studies offer the advantage that they allow for precise control over the possible 
confounding factors that characterize human studies (such as dosage, number of 
drugs used, timing of drug exposure, or the influence of social problems typically 
associated with drug use), and for examination of the independent contribution of 
cannabinoid drugs to adverse neurodevelopmental consequences.

Substantial information about the emotional and motivational state of the animal 
under study can be obtained by detecting its vocalizations, most of which often oc-
cur in the ultrasonic range and hence are called ultrasonic vocalizations (USVs). In 
rodents, USVs are considered a measure of affective states and a means of commu-
nication [21–24]. Although these calls are generally inaudible to humans, they can 
be studied in laboratory settings using specialized equipment. Like many other ver-
tebrates, rodents emit USVs to communicate information regarding individual and 
group identity, status or mood (e.g., dominance, submission, fear or aggression), an-
ticipatory behavior (e.g., approach, play, groom or mount) and environmental con-
ditions (e.g., presence of predators, location of food or separation from mother and 
siblings) [25–28]. This has important implications for preclinical research, since 
measuring USVs can be considered an important approach to detect communication 
deficits in rodent models of human neuropsychiatric disorders, such as autism [22].

Three USV categories are typically differentiated in rodents [24, 29, 30]: (1) 
USVs emitted by pups after being separated from their mother and littermates (iso-
lation-induced 40-kHz USVs); (2) USVs emitted in aversive situations, such as 
stress, predator exposure and fighting or during drug withdrawal (aversive 22-kHz 
USVs); (3) USVs emitted in appetitive situations, such as rough-and-tumble play 
and mating or in response to drugs of abuse (appetitive 50-kHz USVs).
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Data on USVs in rodents have been reported since the 1950s, when it was ob-
served that adult laboratory rats emit calls at low frequencies (around 23–28 kHz) 
when socially isolated [31]. Two years later, Zippelius and Schleidt reported that 
infant mice produce USVs when separated from their mother and siblings [32]. 
Since then, several studies have been performed showing that measuring the USVs 
emitted by laboratory animals under particular physical, environmental or social 
conditions can provide new insights into their emotional state and into specific as-
pects of social interaction.

Considering the major role of the endocannabinoid system in the regulation of 
emotional states from birth to adulthood [13, 33–36] and the functionality of endo-
cannabinoid neurotransmission from early developmental stages [37–40], it is not 
surprising that endocannabinoids modulate the emission of USVs. Here, we will 
summarize the effects of cannabinoid drugs on (1) isolation-induced USVs emitted 
by pups and (2) appetitive and aversive USVs emitted by juvenile and adult rodents, 
in order to provide evidence that the endocannabinoid system has an important role 
in rodent ultrasonic communication.

Isolation-Induced USVs Emitted by Rodent Pups

General Aspects

When isolated from their mother and littermates, infant rodents emit characteris-
tic USVs which have a communicative function, acting as a stimulus for maternal 
search and retrieval, as well as for nest building and maternal grooming [24]. Pup 
retrieval is a complex type of social interaction involving both the mother and pup; 
thus, the rate of calling or call characteristics produced by the pup may alter the 
behavior of the mother [41]. Likewise, individual differences in the mother’s be-
havior, such as more or less exploration to find a pup, may alter the behavior of the 
pup [42]. The isolation-induced USVs emitted by the pups have a double meaning: 
(1) they reflect the affective state of the pups because of the separation from their 
mother and littermates, and (2) they are the product of physiological processes such 
as thermoregulation [43]. Regarding the emotional state of the pup as a determinant 
of USV production, it has been shown that the USVs emitted by 14-day-old pups 
are suppressed by the presence of an unfamiliar (and possibly infanticidal) adult 
male rat, a response that is seen in combination with freezing behavior [44, 45]. 
Furthermore, the reduction in body temperature caused by removal of the pup from 
the nest is another important stimulus for USV emission: as the environmental tem-
perature and the body temperature of the pup decrease, the number of USVs emitted 
by the pup increases [46].

The strongest argument in favour of the affective hypothesis of pup isolation-in-
duced USVs comes from the evidence that anxiolytic compounds such as benzodi-
azepines and other positive modulators of GABA-receptors reduce the emission of 
these calls [47–50]. Accordingly, anxiogenic drugs, such as pentylenetetrazole, in-
crease USV emission in rat pups without producing appreciable hypothermia [51]. 
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From this, it has been suggested that the emotional state of the pup is a crucial de-
terminant of USV production, and that measuring isolation-induced USVs in rodent 
pups is useful to investigate the ontogeny of emotionality and the potential anxio-
lytic or anxiogenic effects of pharmacological or genetic manipulations [52–54].

However, not all drugs that reduce USVs in pups are necessarily anxiolytic: 
thus, drugs with positive reinforcing properties, such as cocaine [55], 3, 4-methyl-
enedioxymethamphetamine (MDMA) [56], and morphine [57] all reduce USVs in 
pups. Conversely, drugs that have aversive effects in adult rats in the conditioned 
place preference paradigm, such as the κ-opioid receptor agonist U50,488, increase 
USVs in pups [58]. In line with their communicative function, isolation-induced 
USVs have emerged as an innovative tool to evaluate communication deficits in 
different animal models of neuropsychiatric disorders characterized by a reduction 
[22, 59–64] or an unusual repertoire [65] of isolation-induced USVs.

Role of the Endocannabinoid System in the Modulation of 
Isolation-Induced USVs Emitted by Rodent Pups

Preclinical evidence has demonstrated that cannabinoid drugs affect USV emission 
in pups isolated from their mother and littermates depending on the type and dose of 
drug used (Table 10.1), confirming the well-known bidirectional effects of cannabi-
noids on emotional reactivity [35, 66]. Specifically, it has been shown that the acute 
administration of the potent cannabinoid CB1 receptor agonist CP55,940 produced 
a dose-dependent reduction in the frequency of USVs in 12-day-old Long-Evans 
rat pups isolated from their mother and siblings, accompanied to a substantial drug-
induced hypothermia [67]. The cannabinoid CB1 receptor antagonist SR141716A 
reversed the reduction of USVs induced by CP55,940. Interestingly, the number of 
USVs emitted by pups administered both CP55,940 and SR141716A was increased 
compared to animals given the agonist alone, which suggests a possible intrinsic 
effect of SR141716A. Therefore, it is possible that endocannabinoids inhibit pup 
USV emission under conditions of isolation, and that SR141716A blocks this in-
hibitory effect to produce a disinhibition of USVs.

Other preclinical evidence of endocannabinoid modulation of isolation-in-
duced USVs in pups has been provided by the use of the AEA hydrolysis inhibitor 
URB597, which inhibits the enzyme fatty acid amide hydrolase (FAAH) and leads 
to prolonged AEA signalling [68], and the endocannabinoid transport inhibitor 
AM404, which inhibits the still controversial high-affinity transport system that re-
moves ECs from the synaptic space [69]. URB597 reduced the number of isolation-
induced USVs emitted by rat pups removed from their nest at doses that had no 
effect on pup motor activity, an effect that was blocked by SR141716A [68]. Simi-
larly, AM404 reduced USVs in 10-day-old rat pups removed from the nest without 
alteration of axillary temperature or locomotor activity; again, these effects were 
mediated by activation of cannabinoid CB1 receptors, as they were antagonized 
by SR141716A [70]. The reduction in pup USV emission induced by drugs that 
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prolong endocannabinoid activity by interfering with endocannabinoid intracellular 
transport or hydrolysis has been suggested to reflect the anxiolytic-like properties 
of these compounds. The anxiolytic-like effects induced by URB597 and AM404 
were indeed confirmed in adult animals [68, 70]. On the basis of these data, it was 
proposed that drugs that interfere with endocannabinoid deactivation, thus prolong-
ing local endocannabinoid activity, might represent new therapeutic tools to treat 
anxiety-related disorders.

To investigate the role of the endocannabinoid system in the modulation of isola-
tion-induced USVs, Fride and colleagues investigated the consequences of cannabi-
noid CB1 receptor deletion on the ontogeny of emotionality, evaluating the emission 
of USVs induced by maternal separation in wild-type and CB1 knockout (CB1-/-) 
pups [71]. As expected, wild-type mouse pups reached the highest frequency of 
USV emission between days 3 and 6 of age until day 10. In contrast, CB1-/- pups 
showed very low levels of USVs throughout development [71]. Taken together, 
these results suggest that (1) endocannabinoids regulate USV production in rodent 
pups, likely via activation of brain cannabinoid CB1 receptors, and (2) endocan-
nabinoid modulation of emotional reactivity appears at early developmental ages.

Exposure to cannabinoid drugs during pregnancy and/or lactation has also been 
related to changes in USV emissions in rodent pups. For example, 12-day-old pups 
exposed to THC during the perinatal period displayed an increased rate of USVs 
when separated from their mother and siblings [72]. However, a reduction of iso-
lation-induced USVs in rat pups prenatally exposed to the synthetic cannabinoid 
agonist WIN55,212–2 has also been reported [73]. Differences in the type and dose 
of cannabinoid agonist used and the time window of exposure may account for the 
apparent discrepancies between these findings.

A recent study reported that in lactating dams, daily injections of SR141716A 
during post-partum days 1–8 led to fewer vocalizations in pups at postnatal day 
(PND) 6 and PND 8, together with reduced maternal behaviors [74]. It is thought 
that the number of calls emitted by mouse pups can reflect maternal responsive-
ness, and when there is no response or there is a delay to respond to the needs of 
pups, pups lower this mode of connection with the caregiver [75]. Thus, low levels 
of maternal care in SR141716A-treated dams may have induced a decrease in the 
rate of pup USVs accompanied with a lower body weight and hypothermia in pups. 
These results suggest that the endocannabinoid system is crucial for establishment 
of maternal behavior during the first post-partum week, with a long-term impact on 
the offspring’s socio-emotional development.

Interaction Between Opioid, Cannabinoid and Dopaminergic 
Systems in the Modulation of Isolation-Induced USVs in Pups

There are close functional interactions between the endocannabinoid, opioid and 
dopaminergic systems in the regulation of reward processes, including drug, food 
and social rewards [34, 76–82].
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Interactions between cannabinoid and opioid receptors have been predicted on 
the basis of different observations [83–87]: (1) μ-opioid receptors are frequently co-
localized with cannabinoid CB1 receptors in several brain areas, (2) they utilize the 
same pool of G-proteins and (3) these receptors form functional heterodimers. Con-
cerning the formation of heterodimers, in vitro studies suggested that cannabinoid 
CB1 receptors hetero-oligomerize with µ-opioid receptors [88, 89]. Moreover, the 
interaction between CB1 and μ-opioid receptors has been demonstrated using Fluo-
rescence Resonance Energy Transfer and co-immunoprecipitation experiments in 
cells exogenously expressing both receptors [85]. Cannabinoid-opioid crosstalk has 
been also observed through receptor expression levels, as repeated administration 
of THC regulates µ-opioid receptor density in a time and region-dependent manner 
[90]. In addition to the possibility of a direct association, cannabinoid-opioid inter-
actions may also occur at the signal transduction level since both receptors signal 
through the Gi/o alpha subunit, targeting the cAMP pathway [88]. Although the 
functional relationship between opioid and cannabinoid systems is becoming better 
understood, the specific mechanisms of their interaction remain to be elucidated 
(see Chap. 16).

In the literature, many examples of functional interaction between cannabinoid 
and dopamine receptors have also been reported (see Chap. 19). Functional antago-
nism was shown in the rat brain, where the cannabinoid CB1 agonist CP55,940 
reduced the affinity of D2 dopamine receptor agonist binding sites in the dorsal and 
ventral striatum. Similarly, in vivo administration of CP55,940 inhibited locomotor 
activity induced by dopamine D2 receptor stimulation [91].

Concerning the interaction between opioid, cannabinoid and dopaminergic sys-
tems in the modulation of isolation-induced USVs in pups, it has been demonstrated 
that the opioid receptor antagonist naloxone and the dopamine D1 receptor antago-
nist SCH 23390 did not antagonize the reduction in USV emissions in isolated pups 
treated with CP55,940 [67]. On the basis of these data, it is possible to speculate 
that cannabinoid-opioid-dopamine interactions, although already functional in ado-
lescent rats engaged in positive social interactions [81, 82], are either not present or 
not yet mature in pre-weaning pups.

Affective USVs in Rodents

General Aspects on 22-kHz USVs

The 22-kHz USVs are believed to reflect a negative affective state since rodents 
emit these low frequency USVs in aversive situations, such as predator exposure 
[92] and fighting [93, 94], or during withdrawal from drugs of abuse, such as al-
cohol, benzodiazepines, opiates and psychostimulants [95, 96]. In 1991, Blanchard 
and colleagues suggested that 22-kHz USVs served as alarm calls to warn con-
specifics about danger [92]. Thus, no 22-kHz USVs were detected when a rat was 
exposed to a natural predator such as a cat in absence of conspecifics. There is 

10 Cannabinoid Modulation of Rodent Ultrasonic Vocalizations in a Social Context



232 A. Manduca et al.

evidence that 22-kHz USVs can induce anxiety-related behaviors such as freezing, 
probably inducing neuronal activity in brain areas implicated in fear regulation, 
like the amygdala [97]. It has also been shown that rats form memory associations 
between 22-kHz USVs and aversive stimuli [98, 99] and that 22-kHz USVs play an 
important role in the social transmission of fear [100].

Under stressful conditions, adult rats emit 22-kHz USVs the duration of which 
can be reduced by anxiolytic drugs [101, 102] or increased by anxiogenic com-
pounds [101, 103]. The production of 22-kHz USVs in aversive situations depends 
on a wide range of factors [24], including (1) experimental context, (2) genetic in-
fluence and (3) environmental factors. Indeed, 22-kHz USV rate increases with the 
aversiveness of the context [104]. Thus, rats exposed to higher foot shock intensi-
ties during fear conditioning displayed more freezing behavior and vocalized more 
than rats exposed to lower foot shock intensities, whereas rats exposed to tones but 
not foot shocks did not emit 22-kHz USVs. Moreover, adult rats receiving a single 
foot shock of 1 s duration and 0.6 mA intensity emit low levels of USVs that can be 
increased by anxiogenic drugs, whereas rats receiving six foot shocks of the same 
duration and intensity emit high levels of USVs that can be reduced by the treatment 
with anxiolytic drugs [105].

In addition to the aversiveness of the context, individual factors also play an impor-
tant role in 22-kHz USVs [106]. Thus, rats that were characterized as highly anxious 
in the elevated plus-maze test emitted more 22-kHz USVs during fear conditioning 
than less anxious animals. Among others, such individual differences in the emission 
of 22-kHz USVs could be attributable to early environmental factors. For instance, 
juvenile stress exposure (i.e. forced swim test, exposure to an elevated platform and 
immobilization) affects 22-kHz USV production at adulthood [107] and induces 
long-lasting behavioral, physiological and molecular changes [108, 109]. Indeed, rats 
exposed to such stressors during the pre-pubertal period emitted more 22-kHz USVs 
in response to fear conditioning at adulthood than unexposed controls [24].

General Aspects on 50-kHz USVs

Anticipation of a wide variety of rewards (i.e. food, mating, play, drugs of abuse 
and rewarding brain stimulation) increases the emission of 50-kHz USVs, which are 
positively correlated to the approach latency for the rewarding stimulus [21]. Con-
versely, aversive stimuli (i.e. bright light, predator odour, social defeat, foot shock, 
aversive drugs) have been shown to decrease the emission of 50-kHz USVs [21].

In 2007, Panksepp and co-workers reported that juvenile mice produced high 
rates of 50-kHz USVs during social interactions [27]. As the production of inter-
action-induced USVs occurred exclusively during social investigation and no ag-
gressive behavior was observed, the authors speculated that 50-kHz USVs in mice 
reflected a positive affective state. In the same year, they also demonstrated that 
genetic differences exist in the emission of USVs in mice, since early-adolescent 
C57BL/6J emitted more USVs than BALB/cJ mice during social conditioned place 
preference [110].
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Panksepp and Burgdorf further demonstrated that it is also possible to induce 
50-kHz USVs in rats by hetero-specific play, such as tickling by a human experi-
menter [26]. Indeed, they suggested that those rats emitting high frequency 50-kHz 
USVs experienced the tickling procedure as appetitive, as indicated by short laten-
cies to approach the hand of the experimenter [26]. In addition to the tickling itself, 
even the presentation of cues associated with it, such as the experimenter’s hand, 
elicited 50-kHz USVs. Interestingly, they found large individual differences in the 
production of 50-kHz USVs in response to tickling. Thus, while most rats emitted 
50-kHz USVs, others did not emit and some even emitted 22-kHz USV [26]. Al-
together, these studies demonstrate that social context and social stimuli modulate 
the production of appetitive 50-kHz USVs which display an important pro-social 
communicative value to establish or maintain social contact [111].

Despite these findings, controversial data exist in the literature about whether 
50-kHz USVs may reflect the rewarding value of adolescent social interactions. 
Knutson and co-workers were the first to suggest that 50-kHz USVs may index 
play motivation in rats since they found that adolescent Long-Evans rats emitted 
more 50-kHz USVs while playing together than while alone [112]. Interestingly, 
rats separated from the play partner through a screen dividing the testing cham-
ber, but given the opportunity to play the day before, vocalized more than rats that 
played both days. Conversely, separated rat pairs that had not played before vo-
calized less than rats that played on both days. On the basis of these data, the au-
thors suggested that one trial of play is sufficient to induce a motivational state that 
evokes 50-kHz USVs in rats, and that general motor activity alone cannot account 
for the expression of these vocalizations [21, 112]. However, not all data support 
the use of 50-kHz USVs in adolescent rats as an index of positive affective state 
during active social interaction or anticipation for social contact. Thus, Willey et al. 
found that adolescent Sprague–Dawley rats emit fewer 50-kHz USVs than adults in 
anticipation of a social partner [113] and during social interactions [114], although 
adolescent rats usually engage in higher levels of social behaviors, especially social 
play behavior [114–117] and show greater conditioned place preference for a so-
cial stimulus than adults [118]. We also recently demonstrated that positive social 
interactions in adolescent rats do not necessarily correlate with 50-kHz USVs emis-
sion and that drugs that affect social play, like morphine, do not affect the rate of 
USVs emitted during social interactions [119]. Thus, it cannot generally be assumed 
that 50-kHz USVs index positive affective states during social interactions. In line 
with this hypothesis, it has also been shown that a dissociation exists between the 
emission of 50-kHz USVs and behavioral measures of affective responses during 
drug self-administration or anticipation. Thus, while 50-kHz USVs can be elicited 
by administration of psychostimulant drugs [120–123], treatment with rewarding 
doses of morphine, MDMA, and nicotine has been reported not to change or even 
decrease 50-kHz USV emission [122, 124–126].

In adult mice, high rates of USVs were found in males when courting and copu-
lating with females [127, 128] depending on social factors such as social status [25] 
and previous heterosexual contact [129]. As shown by Whitney and co-workers, 
female urine alone, i.e. in the absence of a female, is sufficient to elicit male USVs 
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[130], whereas no USV response was detected when male mice were exposed to 
male mouse urine or female urine from rats or humans [130]. As female-induced 
USVs reflect a positive affective state in mice, abnormalities in their frequency 
could underlie communication deficits in rodents. Indeed, reduced female-induced 
USVs were reported in a genetic animal model of nonsyndromic monogenic heri-
table autism spectrum disorders (ASDs), i.e. mice lacking the murine ortholog of 
human Neuroligin-4 (NL-4), thus indicating that the NL-4-KO mice are either less 
responsive to social stimuli or are otherwise inhibited in their propensity to com-
municate [131, 132].

Role of the Endocannabinoid System in the Modulation of 
Affective USVs

In adult rats exposed to one foot shock (1 s duration and 0.6 mA intensity), ad-
ministration of the cannabinoid CB1 receptor antagonist SR141716A induced a 
bell-shaped dose–response curve: intermediate doses (1.25–5 mg/kg) significantly 
increased the duration of 22-kHz USVs, while lower and higher doses were inef-
fective [105]. The anxiogenic effect of intermediate doses of SR141716A was com-
pletely abolished by the allosteric inhibitor of the metabotropic glutamate recep-
tor subtype 5 (mGluR5), MTEP, showing that mGluR5 antagonism abolished the 
anxiety-like state induced by cannabinoid CB1 receptor antagonism. Conversely, 
MTEP dose-dependently reduced the duration of USVs in rats exposed to six foot 
shocks of 1 s duration and 0.6 mA intensity. However, this effect was not influenced 
by SR141716A [105]. In line with the results obtained in rat pups [67], SR141716A 
displayed anxiogenic-like effect in adult rats exposed to one foot shock in a sound 
attenuated shocking chamber, with MTEP completely reduced its anxiogenic ef-
fects [105].

It has been repeatedly shown that cannabinoid signalling plays an important role 
in controlling conditioned fear [133–137]. Studies in rats have demonstrated that 
the basolateral amygdala (BLA), which is implicated in emotional processing [138] 
and coordination of appropriate responses to conditioned aversive stimuli [139], is 
a critical brain area underlying endocannabinoid regulation of fear responses (see 
Chap. 1). Fear-conditioned rats receiving intra-BLA infusion of the cannabinoid 
CB1 receptor antagonist SR141716A displayed more 22-kHz USVs than vehicle-
treated rats [103]. Furthermore, non-fear-conditioned rats displayed little or no 
contextually induced freezing behavior or 22-kHz USVs emission during the test 
trial. In contrast, fear conditioning was associated with significant increases in the 
duration of freezing and 22-kHz USVs upon re-exposure to the context. Recently, 
Arnold and colleagues found that Wistar rats treated with the cannabinoid CB1 re-
ceptor agonist CP55,940 and re-exposed to a chamber in which they had previously 
received a foot shock, emitted more 18–30-kHz USVs than vehicle-treated rats. 
Conversely, CP55,940 had no significant effect upon conditioned USVs in Lewis 
rats [140], highlighting a strain-dependent effect of the cannabinoid receptor ago-
nist on fear-related USV emission. The anandamide hydrolysis inhibitor URB597 
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significantly reduced 22-kHz USVs emitted during freezing behavior in the fear 
conditioning paradigm in male Lister-hooded rats [141], thus supporting the pos-
sibility that the endocannabinoid AEA has an important role in fear-related USVs. 
These results also confirm the different behavioral profile induced by direct (by 
CP55,940) versus indirect (by URB597) activation of cannabinoid CB1 receptors.

To our knowledge, no study has assessed the effects of cannabinoid drugs on 50-
kHz USVs and therefore more research in this direction is warranted. However, since 
previous studies have shown that (1) cannabinoid drugs, including the anandamide 
hydrolysis inhibitor URB597, modulate maternal separation-induced USVs in rat 
pups [67, 68, 70] and adult low frequency USVs [141], (2) cannabinoid compounds 
affect USVs in adult rats depending on strain [140], and (3) the effects of URB597 
on social behavior appear to be context-dependent [81], we recently investigated the 
effects of URB597 on USV emission during active social interactions in adolescent 
and adult Wistar and Sprague–Dawley rats tested in different environmental condi-
tions. Thus, our data show that URB597 enhances the frequency of 50-kHz USVs 
emitted during social interaction by adolescent Wistar and adult Sprague–Dawley 
rats tested under moderate (i.e. unfamiliar test cage/ low light) and high aversive 
(i.e. unfamiliar test cage/ high light) conditions respectively. These results confirm 
previous findings by suggesting that the endocannabinoid system modulates the 
emission of high frequency USVs (50-kHz) during social behavior in a strain- and 
context-dependent manner [142].

Table 10.2 summarizes the effects of cannabinoid drugs on affective USVs in 
rodents.

Conclusions

Measuring ultrasonic communication in rodents offers a translational tool for study-
ing the physiological and neurobiological mechanisms underlying socio-affective 
communication. This may be particularly relevant for rodent models of human 
neurodevelopmental disorders including autism and schizophrenia, which are 
 characterized by social dysfunctions, including communication deficits.

The endocannabinoid system is actively present and functional since the earli-
est stages of ontogenetic development, from fertilization and pre-implantation un-
til prenatal and postnatal life [8, 34, 38, 72, 81, 143, 144]. Altogether, the results 
outlined here suggest that the endocannabinoid system, plausibly via activation of 
brain cannabinoid CB1 receptors, is essential in the modulation of isolation-induced 
USVs in rodent pups, playing a crucial role in mother-infant interaction [14, 67, 70, 
71]. Preclinical evidence reported here also indicates that cannabinoid signalling 
plays an important role in controlling conditioned fear at adulthood [105, 140, 141]; 
thus, it may serve as a promising target for innovative intervention strategies in fear-
related disorders, such as post-traumatic stress disorders (PTSD). Conversely, little 
information is available on endocannabinoid modulation of positive 50-kHz USVs 
and therefore more research in this direction is warranted.

10 Cannabinoid Modulation of Rodent Ultrasonic Vocalizations in a Social Context
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Abstract Cannabis sativa preparations are among the illicit drugs most commonly 
used by young people, including pregnant women. The endocannabinoid (eCB) sys-
tem, which is involved in the regulation of emotional and motivational homeosta-
sis, synaptic plasticity and cognitive functions, also plays a critical role in diverse 
phases of brain development. Both perinatal and periadolescent periods are critical 
for brain eCB system development. Thus, interference of endocannabinoid signal-
ling by cannabis exposure may contribute to explain the enduring negative impact of 
cannabis on neurodevelopmental processes and the resulting psycho-physio-path-
ological consequences. In the present chapter we describe and discuss published 
data dealing with the long-term neurobehavioural effects of cannabis exposure 
during the prenatal and adolescent periods. Human studies have demonstrated that 
marijuana consumption by pregnant women critically affects the neurobehavioural 
development of their children. Investigations using animal models provide useful 
information for a better understanding of the long-lasting deleterious consequences 
of cannabis exposure during pregnancy and lactation. Increasing use of cannabis 
among adolescents is a matter of great public concern that has led to a parallel 
increase in research on appropriate animal models. Chronic administration of can-
nabinoid agonists during the periadolescent period causes persistent behavioural 
alterations related to cognitive deficits, increased risk of psychosis, mood disorders 
and addiction to cannabis and other drugs of abuse. The underlying mechanisms by 
which cannabis use may lead to these disorders, including genetic vulnerability and 
the increasing content of the main psychoactive ingredient in cannabis preparations, 
delta-9-tetrahydrocannabinol (THC), will be discussed. To conclude, prevention 
and therapeutic strategies based on scientific knowledge will be proposed.

Keywords Cannabis · Critical age periods · Perinatal · Adolescence · Development · 
Endocannabinoid system
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Introduction

Cannabis contains psychoactive components, mainly ∆9-Tetrahydrocannabinol 
(THC), which interfere with the brain’s endogenous cannabinoid system (endocan-
nabinoid, eCB, system) through the activation of the cannabinoid type 1 (CB1) and 
type 2 (CB2) receptors. The eCB system plays a relevant regulatory role in a wide 
variety of functions; eCB signalling is critically involved not only in processes of 
synaptic plasticity but also in cognitive functions, motivation, and regulation of 
emotional homeostasis [1–7]. The eCB system plays a crucial role in diverse phases 
of brain development [8–11]. Interference of eCB signalling by cannabis exposure 
during the perinatal and the adolescent periods may contribute to explain the endur-
ing negative impact of cannabis on neurodevelopmental processes and the resulting 
psycho-physio-pathological consequences [3, 12–19].

The main feature of the recreational use of cannabis is a euphoric effect. This 
“high” can be accompanied by decreased anxiety and increased sociability. How-
ever, acute aversive emotional reactions such as feelings of anxiety, panic and para-
noia have also been reported [15, 20]. Dependence on cannabis consumption has 
been reported and an associated withdrawal syndrome has been described [21–23]. 
Cannabis withdrawal syndrome includes anxiety and nervousness, craving, de-
creased appetite and weight loss, restlessness, sleep difficulties, strange dreams, 
chills, depressed mood, stomach pain, physical discomfort, shakiness, and sweating 
[21, 24, 25]. The syndrome has a transient course after cessation of cannabis use and 
is pharmacologically specific. Cannabis withdrawal is reported by up to one-third of 
regular cannabis users in the general population, and by 50–95 % of heavy users in 
treatment. The clinical relevance of cannabis withdrawal is demonstrated by the use 
of cannabis or other substances to relieve its symptoms, by the reports of difficulty 
in quitting, and by the worsening of treatment outcomes in association with greater 
withdrawal severity.

Marijuana has been associated with disrupted functioning in a variety of cogni-
tive and performance tasks, and chronic marijuana smoking has been reported to 
cause persistent memory deficiencies [26, 27]. In addition, pharmacological studies 
have shown that cannabinoids can induce a full range of transient positive, nega-
tive, and cognitive symptoms in healthy individuals that are similar to those seen 
in schizophrenia. Despite most of the current research has focused on the effects of 
cannabis on psychosis and schizophrenia, there is also increasing evidence indicat-
ing a close relationship between cannabis consumption and an increased risk for 
depression, anxiety disorders, and drug addiction [13, 15, 28–30].

Cannabis preparations are the illicit drugs most widely used by young people, 
peaking between 15 and 30 years of age, although a trend has been reported for 
continued cannabis use in people aged 30–40. Growing evidence from human and 
animal studies suggests a differential effect of cannabis exposure depending on the 
age of exposure [31]. In this chapter, we will pay special attention to two periods 
that appear to be of special vulnerability, i.e. the perinatal and the adolescent period. 
Substance use by pregnant women poses significant risks to the unborn child. Accu-
mulating evidence from both human and preclinical studies indicates that maternal 



24711 Age-Dependent Effects of Cannabinoids on Neurophysiological, . . . 

substance use during pregnancy can affect foetal development, birth weight and 
infant outcomes. Thus, the prenatal period can be regarded as an important sensi-
tive period of development [16, 32]. Actually, cannabis is the most commonly used 
illicit substance among pregnant women, and given the lipophilic nature of THC, it 
is estimated that one-third of THC in the plasma crosses the foetus-placental barrier 
[33, 34]. Moreover, THC is secreted through the breast milk [35]. Therefore, it is 
plausible that THC can easily reach the developing foetal brain. In fact, human epi-
demiological and animal studies have found that prenatal/perinatal cannabis expo-
sure influences brain development and can have long-lasting impacts on cognitive 
functions and other behavioural aspects, notably reward and emotional responses 
[12, 16, 36–39].

In this chapter we will consider adolescence as the gradual period of transition 
from childhood to adulthood, including pubertal maturation. Adolescence repre-
sents a developmental period of unique plasticity during which the brain is particu-
larly sensitive to environmental insults such as stress and drugs of abuse. There is 
evidence indicating that during this sensitive period exposure to drugs may have a 
greater impact on neurocognition compared to adult exposure [40]. A “window of 
vulnerability” appears to exist during the adolescent period regarding the onset of 
certain neuropsychiatric disorders such as schizophrenia and the effects of drugs 
of abuse [14, 17, 18, 41, 42]. In particular, both human and animal studies indicate 
that cannabis use during adolescence may produce cognition impairments [26, 27] 
and depressive symptoms, and may increase the risk to develop psychiatric and 
substance abuse disorders [3, 18, 39, 43]. We will also discuss a number of factors 
of vulnerability to the harmful effects of cannabis such as the age of starting to use 
cannabis, the degree of cannabis exposure and genetic susceptibility, as well as the 
composition of the cannabis plant consumed.

Developmental Aspects of the Endocannabinoid System

During early phases of neuronal development, eCB signalling is integral for an 
array of processes including proliferation and differentiation of progenitor cells, 
neuronal migration, axonal guidance, fasciculation, positioning of cortical inter-
neurons, neurite outgrowth and morphogenesis. At early developmental stages, the 
eCB system seems to both influence the appearance of key cellular signals and 
modify the expression of genes that are relevant for neural development [8–12, 44]. 
Both CB1 receptors and eCB ligands can be detected in the rat [45, 46] and human 
[47] brain during early developmental periods. Moreover, stimulation of [35S]GTP 
gamma-S binding by cannabinoid agonists suggests that embryonic CB1 receptors 
are already functional [48]. During the perinatal period, a common atypical pattern 
of CB1 receptor expression has been found both in rodents and humans, with high 
densities of CB1 receptors observed in fibre-enriched areas that are practically de-
void of them in the adult brain. This transient pattern of CB1 receptor localization 
in white matter areas during the prenatal stages suggests a specific role of the eCB 
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system in neural development, which may be important for guidance processes that 
result in the establishment of cortical-subcortical connections [45–47]. Gaffuri et al. 
[44] have recently reviewed current knowledge about the effects of CB1 receptor 
signalling during different phases of brain development, i.e. migration and differen-
tiation of progenitor cells, neurite outgrowth, axonal path finding and synaptogen-
esis. Authors highlighted the eCB signalling as dependent upon the diacylglycerol 
lipases (DAGLs), the enzymes responsible for the synthesis of the endocannabinoid 
2-arachidonoylglycerol (2-AG). DAGL-dependent eCB signalling regulates axonal 
growth and guidance during development, and is required for the generation and 
migration of new neurons in the adult brain. It is now clear that DAGLs and CB1 
receptors can modulate growth cone dynamics in vitro, and that they are expressed 
in advancing growth cones during development likely playing a key role in axonal 
growth and guidance in vivo. In the same growth cone, 2-AG acts upon CB1 re-
ceptors to promote motility [49]. The importance of the eCB system during early 
developmental periods is further supported by the aberrations that occur following 
disruption of normal eCB signalling during ontogenetic phases. For example, phar-
macological blockade of the CB1 receptor in mid-to-late gestational periods impairs 
progenitor proliferation in the subventricular zone, disrupts axonal path finding and 
results in cortical delamination [50]. In turn, in utero exposure to THC hampers 
appropriate interneuron positioning during corticogenesis and results in increased 
density of cholecystokinin-positive (CCK + ) interneurons in the hippocampus [51].

Development of the eCB system continues during adolescence. In humans, ex-
pression patterns of CB1 receptors have been found to increase dramatically from 
infancy to young adulthood, in regions such as the frontal cortex, striatum and hip-
pocampus [47]. Rodent studies have provided further time- and region-specific 
data. Ontogeny of cannabinoid receptors in rat striatum, limbic forebrain and ven-
tral mesencephalon is relatively similar, exhibiting a progressive increase that peaks 
on postnatal days 30 or 40 and then subsequently decrease to adult values [46]. In 
animal models, the content of the endocannabinoid N-arachidonoylethanolamine 
(anandamide, AEA) has been observed to gradually increase during early postnatal 
stages, reaching its maximum in the adolescent brain [8]. Similarly, in rat brain 
CB1 receptors exhibit a largely postnatal pattern of development, reaching maximal 
densities during adolescence which later drop to adult expression levels, as detected 
in the dorsal striatum [45, 46]. Whereas most data available in the literature refer 
to expression of protein or mRNA for brain CB1 receptors, it would be extremely 
interesting to examine the developmental changes of CB1 receptor functional activ-
ity throughout these critical developmental periods. In the female rat hypothalamus, 
AEA levels are seen to peak at the onset of puberty and then decline into adulthood 
[52]. More recent studies have revealed clear developmental fluctuations through-
out adolescence in eCB levels in diverse brain regions involved in reward, motiva-
tion, and cognition. The most profound alteration was the continuous increase in 
prefrontal cortex (PFC) of AEA levels throughout the adolescent period; concentra-
tions were almost three times higher in late than early adolescence [53]. However, 
2-AG concentrations were lower in the PFC in the later phases than in the beginning 
of the adolescent period, a finding paralleled within the nucleus accumbens (NAc). 
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In addition, CB1 receptors were found to vary in the PFC and NAc core during 
the different phases of adolescence, although the alterations were less marked than 
for eCB levels. These findings emphasize dynamic alterations in eCB function in 
mesocorticolimbic regions of the adolescent brain that are relevant to reward and, 
to a greater extent, to cognition and emotional learning, and underscore the specific 
association of the eCB system with neurodevelopment, not only for the perinatal 
period but also during adolescence [53]. Lee et al. [54] have further characterized 
temporal changes in N-acylethanolamine (NAE) content and fatty acid amide hy-
drolase (FAAH) activity across the periadolescent period, in PFC, amygdala, hippo-
campus, and hypothalamus. Four developmental points were analysed, specifically 
postnatal days (pnd) 25, 35, 45, and 70, representing respectively pre-adolescence, 
early- to mid-adolescence, late adolescence, and adulthood. The observed age-de-
pendent patterns of NAE content and FAAH activity further demonstrate temporal 
specificity in the development of the system that could contribute to alterations in 
stress sensitivity, emotionality, and executive functions which also fluctuate during 
this developmental period.

Another aspect that deserves further investigation is the possible existence of 
sex differences in developmental patterns. In the developmental study quoted above 
Rodriguez de Fonseca et al. [46], found subtle sexual dimorphisms in the rat stria-
tum and ventral mesencephalon but not the limbic forebrain. At pnd 43, subtle dif-
ferences in the expression of hippocampal CB1 receptors were found, with female 
rats showing lower cannabinoid CB1 receptor density when compared with males 
[55]. Moreover, clear sex differences in the expression and functionality of hippo-
campal CB1 receptors are also evidenced in adult rats. Male rats show higher levels 
of hippocampal CB1 receptor expression than females [56], which in turn exhibit a 
pattern of higher CB1 receptor-mediated G protein activation in hippocampus when 
compared to males [57]. Thus, it seems likely that sexual differences in CB1 recep-
tor expression (at least in certain regions such as the hippocampus) are established 
beyond pnd 40. Interestingly, however, diverse kinds of stress exert differential ef-
fects on hippocampal CB1 receptor expression of male and female rats in both 
adult [56] and 13-day-old neonate animals [58], suggesting a role for organizational 
effects of gonadal steroids during the perinatal period. The sexual dimorphism ob-
served in the eCB system may contribute to explain the sex differences observed in 
cannabinoid-induced behavioural alterations (see Chap. 13).

Despite CB2 receptor was initially claimed as a peripheral cannabinoid recep-
tor, it has been detected in a diversity of brain regions including cerebral cortex, 
hippocampus, amygdala, hypothalamus, and cerebellum, thus suggesting a role for 
CB2 receptors in emotional and cognitive function [15]. There is also evidence sup-
porting a role of CB2 receptor in neural development [59, 60]. It would be highly 
interesting to characterize the developmental pattern of CB2 receptors expression 
and functionality, as well as to investigate on possible interactions between CB1 
and CB2 receptors during brain development.

To sum up, in both the rodent and the human foetal brain, cannabinoid receptors 
are present from early developmental stages onwards. Moreover, there is evidence 
that the eCB system has a central signalling role in brain development of rodents. 

11 Age-Dependent Effects of Cannabinoids on Neurophysiological, . . . 
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Endocannabinoid signalling modulates fundamental developmental processes such 
as cell proliferation, neurogenesis, migration and axonal path finding, and under-
goes important changes and fluctuations through the perinatal and the adolescent 
periods. Therefore, it is plausible that exposure to exogenous cannabinoids dur-
ing brain development and/or adolescence may impact the normal developmental 
course, and lead to adverse outcomes [12, 16, 31].

Long-term Effects of Chronic Cannabinoid Exposure 
During the Perinatal Period

Studies on the effects of cannabinoids in humans have demonstrated that the con-
sumption of marijuana by women during pregnancy affects the neurobehavioural 
development of their children. While human studies on long-term neurobehavioural 
effects of drugs of abuse usually include a number of confounding factors that do 
not allow to control for potentially important environmental factors, preclinical 
studies allow a tight control of environmental variables and provides insights about 
potential mechanisms through which prenatal cannabinoid exposure may exert its 
impact on the developing foetus. Perinatal exposure to THC or synthetic cannabi-
noid agonists has been shown to induce long-term effects on diverse parameters 
(see Table 11.1).

Cannabis and Cognitive Deficit

In a recent review on longitudinal cohort studies, Wu et al. [12] reported that can-
nabis consumption during pregnancy has profound but variable effects on the off-
spring in several areas of cognitive development, and suggested an association 
between maternal cannabis use and impaired high-order cognitive function in the 
offspring. Maternal cannabis use during pregnancy has also been associated with 
growth restriction in mid and late pregnancy, and with lower body weight at birth, 
while similar associations were not found for paternal cannabis use during the re-
productive period, demonstrating a direct biological effect of maternal intrauterine 
exposure to cannabis on foetal growth.

Executive functions refer to higher-order cognitive functions such as cognitive 
flexibility, sustained and focused attention, planning and working memory: prenatal 
marijuana exposure exerts a negative effect on these functions [31]. For instance, 
several reports by Fried and co-workers indicate that cannabis has a negative effect 
on self-regulatory abilities, including tasks that require impulse control, and is asso-
ciated with deficits in sustained attention and visual memory, analysis and integra-
tion [61–64]. By using functional magnetic resonance imaging (fMRI), Smith et al. 
[65] investigated the long-lasting neurophysiological effects of prenatal marijuana 
exposure on visuospatial working memory in 18–22 years old young adults. The 
study revealed that prenatal marijuana exposure alters neural functioning during 
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visuospatial working memory processing in young adulthood suggesting that defi-
cits in executive functions induced by prenatal cannabis exposure are long-lasting.

In rodents, prenatal exposure to cannabinoid agonists has been reported to in-
duce notable impairments in cognitive function (see Table 11.1), among which a 
disruption in memory retention in the passive avoidance task [66], an impairment in 
the active avoidance task [67], and a long-term impairment in the inhibitory avoid-
ance and in a social discrimination task [68]. Similarly, postnatal administration of 
cannabinoid compounds induces impairments in working memory and object rec-
ognition [69, 70], confirming that the gestational and the perinatal age windows are 
critical periods for the adverse consequences of cannabis on cognition.

Emotional Long-Term Adverse Effects of Cannabis

Findings from animal studies are often controversial given the diversity of behav-
ioural paradigms employed, the time windows investigated and the drug and dose 
range employed (see Table 11.1). However, in general, gestational exposure to can-
nabinoid agonists induces motor activation in rodents [66, 71], or no motor effects 
[72–74] whereas late postnatal exposure reduces locomotor and exploratory activ-
ity [75, 76]. The emotional consequences of perinatal cannabis exposure strictly 
depend upon the time of cannabinoid exposure. If cannabinoid agonists are admin-
istered during either the gestational or the early postnatal period, animals exhibit 
increased anxiety-related behaviour [74, 77] and inhibited social interaction and 
play behaviour at adolescence [77], as well as an increased exploratory behaviour 
in the elevated plus maze [71]. If cannabinoid agonist administration is prolonged 
until weaning, animals exhibit an increment in exploratory behaviour both in the 
elevated plus maze [71] and the social interaction test [73]. If cannabinoid agonists 
are administered during early postnatal life, animals are more anxious and prone to 
exhibit a depressive-like behaviour, consequences that seem to depend upon the sex 
of the animals [74, 75].

Early Cannabis Consumption and the Risk of Addiction to Other 
Drugs of Abuse

Regarding associated risk for drug addiction, studies in rodents have reported that 
perinatal exposure to THC induced in adult females, but not in adult males, an 
increase in the amount of morphine consumed in the self-administration paradigm 
under a fixed-ratio (FR-1) schedule of reinforcement [78]. However, perinatal THC 
exposure does not affect the reinforcing efficacy of morphine in a progressive ratio 
(PR) schedule of reinforcement [79]. Taken as a whole, these findings suggest that 
morphine is particularly preferred by adult females that had been exposed perinatal-
ly to THC, but that this vulnerability to morphine may disappear when animals are 
submitted to a higher requirement to obtain the drug. The possibility that perinatal 
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THC exposure induces sensitization to opiates has also been addressed by evalu-
ating morphine place preference conditioning in the adult offspring. In this case, 
the results indicated that THC-exposed offspring of both sexes exhibited enhanced 
sensitivity to the rewarding effects of morphine [71]. Moreover, these changes in 
motivation for drugs seem to be specific for opioid consumption since no changes 
were observed when alcohol was self administered [80].

Neurobiological Mechanisms Underlying Perinatal Cannabinoid 
Exposure

Preclinical studies provide also insights about potential neurobiological mecha-
nisms underlying perinatal cannabinoid exposure. For example, cannabinoid 
exposure in pregnant rats can affect the expression of key genes (e.g. related to 
the neural adhesion molecule L1) for foetal neural development, possibly result-
ing in neurotransmitter and behavioural disturbances [34]. The dopaminergic and 
the opioid systems appear to be markedly affected by perinatal cannabinoid ad-
ministration. The effects on dopaminergic transmission have been widely studied 
[81]. It has been shown that perinatal exposure to THC affects the functionality of 
dopaminergic autoreceptors, inducing a greater sensitivity to the presynaptic ac-
tions of dopamine D2 receptor agonists [72]. With respect to the endogenous opioid 
system, perinatal treatment with THC induces a decrease in pain sensitivity and an 
increase in the tolerance to the analgesic effect of morphine in males [82]. Baseline 
opioid activity may be affected since females perinatally exposed to THC showed 
a decrease in proenkephalin gene expression in the caudate-putamen in adulthood 
[83]. This result may be related with the sexual dimorphism observed in morphine 
self-administration following perinatal THC exposure, i.e. females self-administer 
a higher amount of the drug [78].

The glutamatergic system has also been studied in both neurons and glial cells. 
Developmental THC exposure induces a decrease in the expression of glutamate 
receptors, which could lead to functional alterations through the inhibition of gluta-
matergic neurotransmission [84]. Prenatal exposure to WIN 55,212–2 (WIN) induc-
es a remarkable memory impairment that is correlated with alterations in both long-
term potentiation (LTP) and glutamate release in the hippocampus. The decrease in 
hippocampal glutamate outflow appears to be the cause of LTP disruption, which in 
turn might underlie, at least in part, the long-lasting impairment of cognitive func-
tions caused by the gestational exposure to WIN [66]. Similarly, in a more recent 
study, Ferraro et al. [85] showed that the cognitive deficit induced by gestational 
exposure to cannabinoids is associated with alterations of cortical and hippocampal 
glutamate outflow, cortical neuron morphology and hippocampal long-term poten-
tiation. As a whole, these data support the view that altered glutamate transmission 
might underlie, at least in part, some of the cognitive deficits affecting the offspring 
of marijuana users. Last but not least, prenatal THC exposure also affects cerebellar 
astroglial cells. Both glial fibrillary acidic protein (GFAP) and glutamine synthetase 
are decreased in astroglial cells not only during THC exposure but also at adult 

11 Age-Dependent Effects of Cannabinoids on Neurophysiological, . . . 
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ages. Thus, cannabinoids may exert developmental toxicity not only on neurons but 
also on astroglial cells, which could contribute to foetal brain growth retardation 
[86]. In this respect, it is important to note that glial cells also express components 
of the cannabinoid signalling system and that marijuana-derived compounds act at 
cannabinoid receptors expressed on glial cells, affecting their functions [87].

Long-Term Effects of Chronic Cannabinoid Exposure 
During Adolescence

Adolescence is a period of intense growth, reshaping and maturation of grey and 
white matters in the human brain. This period involves neurocognitive, hormonal 
and psychosocial changes with considerable modifications in cognition, mood, 
arousal, motivation, sleeping patterns, personality, social interactions, behaviour 
and affection. In humans, the ages associated with adolescence are commonly con-
sidered to be approximately 12 to 20–25 years of age, whereas in rodents adoles-
cence is considered within the time frame of 28 to 42 pnd. During this period, the 
brain undergoes radical functional alterations that are associated with a high degree 
of plastic structural remodelling. A key finding from structural MRI studies is that 
the volume of grey matter, which contains brain cell bodies and synapses, changes 
between childhood and adulthood. In the prefrontal cortex, grey matter volume in-
creases during childhood, peaks in early adolescence, and then declines in late ado-
lescence and throughout the twenties. The loss of grey matter during adolescence is 
thought to be due, at least partly, to synaptic pruning—the process by which exces-
sive synapses are eliminated. This process of synaptic pruning that sculpts neuronal 
circuitry during critical periods of brain development is sensitive to environmental 
factors, including exposure to drugs of abuse [88]. Different brain regions have dif-
ferent peaks of maturation, and changes include modifications in the volume of grey 
and white matter [19].

Cannabis and Cognitive Deficit

The maturational processes that occur during adolescence are likely to confer a 
higher risk for suffering from adverse consequences of cannabinoid exposure [89]. 
Persistent cannabis use has been associated with important deficits in cognitive 
functions. One of the most important study to date on this topic examined the im-
pact of regular marijuana use on intelligence quotient (IQ) and neuropsychologi-
cal functioning in a longitudinal sample of 1,037 individuals followed from birth 
to age 38 [27]. Neuropsychological testing was conducted at 13 years old, before 
initiation of cannabis use, and again at age 38, after a pattern of persistent cannabis 
use had developed. Results indicated that persistent cannabis use is related to a 
broad neuropsychological decline across domains of functioning. Indeed, the statis-
tically significant decline in cognitive ability was present even after controlling for 
years of education. The more persistent the cannabis use, the greater the cognitive 
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decline. Remarkably, the association between persistent cannabis use and  cognitive 
decline was significantly greater for early marijuana onset, i.e. people who began 
using cannabis before 18 years old. Converging lines of evidence suggest that 
 regular use of marijuana starting before 18 years old is associated with poorer at-
tention, increased deficits in visual search, reduced overall or verbal IQ, and ex-
ecutive  functioning [40]. Moreover, if cannabis use started before 18 years, the 
cognitive deficit  remained significant when people had stopped using for at least 1 
year before testing. In line with these results Pope et al. [90] has reported that early 
onset cannabis users, i.e. people who began smoking before age 17, exhibit poorer 
cognitive performance, especially in verbal IQ, than late-onset users, i.e. people 
who began smoking at age ≥ 17 or later, or control subjects.

Cannabis and Psychiatric Disorders—A Focus on Schizophrenia

There is now evidence demonstrating an association between increased rates of 
cannabis use and new cases of schizophrenia. Epidemiological studies suggest a 
high incidence of schizophrenia within marijuana smokers, and long-term users of 
cannabis exhibit cognitive deficits similar to those seen in schizophrenia. A series 
of longitudinal studies in the general population have investigated the role of can-
nabis as a risk factor for schizophrenia. Overall, it has been found that cannabis-
use approximately doubles the odds of developing schizophrenia [28]. Importantly, 
there appears to be a dose-response relationship, so that the more extensive the 
use of cannabis the higher the risk. For example Zammit et al. [91] reported that 
heavy cannabis users were six times more likely than non-users to subsequently 
receive a diagnosis of schizophrenia, while DiForti et al. [92] found a clear relation-
ship between the frequency of cannabis use and development of a psychotic illness. 
Importantly, cannabis has been considered a risk factor for development or worsen-
ing of schizophrenia, and there is evidence indicating that young people at genetic 
high risk of schizophrenia are particularly vulnerable to mental health problems 
associated with cannabis use. Cannabis use has been associated with a decrease in 
age of onset of schizophrenia, frequently related with a poorer outcome. Moreover, 
cannabis-using patients experience more positive symptoms and frequency of re-
lapse and hospitalization and respond poorly to antipsychotic medication [3, 13–15, 
28, 92]. However, the ultimate proof of a causal relationship between cannabis use 
and psychotic illness later in life would come from studies in which healthy young 
people were exposed to THC and followed-up until adulthood. Obviously, for prac-
tical and ethical reasons, such an approach is impossible.

Among many other important health risks, it is well known that cannabis induces 
harmful effects on cognitive function. While any animal model cannot represent the 
full phenotypic spectrum of a psychiatric disorder, such as schizophrenia or depres-
sion, specific phenotypic components of disorders can be used to construct adequate 
animal models that may be useful to investigate disease mechanisms and that may 
allow testing novel interventions. Such studies can be performed in animals un-
der well-controlled conditions and allow pharmacological manipulation that may 
contribute to unravel causative links.

11 Age-Dependent Effects of Cannabinoids on Neurophysiological, . . . 
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The most common protocols involve treating rats or mice with THC or synthetic 
cannabinoids during adolescence and then during adulthood, i.e., after a relatively 
long wash out period, analyzing a series of behavioural responses that are consid-
ered to reflect psychotic-like symptoms. One of the most used and accepted para-
digms is the so called pre-pulse inhibition (PPI) of the startle response, a measure of 
sensorimotor gating that reflects the ability of an organism to attain information and 
process it correctly. Loss of normal PPI is widely accepted as an endophenotype of 
schizophrenia with high translational validity, and it can be assessed in both animals 
and humans. Another usual paradigm that is frequently used is the social interaction 
test, since individuals suffering from schizophrenia often exhibit impaired social 
interaction (in form of social withdrawal), which is considered a negative symptom 
of the disorder. Measurements of social behaviour in rats are relatively easy, as they 
show a well-structured stable degree of social behaviour. Several cognitive tests, 
including the analysis of working memory, are also employed. Cognitive symptoms 
associated with schizophrenia include deficits in attention and working memory 
that lead to an inability to organize one’s life and to work effectively [39].

The most relevant results obtained from preclinical studies on long-term effects 
of adolescent cannabinoid exposure are presented in Table 11.2. Chronic puber-
tal treatment with the cannabinoid agonist WIN resulted in impaired memory in 
adulthood as well as in a disrupted PPI of the acoustic startle response [93]. These 
behavioural alterations resemble schizophrenic like-symptoms since PPI deficit, 
object recognition memory impairment, and anhedonia are among the endophe-
notypes of schizophrenia. Importantly, Schneider and Koch [94] also showed that 
if the chronic treatment with the drug occurs during adulthood, it does not lead to 
behavioural changes. In another study, a 21-day treatment with the cannabinoid 
receptor agonist CP in 30-day-old rats resulted in a lasting impairment of working 
memory [95] and, again, these later behavioural changes are observed in adolescent 
but not adult treated rats. A more recent study performed in male rats has shown 
that pubertal, but not adult, chronic WIN administration induced persistent distur-
bances in object and social recognition memory (indicating impairments in working 
memory and social memory, respectively) and led to social withdrawal and altera-
tions in social behaviour [93]. Furthermore, acute administration of WIN induces 
more severe behavioural effects in pubertal than in adult rats [93]. Exposure of male 
rats to chronic THC causes greater lasting memory deficit and hippocampal altera-
tions in adolescent than adult rats [96]. On the other hand, O’Shea et al. [70] found 
that chronic exposure to the cannabinoid agonist CP during perinatal, adolescent 
or early adult-hood induced similar long-term memory impairments in male rats. 
To explain the different results with respect to their previous study performed in 
female rats [95], authors claimed that adult males might be more vulnerable than 
adult females to some detrimental effects of cannabinoids, such as cognitive impair-
ment. In line with this proposal, we have recently shown that, in the novel object 
recognition test, males are more vulnerable than females to the detrimental effects 
of chronic adolescent administration of CP [57]. Our results also indicate that in 
the object location task, only the females showed a significantly impaired perfor-
mance in response to adolescent (pnd 28–43) cannabinoid exposure, suggesting that 
diverse aspects of memory function may be differentially affected in each sex [57].
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Harte and Dow-Edwards [97] examined the effects of THC administered daily 
during juvenile or early adolescence (pnd 22–40) or late adolescence (pnd 41–60) 
on locomotor activity, development of tolerance, and acquisition/retention of spatial 
avoidance in adulthood. THC causes locomotor depression in both male and female 
animals treated during early adolescence but only in females treated during late ado-
lescence. Evidence of reverse tolerance to THC is seen in early adolescent treated 
animals only. In the active place avoidance test, male and female animals adminis-
tered THC during early adolescence made more errors on the reversal trial requiring 
flexibility in learning, but in animals treated during late adolescence there are no 
significant sex or treatment differences. The results of the locomotor activity study 
suggest that females may be more sensitive to the effects of THC than males, while 
results of both locomotor activity and active place avoidance studies suggest that 
early adolescent animals are more vulnerable to these effects than late adolescents/
young adults. As a whole, these animal studies indicate that the nature of at least 
certain long-term residual effects of adolescent cannabinoid exposure may be gen-
der- and task-dependent, and that different time intervals of specific vulnerabilities 
may exist throughout the periadolescent period. The duration and onset of the treat-
ments are also important factors that may affect outcomes, but it seems clear that 
chronic adolescent cannabinoid treatments induce deleterious effects on cognitive 
function that can be observed after a long wash-out period.

Some few data from human studies also suggest the existence of gender 
differences as regards cannabis-induced residual effects at least in certain aspects 
of cognitive function in young people [90]. However, there is very scarce informa-
tion regarding gender differences in residual effects of cannabis in humans, even 
because the vast majority of human and animal studies typically focus on males and 
do not recognize the importance of sex [98]. In order to gain further insights into 
this particular aspect, it is important to highlight the necessity of analyzing the two 
sexes separately.

All together, the data described above indicate that chronic pubertal cannabinoid 
treatment in rats results in long-lasting behavioural alterations that reflect certain 
characteristics of schizophrenia symptomatology, such as deficits in sensorimotor 
gating, impaired memory, reduced motivation and inappropriate and scarce social 
behaviour. Acute injections of the typical antipsychotic haloperidol are able to 
restore sensorimotor gating deficits, while the atypical antipsychotic quetiapine is 
able to acutely restore deficits in social behaviour induced by developmental can-
nabinoid exposure, and even exerts some persistent beneficial effects. All these data 
provide support for using pubertal cannabinoid administration as an animal model 
for investigating aspects of psychosis and schizophrenia [18].

Emotional Long-Term Adverse Effects of Cannabis

In addition to psychotic-like signs, adolescent cannabis use has been shown to 
induce other types of psychiatric disorders. Longitudinal research suggests that 
cannabis use predicts the development of anxiety disorders, depression, suicidal 

11 Age-Dependent Effects of Cannabinoids on Neurophysiological, . . . 
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ideation, certain personality disorders, and interpersonal violence. Stronger associa-
tions have been found in adolescents relative to adults, and younger age of initiation 
increases the risk of developing mental health disorders [30, 99]. Preclinical studies 
specifically focused at analyzing depressive and anxiety responses to cannabinoid 
exposure agree with human observations (see Table 11.2). For instance, adult rats 
exposed to CP during the juvenile period (pnd 35–45) show anxiolytic-like respons-
es in adulthood, as measured in the elevated plus-maze and the illuminated open 
field test, as well as sex-dependent effects regarding locomotion and exploration 
[100]. However, the effects on anxiety-related responses appear to be dependent on 
the duration of the pharmacological treatment, and likely the test employed, since 
a 21-day treatment with CP in 30-day-old rats results in increased anxiety in the 
social interaction test [95]. Moreover, in this latter study, the behavioural test was 
performed 23 days after the end of the pharmacological treatment, whereas in our 
case, the animals were tested approximately 37 days after the end of the treatment 
[100]. As for other types of emotional response, Rubino et al. [101] demonstrated 
that chronic administration of THC in adolescent rats induced subtle but lasting 
alterations in the emotional circuit ending in depressive-like behaviour in adult-
hood, and that this effect is observed in female but not male rats. These animal 
findings resemble certain observations in humans showing that frequent cannabis 
use in teenage girls predicts later depression and anxiety, with daily users carrying 
the highest risk [102].

Early Cannabis Consumption and the Risk of Addiction to Other 
Drugs of Abuse

Clinical and epidemiological studies have documented a significant link between 
repeated early cannabis exposure and an increased risk of other illicit drug use [17]. 
According to the phenotypic causation—“gateway model”—early initiation of can-
nabis use might be a risk factor for the consumption of other drugs of abuse [103], 
though the alternative “correlated liabilities model” proposes that cannabis use and 
other illicit drug use is influenced by correlated genetic and environmental factors 
[104]. Ferguson et al. [105] examined the associations between the frequency of 
cannabis use and the use of other illicit drugs in a 25-year longitudinal study of a 
birth cohort of 1,265 New Zealand children. They obtained annual assessments of 
the frequency of cannabis use for the period 14–25 years, together with measures 
of the use of other illicit drugs from the same time period. Regular or heavy can-
nabis use was associated with an increased risk of using other illicit drugs, abusing 
or becoming dependent upon other illicit drugs, and using a wider variety of other 
illicit drugs [105]. This association was particularly strong during adolescence but 
declined with increasing age. The findings may support a general causal model but 
they do not clarify the actual underlying mechanisms and the extent to which these 
causal mechanisms are direct or indirect. Lynskey et al. [103] have further analysed 
whether the association between early cannabis use and subsequent progression to 
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use of other drugs and drug abuse/dependence persists after controlling for genetic 
and shared environmental influences. They found that individuals who used can-
nabis by age 17 years have odds of other drug use, alcohol dependence, and drug 
abuse/dependence that were 2.1–5.2 times higher than those of their co-twin, who 
did not use cannabis before age 17 years. Controlling for known risk factors (early-
onset alcohol or tobacco use, parental conflict/separation, childhood sexual abuse, 
conduct disorder, major depression, and social anxiety) had only negligible effects 
on these results, and the associations do not differ significantly between monozy-
gotic and dizygotic twins. In view of these data, it seems that associations between 
early cannabis use and later drug use and abuse/dependence cannot solely be ex-
plained by common predisposing genetic or shared environmental factors.

An important limitation of human studies is the difficulty of demonstrating a 
causal relationship between adolescent cannabis use and the use and/or depen-
dence of other substances. However, animal studies suggest that the association 
may reflect neurobiological disturbances caused by early cannabis exposure that 
make individuals more vulnerable to the reinforcing effects of other drugs. In fact, 
there is evidence suggesting a causal relationship between early cannabis exposure 
and use or abuse of other addictive substances later in life [17, 36]. Ellgren et al. 
[106], in a study performed on male rats demonstrated that exposure to THC in 
adolescent  animals produced an increase in heroin self-administration, preproen-
kephalin mRNA expression and functionality of µ-opioid receptors in adulthood. 
Accordingly, we found that chronic periadolescent exposure to CP altered morphine 
self-administration and the opioid system in adult rats in a sex-dependent man-
ner. In particular, CP increases the acquisition of morphine self-administration and 
decreases µ-opioid receptor functionality in the nucleus accumbens shell in males 
but not female animals [107]. In line with our results, decreased µ-opioid-coupled 
G-protein activity was found in the nucleus accumbens shell of male rats exposed 
prenatally to THC, with no changes in the nucleus accumbens core or caudate puta-
men [108]. Together, these data suggest that cannabinoid exposure in early stages 
of development and adolescence produces perdurable changes in µ-opioid receptor 
functionality that are specific to the nucleus accumbens shell, which is one of the 
brain regions most closely related to natural and drug-induced reward. Other au-
thors have reported that a chronic treatment with CP during adolescence resulted 
in a higher rate of cocaine self-administration during the acquisition phase in adult 
females, whereas no effect was found in males [109]. Thus, the direction of sex 
differences regarding long-lasting effects of adolescent cannabinoid exposure on 
self-administration of other drugs of abuse may depend of the specific nature of the 
drug. Tomasiewicz et al. [110] have shown that over-expression of the pro-enkeph-
alin gene in the nucleus accumbens shell enhances heroin self-administration and 
heroin-seeking behaviour in animals naïve to THC, whereas knocking down the 
pro-enkephalin gene in THC-exposed rats reduces heroin intake. Given the well-
known interactions between the endocannabinoid and the opioid system and the 
involvement of the two systems in the brain reward mechanisms, it is likely that 
exposure to THC during adolescence induces alterations in the opioid system that 
likely contribute to the development of opiate abuse in adults [17].

11 Age-Dependent Effects of Cannabinoids on Neurophysiological, . . . 
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The mesolimbic dopaminergic system, which is related to the mechanisms 
mediating natural and drug-induced reward and the neuropathology of psychoses, is 
a relevant possible target that might be affected by cannabinoid exposure during pu-
berty. The effects of repeated cannabinoid administration on meso-accumbens do-
paminergic neuronal functions and responses to drugs of abuse have been analysed. 
Animals were pre-treated during adolescence or adulthood, for 3 days, with WIN 
or vehicle and allowed a 2-week interval. In WIN administered rats dopaminergic 
neurons were significantly less responsive to the stimulating action of the cannabi-
noid, regardless of the age of pre-treatment. However, in the adolescent group, but 
not in the adults, long-lasting cross-tolerance developed to morphine, cocaine and 
amphetamine [111]. These results suggest that cannabis exposure at a young age 
may induce long-term neuronal adaptations in the mesolimbic dopaminergic system 
and hence affect the responses to drugs of abuse. Hurd and co-workers [17] showed 
that in their model of adolescent THC exposure, reduced levels of Drd2 mRNA, 
which encodes dopamine D2 receptor, are observed within the nucleus accumbens 
of adult animals. In addition to adolescent THC exposure, prenatal THC also leads 
to dysregulation of the Drd2 gene in adulthood. Since a reduced D2 receptor level 
has long been a characteristic neurobiological feature of addiction vulnerability, 
that developmental THC exposure reduces Drd2 mRNA expression in the striatum 
and affects related behavioural traits supports the hypothesis that developmental 
cannabis may induce a neurobiological state of addiction vulnerability [17].

Neurobiological Mechanisms Underlying Adolescent Cannabinoid 
Exposure

Several studies provided interesting data suggesting possible neurobiological 
mechanisms, including molecular and cellular alterations, which may underlie be-
havioural alterations and psychiatric disorders induced by adolescent cannabinoid 
exposure, although much more work is necessary to this respect [39]. CP has been 
reported to impair not only PPI in rats but also auditory gating and neuronal syn-
chrony in limbic areas such as the hippocampus and entorhinal cortex, as evaluated 
through theta field potential oscillations [112]. It seems clear that, at least in rats, can-
nabinoid agonists impair auditory gating function in the limbic circuitry, supporting 
a connection between cannabis abuse and schizophrenia as evaluated through this 
animal model. More recently, Raver et al. [113] have shown that chronic adolescent, 
but not adult, cannabinoid exposure in mice suppresses pharmacologically evoked 
cortical oscillations, that are integral for cognitive processes and are abnormal in 
patients with schizophrenia, and impairs working memory performance in adults. 
These data further support a link between chronic adolescent cannabinoid exposure 
and alterations in adult cortical network activities that underlie cognitive processes. 
Mice exposed to WIN during adolescence that exhibit in adulthood deficits in PPI 
and fear conditioning, also show a reduction of hippocampal metabotropic gluta-
mate receptors type 5 (mGluR5) and increased levels of monoacylglycerol lipase 
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(MAGL) and FAAH, indicative of increases in endocannabinoid uptake and deg-
radation [114]. These data further support the idea that cannabis use during ado-
lescence may be a contributory causal factor in the development of at least certain 
features of schizophrenia probably in relation to altered endocannabinoid signalling 
in the hippocampus. Page et al. [115] demonstrated that, in adult rats, repeated ad-
ministration of WIN induces transient anxiety-like behaviours that correlate with 
increases in catecholamine synthesizing enzyme expression in the locus coeruleus 
and in norepinephrine efflux in response to a challenge injection of the same drug. 
Bambico et al. [116] have recently shown that chronic adolescent, but not adult, 
exposure to low (0.2 mg/kg) and high (1 mg/kg) doses of WIN leads to depression-
like behaviour, while the high dose also induces anxiety-like responses in rats. Elec-
trophysiological recordings revealed that both doses attenuate serotonergic activity, 
while the high dose also leads to a hyperactivity of noradrenergic neurons only after 
adolescent exposure. These results suggest that the anxiety-like and depression-like 
behaviour shown by adult rats exposed to the cannabinoid agonist in the adolescent 
period might be a result of serotonergic hypoactivity and noradrenergic hyperactiv-
ity.

Morphological changes in the hippocampus have been observed following 
chronic administration of cannabinoids [117, 118]. Two-dimensional gel electro-
phoresis proteomic analysis conducted on THC-treated hippocampal samples re-
vealed several proteins showing long-lasting alterations in response to THC admin-
istration. The greater number of differentially expressed protein spots in adolescent 
THC-pre-treated rats compared with adult THC-pre-treated rats suggests a greater 
vulnerability to lasting effects of THC in the former group. Differentially expressed 
proteins in adolescent THC exposed rats include cytoskeletal and other structural 
proteins, including transgelin-3 (NP25), α and β tubulin and myelin basic protein 
[96]. This may be linked to structural changes or remodelling occurring after THC 
exposure in adolescents and is consistent with observations of cytoarchitectural 
changes occurring with cannabinoid treatment [117]. As a whole, differentially ex-
pressed proteins in the hippocampus of THC pre-exposed adolescents have a va-
riety of functions broadly related to oxidative stress, mitochondrial and metabolic 
function and regulation of the cytoskeleton and signalling. Reductions in dendrite 
length and complexity and in the number of dendritic spines in the dentate gyrus 
of the hippocampus have been also found in these animals [118]. Moreover, recent 
findings suggest that adolescent cannabinoid exposure may induce long-term al-
terations in astrocytes [119]. These latter results highlight the potential functional 
importance of astrocytes and their interaction with the eCB system in relation to 
long-term consequences of adolescent cannabis exposure.

Most of these studies have been carried out in male animals. When female rats 
were used, adolescent THC exposure induced a significant reduction in cell pro-
liferation in the dentate gyrus of the hippocampus [120] as well as less synaptic 
density and/or efficiency throughout the prefrontal cortex [121]. Further studies 
analyzing both sexes are urgently needed to get a clearer picture of possible differ-
ential vulnerabilities in both genders.
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MRI studies further suggest that heavy cannabis use may modify brain structure. 
Just to mention some of them, Yucel et al. [122] showed that heavy cannabis users 
had bilaterally reduced hippocampal and amygdala volumes with greater effect in 
the former. Left hemisphere hippocampal volume was inversely associated with 
cumulative exposure to cannabis and with sub-threshold positive psychotic symp-
toms. Interestingly, hippocampal abnormalities in schizophrenia are more promi-
nent in the left hemisphere. In another imaging study, long-term use of cannabis 
during adolescence was associated with gyrification abnormalities in the cortex, 
suggesting that early cannabis use affected normal neurodevelopment [123]. Ar-
none et al. [124] used an MRI technique sensitive to the structural integrity of brain 
tissue that combines with a white matter mapping tractography to investigate struc-
tural changes in the corpus callosum. Mean diffusivity, which measures structural 
integrity, was significantly increased in marijuana users relative to controls in the 
region of the corpus callosum where white matter passes between the prefrontal 
lobes. Moreover, there was a trend towards a positive correlation between mean 
diffusivity and length of use, which suggests the possibility of a cumulative effect 
of marijuana over time and that a younger age at onset of use may predispose indi-
viduals to structural white matter damage.

More recently, Zalesky et al. [125] have found that axonal connectivity is im-
paired in the right fimbria of the hippocampus (fornix), splenium of the corpus cal-
losum and commissural fibres, suggesting that long-term cannabis use is hazardous 
to white matter in the developing brain. Adolescent onset marijuana use has also 
been linked with increased prefrontal cortex white matter diffusivity and increased 
impulsivity compared to later onset in a sample of well-matched adolescent onset 
marijuana users [126]. A recent review by Lorenzetti et al. [127] has examined evi-
dence from structural neuroimaging investigations of regular cannabis users. This 
review supports the notion that regular cannabis use is associated with alterations 
of brain morphology, specifically medial temporal, frontal and cerebellar brain re-
gions. Greater brain morphological alterations are evident among samples that used 
higher doses for longer periods. To sum up, structural abnormalities, disturbed brain 
connectivity and altered brain activation patterns may underlie cognitive impair-
ment, behavioural alterations and vulnerability to certain psychiatric disorders that 
are observed in long-term heavy cannabis users.

Cannabis Plant Composition

The composition of the cannabis plant (“cannabis brands”) has a critical influence 
on its possible long-term effects. Until recently, the main types of cannabis avail-
able on the “street” were marijuana (grass) and resin (hash), but in recent years a 
more potent variant termed sinsemilla or skunk has become available in many coun-
tries. Marijuana and resin have traditionally contained about 4 % THC, but the con-
centration of THC in skunk in countries such as England and the Netherlands has 
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increased to about 16 and 20 % respectively, partly due to the use of intensive indoor 
cultivation methods [28]. The content of THC in confiscated cannabis preparations 
has substantially increased over the past 20 years. Recent data showed an upward 
trend in the mean THC content, which increased from 3.4 % in 1993 to 8.8 % in 
2008 [128]. Thus, cannabis consumption nowadays implies exposure to very high 
amounts of THC, especially if sinsemilla (skunk) or synthetic cannabinoids are con-
sumed. The risk associated with use of these stronger forms of cannabis needs to be 
further and deeply evaluated, since it is plausible that there are greater health risks 
than thought. The risk of psychosis is much greater among people who are frequent 
cannabis users, and among those using sinsemilla (skunk) rather than traditional 
hash [92]. It is not surprising that those who use skunk daily are at the highest risk, 
and public education about the risks of heavy use of high-potency cannabis is there-
fore urgently needed.

There is growing public health concern about the increasing use of a new 
generation of synthetic cannabinoid agonists marketed as natural herbal incense 
mixtures comprised under the “Spice” name. “Spice” refers to a wide variety of 
herbal mixtures that produce experiences similar to marijuana and that are marketed 
as “safe”, legal alternatives to cannabis. Sold under many names, including K2, fake 
weed, Yucatan Fire, Skunk, Moon Rocks, and others—and labelled “not for human 
consumption”—these products contain dried, shredded plant material and chemical 
additives that are responsible for their psychoactive (mind-altering) effects. Spice 
products do contain dried plant material, but chemical analyses show that their 
active ingredients are synthetic cannabinoid compounds, e.g. JWH-018, CP-47,497. 
Spice users report experiences similar to those produced by marijuana—elevated 
mood, relaxation, and altered perception—and, in some cases, the effects are even 
stronger than those of marijuana [129]. Some users report psychotic effects like ex-
treme anxiety, paranoia, and hallucinations. Spice can also raise blood pressure, can 
induce myocardial ischemia, and, in a few cases, it has been associated with heart 
attacks. Regular users may experience craving and withdrawal symptoms [130].

THC and cannabidiol (CBD), the two main ingredients of the Cannabis sativa 
plant have distinct symptomatic and behavioural effects. CBD has been demon-
strated to have low affinity for both cannabinoid CB1 and CB2 receptors, but it can 
behave as a CB2 receptor inverse agonist [131]. Recent data suggest that THC and 
CBD can have opposite effects on regional brain function, which may underlie their 
different symptomatic and behavioural effects, and the potential ability of CBD to 
somehow ‘buffer’ the detrimental consequences of THC [132]. Notably, the ratio 
of CBD and THC seems to have changed in an unfavourable manner in the last 
years, and this fact may underlay the increased risk for adverse, and long-lasting 
detrimental consequences of marijuana consumption during adolescence. Never-
theless, more information is urgently needed in order to further clarify the potential 
therapeutic effect of CBD and the extent to which it is able to diminish the detri-
mental effects of THC [15]. Future studies are needed regarding the investigation of 
the long-term effects of chronic CBD administration alone or in combination with 
THC, and animal models would be a very useful tool for this purpose.
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Genetics Factors of Vulnerability

In spite of the fact that cannabis is the most widely used drug in the world, only a 
relatively small proportion of users develop psychotic illness, suggesting the rel-
evance of individual genetic factors in the susceptibility to the psychotic-inducing 
potential of cannabis. To date, most research has focused on the catechol-O-meth-
yltransferase (COMT) gene. COMT is a key enzyme involved in the metabolism 
of dopamine that is highly expressed in the prefrontal cortex. Caspi et al. [133] 
showed that a functional polymorphism in the COMT gene moderates the influence 
of adolescent cannabis use on developing adult psychosis. Homozygous carriers of 
the COMT valine158 allele (Val/Val) are most likely to exhibit psychotic symptoms 
and to later develop schizophrenia-like disorders if they have used cannabis during 
adolescence (relative risk: 10.9). Heterozygous individuals with the valine/methio-
nine (Val/Met) genotype who used cannabis during adolescence show an interme-
diate risk, while those homozygous for the methionine allele (Met/Met) show the 
lowest risk (relative risk: 1.1). A subsequent study by Henquet et al. [134] showed 
that carriers of the Val allele (Val/Val) are more sensitive to THC-induced memory 
and attention impairments compared to carriers of the Met allele (Met/Met), and are 
most sensitive to THC-induced psychotic experiences only in the presence of prior 
evidence of psychometric psychosis liability.

Taken together, it seems that the effects of THC on cognition and psychosis are 
moderated by COMT genotype, although partially conditioned to the presence of 
pre-existing psychosis liability. Notably, negative results have also been reported in 
this regard since Zammit et al. [135] did not report differential effects of cannabis 
use on schizophrenia due to COMT variations.

More recently, Van Winkel et al. [136] have examined the interactions between 
cannabis use and 152 single-nucleotide polymorphisms in 42 genes in 740 unaffect-
ed siblings of 801 patients with psychosis. Authors showed that genetic variation in 
AKT1 may mediate the effects on psychosis expression associated with cannabis 
use. AKT1 is a serine/threonine kinase central in many signal-transduction path-
ways. Cannabinoids are able to activate the AKT1 pathway through the activation 
of CB1 and CB2 receptors. Polymorphisms in the AKT1 gene may be involved in 
cannabis induced psychosis through a mechanism of cannabinoid-regulated AKY1/
GSK-3 signalling downstream of the dopamine D2 receptor [28]. However, indi-
vidual responses to cannabis use might be modulated by several genes rather than 
by a single polymorphism. Future research is needed to gain insights into genetic 
vulnerability to the harmful effects of cannabis.

Final Remarks

There is still scarce research available to determine whether sustained abstinence 
from cannabis results in recovery of cognitive functions. Though certain pre-
liminary findings seem to be hopeful, further research is needed to learn whether 
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cannabis-induced impairments in the brain are reversible. It has been proposed 
that “interventions geared toward lowering alcohol and drug exposure in teens and 
young adults that have shown evidence of efficacy need to be implemented more 
aggressively in schools and college campuses to not only reduce symptoms of drug 
abuse and dependence, but delay the onset of regular use from early teen years to 
early adult years in order to prevent long-term neuronal damage and ensure optimal 
brain health and cognitive functioning in youth” [40]. Yet, besides delaying the on-
set of use, it should be important to also promote abstinence. In addition to the age 
of onset, other factors such as genetic vulnerability, dosing, personality traits and 
amount of THC present in the drug are also important factors that may influence 
the impact of drug use. For example, genetic background might be a crucial factor 
in terms of vulnerability, but we are still far from having a clear knowledge about 
the nature of the genes implicated and from predicting and controlling these risk 
factors. It is also worth noticing that though cannabis use is most prevalent among 
adolescents and young adults, it is by no means restricted to this age group and 
increasing recognition is currently given to cannabis users in older age groups, in-
cluding individuals who initiate cannabis use at a later age [137]. As pointed out by 
Agrawal and Lynskey [137], while later onsets are rare, their impact may be fairly 
profound, and attempts to identify correlates of new onsets and of persistence of 
cannabis use through adulthood seem to be relevant. Not to forget, the importance 
of sex differences regarding not only the prevalence of cannabis use but also the 
possible differential effects of the drug on males and females and the different un-
derlying motivation to consume it (see Chap. 13). This approach may result in better 
prevention and treatment strategies. A fluent interaction between basic researchers, 
clinicians and epidemiologists together with a clear message to the society about the 
detrimental effects of cannabis are urgently needed. Giving healthy alternatives to 
young people, promoting exercise and considering that availability of the drug are 
all important aspects to establish efficacious treatment and prevention campaigns.
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Abstract In humans as in animals, males and females are dissimilar in their genetic 
and hormonally driven behaviour; they process information differently, perceive 
experiences and emotions in different ways, and display diverse attitudes. In the 
human population, gender differences in the frequency and patterns of cannabis use 
have been identified in clinical studies and in anecdotal observations, although the 
nature of these differences is still poorly explored. The motivations for smoking 
cannabis are also different between sexes, especially in adolescents. A number of 
potential factors which could provide a neurobiological basis for gender-based dif-
ferences in cannabinoid addiction have been identified, among which are organiza-
tional and activational effects of gonadal hormones, socio-cultural factors, different 
stress responsiveness and impulse-control ability as well as different cannabinoid 
pharmacodynamic and pharmacokinetic in males and females. In this chapter we 
will review both clinical and laboratory-based research evidence revealing important 
sex-related differences in cannabinoid-induced effects on reward and motivation.
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Introduction

It is now well-established that strong male-female bias exists in the prevalence of 
many brain disorders. For instance, while women are more likely to suffer from 
depression and anxiety, and to experience more eating-related disturbances, most 
alcoholics, drug addicts, and compulsive gamblers are men [1]. Undeniably, dif-
ferent social attitudes and expectancies for men and women impact their respective 
risk for, and expression of, mental problems. However, these predispositions have 
persisted across time and are relatively uniform in most cultures, also suggesting 
an important role for sex-specific biological causes [2]. Indeed, in the past two 
decades, there has been a growing recognition of the importance of taking account 
of both sex and gender differences in all relevant aspects of health-related research. 
Accordingly, a number of institutions, funding agencies, and research bodies world-
wide have adopted legislation and guidelines for the inclusion of “gender- and sex-
based analysis” in the interpretation of data [3]. Regrettably, however, many re-
searchers continue to ignore one or both concepts in their studies, or use the terms 
interchangeably and therefore inaccurately [4].

Historically, medical science focused largely on sex differences—that is, the 
biological attributes and characteristics associated with the terms ‘male’ and ‘fe-
male’—while social-science health research has mainly directed its attention to 
gender effects, which describe the differences between men and women due to 
socio-cultural and socio-political influences. Human addiction research has also 
conflated sex and gender terminology ever since this field of research became 
prominent in the 1980’s. Especially in the earlier years, the preponderance of stud-
ies examined gender-related individual differences concerning emotional, cogni-
tive, and other psychological mechanisms related to the use and abuse of addictive 
behaviours. Psychosocial factors focusing on family dynamics, history of trauma, 
ethnic diversity, and gender stereotypes were also the topic of many investigations. 
Only in recent years—especially the last decade or so—has the study of sex-related 
differences in addiction research burgeoned, although the most robust evidence in 
this field still derives largely from well-controlled and replicated preclinical studies.

Many human behaviours are not entirely learned, but instead are driven by 
evolved instincts and urges. A fundamental tenet of evolutionary science is that 
overtime the human psyche has been shaped by two processes—natural selection, 
which produces adaptations that bestow a survival advantage to the species, and 
sexual selection which fosters traits that confer a species-specific mating advan-
tage [5]. In other words, humans are born with “innate cognitive blueprints” that 
are imperative for their ability to prosper and to reproduce. Importantly, we also 
have an evolved capacity to experience considerable pleasure and happiness from 
these key adaptive pursuits, like eating, drinking, and creating protective shelter, 
as well as mating and having children. Those experiences in our lives that we find 
transcendent—whether they are socially-sanctioned and essential to our existence, 
or illicit vices (as will be discussed later)—all activate an anatomical and neuro-
chemically-defined “pleasure circuit” in the brain [6]. And not surprisingly, given 
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their highly differentiated roles, especially in reproduction, there is strong evidence 
that sexually-dimorphic forces shape the pronounced preferences, emotions, and 
behavioural responses that are observable globally between males and females, and 
that cannot be accounted for by gender-specific parenting styles, cultural attributes, 
or patterns of socialization.

Gender and Sex Differences in Addictive Behaviours

Behavioural addictions are complex disorders with a multi-faceted etiology in-
cluding environmental factors, comorbid influences, personality traits, and stress 
responsivity. Several behaviours, besides the ingestion of psychoactive substanc-
es, produce immediate reward that may engender persistent behaviour, despite 
knowledge of adverse consequences and diminished control over the behaviour. 
Although the term “addiction” is traditionally linked to the out-of-control use of 
legal and illegal substances, numerous studies demonstrate that engaging in non-
drug-related activities, especially those involving ‘natural’ rewards, can also result 
in addictive behaviours to the extent that they act on the brain “pleasure circuit”. 
Thus, the definition of a “behavioural addiction” currently describes any behav-
iour characterized by a sense of nervousness or awakening before committing the 
act followed by satisfaction and/or relief once the act has been committed, as well 
as the inability to resist an urge or drive in the face of the negative consequences 
that may affect themselves, family, friends, or work. For example, behavioural ad-
dictions include compulsive overeating and sexual activity, pathological gambling 
and internet use, kleptomania and pyromania, compulsive spending, and excessive 
exercising or working. All these behaviours—often referred to as “impulse control 
disorders”—share common features such as compulsiveness, impulsivity, impaired 
decision-making, craving, tolerance, withdrawal, and high rates of relapse. Gender-
related differences in the abovementioned addictive behaviours indicate that men 
typically self-report more frequent problems with overuse of exercise, gambling, 
and sex, while women are more likely to engage in compulsive shopping and food 
binging reviewed in [7]. Figure 12.1 summarizes addictions in which gender- and 
sex-related differences have been described.

Natural Rewards

Reproductive Behaviours

Historically and universally, there is great diversity between men and women in 
their mating preferences. Men tend to be much more attracted to youth and beauty 
than are women, who, by contrast, show a stronger preference for high social status 
and plentiful resources when choosing a parenting partner. While both men and 
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women engage in explicit ‘sexual signaling’ when trying to attract a mate, they do 
so quite differently—each by enhancing the personal cues and attributes favoured 
by the opposite sex. Another powerful example of differences in reproductive 
strategies is the expression of romantic jealousy. Although both men and women 
are equally apt to experience this emotion, men are more likely to react to sexual 
infidelity while women are more distressed by emotional infidelity [8]. A widely 
accepted explanation for such disparity is that the uncertainty of paternity is the 
greatest threat to men’s genetic interests, while for women the peril concerns the 
potential loss of their partner and his resources [9].

A related reproductive behaviour, also showing pronounced sex differences 
which emerge early in life, is parental responsiveness. Females typically spend 
much more time than males nurturing their offspring and engaging in caregiving 
activities [10]. These differences appear to be largely influenced by in utero expo-
sure to sex-specific gonadal hormones. As seen in preclinical studies, testosterone 
appears to have an inhibitory effect on parental responsiveness via the oxytocin 
neural system [11]. Congruently, women with lower salivary testosterone reported 
wanting more children, and at an earlier age, than those with higher levels [12]. 
Similarly, men with children had lower testosterone levels than childless men [13], 
although among the fathers, testosterone levels correlated positively with the num-
ber of children they had at the end of their life. These findings add to a growing 
body of research confirming that among men pair bonding and parental care are 
associated with lower testosterone levels, while the pursuit and acquisition of sex 
partners is associated with higher hormone levels.

Fig. 12.1  Addictive behaviours that share the ability to affect the brain mesocorticolimbic system 
and extended amygdala. ACG Anterior Cingulate Gyrus, AMY Amygdala, NAC Nucleus Accum-
bens, OFC Orbito-Frontal Cortex, PFC Pre-Frontal Cortex
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By contrast, estrogen appears to ‘feminize’ the human brain. Individual differ-
ences in trait estrogen levels have been linked, for instance, to more feminine body 
shapes and more feminine looking faces [14]. It also positively enhances intimacy 
and attachment motivation [15], and parental responsiveness in women as indicated 
by their reported ideal number of children [16]. It was also found that the facial at-
tractiveness of women who desired many children was rated as more feminine than 
those desiring fewer children [16].

Eating Behaviours

Just as sexual selection appears to have influenced mate preferences, natural se-
lection is likely to have shaped our food preferences and our ability to evaluate 
the cost-free value of these substances [17]. A sexual dimorphism in fondness for 
certain tastes would also be expected given the historical differences in acquisition 
abilities and roles between men and women. As evidence, women tend to display 
a greater preference for sweet foods compared to their male counterparts [18]—
similar to the preclinical differences found in male and female rats [19]—and more 
likely to experience food cravings [20]. In recent years, we have also learned that 
binge eating is significantly greater in women than in men [21], and that the most 
pronounced increases in morbid obesity have occurred in women [22]. For these 
reasons, the majority of animal models commonly used to study eating disorders 
use females [23].

In addition, there appear to be sex-specific genetic effects on the intake of cer-
tain substances. For instance, the frequency of chocolate consumption was found to 
have a significantly higher heritability in women than in men [24]. Relatedly, wom-
en with a family history of alcoholism preferred significantly higher sucrose con-
centrations and craved sweets more often than their non-affected counterparts, and 
compared to the differences found in men [25]. Perhaps this is not surprising since 
alcohol and sugar are biochemically congruent—alcohol is simply the fermentation 
of sugar [26]. These findings mesh with the well-established evidence that alcohol-
preferring rodents consume greater quantities of a sweet solution than non-alcohol-
preferring animals [27, 28], and that the reverse is also the case. Animals bred for 
high-saccharin consumption also showed elevated rates of drug acquisition and es-
calation of intake compared to those bred for low-saccharin consumption—and in 
both groups female rates exceeded those of males [29].

A modern-day study of a still-existent, full-time, hunter-gatherer tribe (the Had-
za of Tanzania) is very relevant to this discussion because of their exposure to the 
paleo-diet, from which our ancestral genetic endowment is believed to originate 
[17]. This society displayed pronounced sex differences in their preference for 
certain foods. Men and women equally preferred the most available calorically-
dense food (honey). Women, however, ranked berries as the second more preferred 
food despite their relatively low-caloric value, with meat as the 4th choice, while 
men chose meat as the 2nd and berries as the 4th. The authors speculate that these 
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differences reflect an evolved disparity in taste preferences because of differences 
in the dietary requirements of men and women. Specifically, in men there is a great-
er need for the allocation of energy resources to muscle, while in women it is to fat.

Drug Rewards

In a recent study, it was estimated that “addiction and harmful use” of substances 
(e.g. alcohol, tobacco, illicit drugs) contributes to the greatest economic burden 
and cost-of-illness of all “disorders of the brain” [30]. Historically, drug addiction 
has been more prevalent in men than in women [31]. Recently, however, the gap 
appears to be narrowing, suggesting that earlier disparities may simply reflect varia-
tion in opportunity and gender-role expectations rather than differences in vulner-
ability [32, 33]. Indeed, many addiction risk factors appear to be more pronounced 
in women than in men. For instance, women tend to increase their rate of drug 
consumption more quickly than men, are more likely to relapse, and to have longer 
periods of drug use before their next attempt to quit [34, 35]. Women with addic-
tions also report more pronounced cravings and subjective drug effects than their 
male counterparts [36]. In general, pattern of sex differences seems to be similar 
for most drugs of abuse [37]. In addition, while the genetic and environmental risk 
factors for addiction are roughly equivalent in proportion, they are mediated both 
through factors common to all substances, and by substance-specific effects.

Stimulant Drugs: Cocaine, Amphetamines and Methylphenidate

Although there are higher rates of cocaine use and abuse among men, women ap-
pear to have a heightened response to some aspects of psychomotor stimulant use—
specifically to a phenomenon known as telescoping, which describes an accelerated 
progression from the initiation of drug use to the development of dependence, and 
to first treatment admission [38]. Moreover, women with these addictions tend to 
present with a more severe clinical profile despite having used less of the substance, 
and for a shorter duration, than their male counterparts. Currently, little is known 
about the biological basis for this augmented time-course to addiction in women. 
What information is available has only been gathered since the recent development 
of progressive addiction paradigms in animals, which capture characteristics more 
relevant to human drug addiction—viz. excessive use and its role in the develop-
ment of enhanced motivation for drug acquisition [39]. Findings from such studies 
confirm that females have a heightened vulnerability to develop an addicted pheno-
type, and that estradiol is critically involved in its development—indeed it may be 
a requirement [39]. However, once the addiction has developed, there appears to be 
little difference between females and males in the course of the condition.

While the experimental evidence for sex differences in behavioural response to 
psychomotor stimulant drugs is relatively robust in preclinical studies—with fe-
males showing a greater reaction than males [37]—the results of human laboratory 
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studies are more equivocal. For instance, concerning the reinforcing effects of these 
drugs, some research demonstrates that women are more sensitive than men, while 
other studies have reported null findings [40]. One moderating factor may relate 
to drug-dosage. To wit, a recent study found that women demonstrated a greater 
reinforcement to low-dose d-amphetamine using a progressive-ratio reinforcement 
task, while men found a higher dose more reinforcing [40]. Another consideration 
appears to be the route of administration. Studies in human and non-human pri-
mates indicated minimal sex differences in response to intranasal cocaine. By con-
trast, women were more responsive than men to smoked cocaine, but the differences 
were only significant if comparisons were made when women were in the luteal 
phase of their menstrual cycle [35].

Methylphenidate is a close relative to illicit psychomotor stimulants like co-
caine and amphetamine with structural and pharmacological similarities to both 
these drugs. Commonly known as Ritalin®, methylphenidate has mainly been used 
therapeutically, and is especially heavily prescribed for the treatment of attention 
deficit/hyperactivity disorder (ADHD) in children, adolescents, and an increasing 
number of adults. Regrettably, however, there has been increasing evidence of the 
non-medical (ab)use of this drug in schools, universities, and the work place to 
combat fatigue, improve concentration, and sustain productivity [41]. Understand-
ing sex-specific effects of methylphenidate is especially relevant given that ADHD 
is much more frequently diagnosed in males (2- to 9-fold greater prevalence), al-
though affected females seem to have a more severe symptomatology and a higher 
genetic loading for the disorder [42]. There is also some evidence—albeit based 
mostly on animal studies—that exposure to methylphenidate can exert long-term 
brain and behavioural effects, especially in females [43]. Recent animal studies 
also indicate that female animals show a greater behavioural response to methyl-
phenidate and increased sensitization to the drug compared to male animals [44], 
although these effects are not entirely consistent among various strains of rats [45]. 
Unfortunately, there is a dearth of well-controlled studies of sex differences in the 
human condition, but what is available appears to be relatively consistent with the 
animal research. For instance, in a study of the pharmacodynamic response to long-
acting methylphenidate in children with ADHD, girls showed a superior and more 
rapid response following drug administration than boys, but also a more rapid de-
cline as time from dosing increased. Given, however, that female sex hormones 
have been shown to play an important role in brain dopamine function and response 
to stimulants, these findings cannot be extrapolated to medication effects in adults 
taking methylphenidate [46].

Depressant Drugs: Alcohol and Opiates

Similar to the psychostimulants described above, there is a higher rate of alcoholism 
among men than women. In rodent models using free-drinking paradigms, however, 
female animals tend to consume more alcohol than their male counterparts [47], and 
intake is significantly higher in adolescent compared to adult mice [48]. Therefore, 
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it is perhaps not surprising that women tend to develop more alcohol-related medi-
cal complications, and at a lower drinking threshold than men [49]. There is also 
evidence that alcoholic women have more depressive symptoms than men, and use 
drinking more often to ameliorate negative emotions [49]. Similar negative mood-
related sex differences were also found in heavy drinking male and female adoles-
cents [50].

It is therefore of interest that a recent study found greater vulnerability to, and 
severity of, alcohol-induced damage in certain brain areas, including the hippo-
campus, in alcoholic females compared to their male counterparts [2]. Since the 
results of a 14-year follow-up study also indicated that annualized death rates were 
significantly higher in alcohol-dependent women than in men, and compared to the 
age- and sex-specific general population—viz 4.6-fold and 1.9-fold, respectively 
[51]—a better understanding of sexually dimorphic responses to chronic alcohol 
intake is an important goal for targeted treatment interventions. Despite the widely 
accepted view that both social and hormonal factors influence the prevalence and 
severity of alcoholism-related behaviours, it is becoming apparent that established 
sex differences are also influenced by genetic factors. In other words, these male-
female differences are regulated both by gonadal sex and by chromosomal sex [52].

While most of the information on the nature of opiate addiction comes from 
heroin abusers, it is highly relevant that those seeking treatment for dependence on 
prescription painkillers currently outnumber individuals with heroin addiction—a 
factor that may limit the generalizability of earlier research [53]. General observa-
tions suggest that adult men are still more likely than women to use illicit opiate 
drugs, but that women are at higher risk of abusing opioids through initial prescrip-
tion painkiller use [54]. Opiate-dependent women also report stronger cravings for 
opiates, have higher “addiction severity index” and psychiatric severity scores [36] 
than men, and more frequently use opioids to cope with anxiety and tension [53]. In 
summary—and similar to findings with other addictive substances—although the 
prevalence of addiction to prescription painkillers is roughly similar between men 
and women, the functional impairment of their disorders appears to be more severe 
for women.

Nicotine

Historically, adolescent boys were significantly more likely to smoke cigarettes 
than girls. In recent years, however, there has been a substantial narrowing of the 
gender gap [55]. Currently, the school appears to be the main setting for initiation 
among boys, but more girls begin smoking in the home [56]. While these stud-
ies suggest gender-specific modeling influences, other research points to possible 
biological causes for the increasing prevalence of smoking among girls. The re-
sults of a sex- and gender-based analytic review of studies over a 20 year period 
from 1989–2009, indicated that girls are more at risk of smoking than boys when 
their mothers smoked prenatally [57]. The authors propose that in utero exposure 
to nicotine may increase the sensitivity of the dopamine motivational system to the 
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effects of nicotine—a process that is further enhanced by estrogen production dur-
ing female puberty.

It is also well-established that individuals with a history of substance use disor-
ders and/or a psychiatric disorder have a higher rate of nicotine dependence than the 
general population [58, 59], and that a large majority of individuals in drug-treat-
ment programs concurrently use tobacco [60]. However, male-female differences 
appear to moderate these co-morbidities. For instance, a recent study of patients in 
a smoking cessation program reported that male smokers were more likely to have 
a history of alcohol, cocaine, or marijuana abuse/dependence, whereas history of a 
psychiatric disorder (e.g. anxiety or depression) was significantly associated with 
being female [61]. These results mesh with the clinical findings that women smok-
ers show greater abstinence-induced increases in negative affective states such as 
anger, anxiety, and depression [62, 63], and that negative mood induces stronger 
cravings in women than in men [64]. In a controlled experimental study, women 
also smoked sooner than men following an implicit negative mood-induction using 
music [65].

While some research has shown that men are more likely to quit smoking than 
women, other information, based on longitudinal data from a large national sample 
in the US, indicated no differences in smoking cessation rates [66]. What emerged, 
however, was that women have more difficulty quitting in the longer term due to 
higher smoking-relapse and smoking-reinitiation rates [66]. A review of two de-
cades of smoking cessation treatment research also found that depression had a 
greater impact on treatment outcomes for women than for men [67].

One of the most common adverse consequences of smoking cessation is weight 
gain. Typically, women gain more weight than men and exhibit significantly higher 
levels of weight concerns and body dissatisfaction as a consequence [68]. Among 
the novel pharmacologic treatments developed to reduce weight gain, the mu-opioid 
receptor antagonist naltrexone has shown some promise for producing long-term 
reductions in abstinent smokers—albeit this effect was only found in women [69]. 
King et al. [69] surmised, based on the demonstrated links between brain reward 
activation and eating behaviours [20, 70], that women may be more sensitive to the 
opioidergic and dopaminergic processes underlying palatable food consumption, 
which could thereby be altered more effectively by the mu opioid receptor antago-
nism produced by naltrexone.

Cannabis

Cannabis is by far the most widely used illicit drug, consumed by millions of people 
worldwide. Although cannabis withdrawal lacks clinical significance and is there-
fore not recognized in the Diagnostic and Statistical Manual of Mental Disorders, 
Fifth Edition (DSM-V), marijuana users often display a withdrawal syndrome, and 
attempts to relieve these symptoms facilitate relapse to drug use during cessation 
attempts [71]. According to United Nation Office on Drugs and Crime, the use of le-
gal and illegal substances is more widespread (i) among males than among females, 
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(ii) in metropolitan than in rural areas and (iii) among the unemployed than among 
working population [72]. Male-female differences in cannabis use have been iden-
tified in several clinical studies and in anecdotal observations, although the nature 
of the differences has not been well explored. The most consistent finding arising 
from the surveys conducted so far on this topic is that boys are more likely to be 
‘heavy users’ than girls [73]. For example, according to the Ontario Student Drug 
Use Survey conducted between 1999 and 2003, daily marijuana smoking appears to 
be more common among boys (6.2 %) than girls (2.2 %) [74]. Similarly, in Europe, 
more males than females use cannabis and attend drug treatment services [75, 73].

Despite differences in prevalence rates, the risk factors associated with mari-
juana smoking by boys and girls use are not well described. It is possible that can-
nabis smoking is associated with different emotional or mental states in males than 
in females, since anxiety disorders tend to be more frequent in the latter [76]. Nev-
ertheless, there is good evidence that males are more than twice as likely to use 
synthetic cannabinoids as females [72]. Male marijuana smokers also experience 
greater cardiovascular and subjective effects [77], more evident withdrawal symp-
toms [78], and have higher circulating levels of THC [79] than female smokers. 
Male high-school students who smoke marijuana report poor family relationships 
and problems at school more often than age-matched female students [80], are less 
likely to be cannabis-only users (i.e. are poly-substance users), and display a higher 
prevalence of panic attacks and personality disorders [81]. Consistent with these 
differences, among non-marijuana smokers, men are more sensitive to the subjec-
tive effects of THC alone than women [82]. On the contrary, although there are no 
apparent differences in intoxication or plasma THC levels between men and women 
after smoking marijuana [83], women report significantly more dizziness than men, 
and are more susceptible to cannabinoid-induced hemodynamic changes and visuo-
spatial memory impairment [84], smoke marijuana mainly when they feel anxious 
[85], and show higher sub-type 1 cannabinoid receptor (CB1) protein expression 
than men, as measured in blood samples [86]. However, when cannabis smokers are 
matched for use, although men and women significantly differed in body weight, 
ratings of cannabis’ subjective effects that are associated with abuse liability are 
higher in women than in men [87].

Factors determining vulnerability to cannabis dependence have proven difficult 
to untangle in human studies. Notably, sexually-dimorphic effects of THC on anx-
iety-related behaviours and locomotor activity have been described in adolescent 
rats [88]. In humans, several genes have shown to have critical roles in determin-
ing the risk for cannabis use [89–92]. Marijuana withdrawal after abstinence and 
cue-elicited craving has been associated with two single nucleotide polymorphisms 
(SNPs) on two genes involved in regulating the endocannabinoid system, cannabi-
noid receptor 1 (CNR1) and fatty acid amide hydrolase (FAAH) [93]. More specifi-
cally, several mutations have been found in CNR1 and FAAH genes, which lead 
to altered mRNA stability and transcription rate, or a reduction of the activity of 
the encoded protein [92]. Importantly, these functional mutations are associated 
not only with marijuana dependence, but also with cocaine, alcohol, heroin and 
nicotine dependence [94]. Stress relief is the most commonly reported benefit from 
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smoking marijuana, and stress-related factors such as negative life events or trauma 
have been positively associated with marijuana use. Thus, a different response to 
traumatic episodes could account, at least partly, for the observed discrepancies in 
the amount and frequency of marijuana use between men and women [95].

Mental health status and emotional traits such as depression- and anxiety-prone-
ness, may also represent important risk factors for cannabis use. Accordingly, ani-
mals with a depressive-like phenotype tend to self-administer higher amount of can-
nabinoid than controls [96]. In humans, female adolescents reporting relatively poor 
mental health are also more at risk than boys for frequent and heavy cannabis use 
[97]. Moreover, girls with marijuana dependence exhibit higher anxiety compared 
to boys with marijuana dependence [98]. It should, however, be noted that for girls, 
the drug is typically obtained through their social relationships with boys, support-
ing the idea that girls smoke marijuana to impress boys, whereas boys ‘get high’ for 
the sake of the experience [99].

Finally, cannabinoid pharmacodynamics and pharmacokinetics are likely crucial 
factors, as sex differences in cannabinoid effects might also be due to differences in 
muscle mass and fat tissue distribution between males and females. Cannabinoids 
are lipophilic, and a high concentration is sequestered in fat tissue. Women have a 
higher percentage of body fat than men, suggesting that women experience weaker 
effects because more THC is retained by fat cells. Accordingly, a recent pharmaco-
logical resting-state FMRI study reported higher average plasma concentration for 
females compared to males [100]. In addition, cannabinoids may be differentially 
metabolized to active and inactive metabolites in men and women. In contrast to hu-
man males, male rodents have a higher percentage of body fat, which could account, 
at least partly, for the inconsistent results reported from human and animal studies. 
For example, female rodents express greater amounts of hepatic cytochrome P-450 
isozymes and aldehydeoxygenase activity that may facilitate conversion of THC 
to potent bioactive metabolites such as 11-hydroxy-THC [101]. Consistent with 
this, levels of THC metabolites in brain tissue, including 11-hydroxy-delta9-THC, 
are higher in females than in males, likely contributing to the greater behavioural 
effects of THC in female compared to male rats [102]. On the other hand, several 
molecular changes occur differently, and in a region-dependent manner, in the male 
and female brain after prolonged exposure to THC [103], which are schematically 
illustrated in Fig. 12.2.

Hormones and the Brain

Gonadal hormones such as androgens (testosterone), estrogens, and progesterone 
and its metabolites—allopregnanolone and pregnanolone (progestins)—have con-
siderable influence on sexually-differentiated brain development, and these effects 
begin to occur soon after conception. Prenatal hormone exposure appears to be 
especially critical for the early organization of the brain, while the effects of hor-
monal changes at puberty are thought to be mostly activational, and a matter of 
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‘fine-tuning’ the earlier pattern of neural growth and maturity [104]. In particular, 
circulating in utero sex-hormone levels can have life-long effects on the personal-
ity, and the social and emotional behaviours, of individuals, including their relative 
risk for a range of psychopathologies like addiction disorders [105]. Compelling 
evidence has also demonstrated that hormones may interact with stress and reward 
systems to affect drug-taking and drug-seeking behaviours.

Testosterone

Testosterone has been extensively studied, not only for its role in sexual behaviour 
but also for its ‘masculinizing’ effects on psychosocial and psycho-behavioural de-
velopment. For example, female animals exposed to excess androgen during gesta-
tion typically show more masculinized and defeminized behaviours than their non-
exposed counterparts [106]. However, because of ethical imperatives against the 

Fig. 12.2  Sex-dependent differences after chronic THC. Schematic list of the molecular changes 
occurring differently in a region-dependent manner in the male and female brains after prolonged 
exposure to THC. AMY Amygdala, CA1, CA2 CA1, CA2 fields of the hippocampus, CG Cingulate 
Gyrus, DG Dentate Gyrus, Hipp Hippocampus, PAG Periaqueductal Gray, PFC Prefrontal Cortex
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manipulation of hormones, studies have perforce relied mainly on natural-setting 
paradigms to investigate the consequences of abnormal hormone levels and varia-
tion across individuals in human research. For instance, polycystic ovary syndrome 
occurs in about 7 % of women of reproductive age and is characterized by several 
health complications including hyper-androgenism [107]. In a recent longitudinal 
study comparing the female offspring of women with polycystic ovary syndrome to 
those of healthy controls, it was found that the former had higher autism-spectrum 
symptom scores—in keeping with the ‘extreme male brain’ theory of autism–and 
lower empathy scores than controls [108]. Even in the control participants, prenatal 
testosterone levels in amniotic fluid correlated with more masculinized behaviours 
suggesting that even within the normal range, testosterone makes some individuals 
more male-sex typical than others. These results mesh with longitudinal data show-
ing conclusively that higher prenatal testosterone exposure contributes to greater 
masculinization of behaviour in both sexes after birth [104].

Another natural experiment used full life-history data from four generations of 
male and female lines to test the hypothesis that maternal parity may be a proxy for 
foetal testosterone exposure because in utero levels of testosterone are known to de-
crease across parities. The results were supportive of the prediction, indicating that 
low parity sons and high parity daughters had the greatest reproductive potential. 
Findings endorsed the view that maternal parity has an effect on offspring fitness 
via varying levels of testosterone across pregnancies—an effect which is moderated 
by the sex of the child [109]. Twin studies also provide a natural experiment for 
the role of testosterone on sex-typed behaviours based on the evidence that testos-
terone is transferred to a female foetus from a male foetus located adjacent to it in 
the womb, via the mother’s bloodstream or the amniotic fluid [105]. Indeed, there 
is considerable evidence that females from an opposite-sex (OS) twin pair display 
more masculine behaviours and more male morphological characteristics relative to 
single females or same-sex (SS) twin females [105]. These in utero factors may also 
increase the relative risk for various disorders and diseases in twins. For example, 
the prevalence of anorexia and bulimia nervosa has a strong sex-bias with females 
outnumbering males by a ratio of about 10 to 1. Using (dizygotic) twin-registry data 
and an outcome measure of disordered-eating symptoms, a significant linear trend 
in disordered eating was seen with SS female twins showing the highest scores, 
followed by OS female twins, then OS male twins, and finally SS male twins show-
ing the lowest scores [110]. The OS female twins also had lower disordered-eating 
scores compared to age-equivalent single females raised with at least one brother.

In animals, testosterone was found to act in a similar way to drugs of abuse, in 
that it increases the rates of bar pressing for electrical brain stimulation [111], in-
duces a conditioned place preference in rats [112, 113] and mice [114], and sustains 
oral [115, 116], intravenous and intra-cerebro-ventricular self-administration in 
male rats and hamsters [117], which are all hallmarks of a drug’s rewarding effects.

Regarding the relationship between testosterone levels and cannabis exposure, 
human studies have shown that neither oral THC nor marijuana cigarettes alter tes-
tosterone plasma levels in healthy male volunteers [118, 119], nor in in healthy 
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male marijuana smokers [120], although a depressant effect has also been described 
[121]. Discrepant data also exist on testosterone levels and cannabis consumption 
in women, since chronic marijuana use was found to induce no significant effect on 
testosterone concentration in healthy women [122], while women who use cannabis 
frequently and for extended periods of time display significantly higher levels of 
plasma testosterone [123]. However, the absence of a diminution in testosterone 
level was ascribed to an inadequate or excessive temporal lag between the last expo-
sure to cannabis and testosterone measurement. Indeed, other studies strengthened 
the idea that cannabis use may temporarily decrease testosterone production [124].

Estrogen and Progesterone

For many years the prevailing view was that feminization was a passive biological 
process that occurred in the absence of high levels of androgens. More recently, 
however, there has been a growing recognition that other hormones are necessary 
for the complete sex-specific development of the female brain [105, 125]. It is now 
well- established that the rapidly rising levels of estrogen, which occur in females 
during puberty, remodel the female brain by fostering, for example, alterations 
in food intake in response to changes in energy availability [126]. Post-pubertal 
females are also significantly more responsive to the presence of offspring than 
males. Moreover, these behaviours are induced more rapidly after the initial preg-
nancy suggesting that the establishment of maternal responses at childbirth fosters 
long-term changes in the brain [127].

There is also good evidence that estrogen has a role in maintaining dopaminer-
gic cell numbers both in the substantia nigra and the ventral tegmental area (VTA), 
primarily through its action on estrogen beta receptors [128]. These mechanisms 
are likely to account for—at least in part—the fact that women are significantly 
less likely to develop Parkinson’s disease, and to do so at a later age [129]. Studies 
have also shown that anatomical brain changes associated with aging are sexually 
dimorphic with males showing greater deficits related to prefrontal cortical function 
than females. These findings may reflect the protective effects of estrogen which 
continues to be secreted at low levels after the reproductive years [130]. Females 
also show consistently higher striatal dopamine release in response to psychomotor 
stimulant drugs [128], which may account for their tendency to develop addictions 
more rapidly. Notably, imaging studies revealed an augmented reactivity of the 
reward system in women during the mid-follicular phase when estrogen is unop-
posed by progesterone [131]. Neurofunctional modulation of the reward system by 
gonadal steroid hormones in humans is corroborated by the finding of a positive 
correlation between activation of the amygdalo-hippocampal complex and estradiol 
level [131].

Addiction research has paid less attention to progesterone than estrogen, but re-
cent findings indicate that progesterone, and its metabolites allopregnanolone and 
pregnanolone (collectively termed progestins), may also be important in altering the 
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effects of drugs of abuse [132]. Intriguingly, pregnanolone was recently found to 
suppress cannabinoid self-administration in mice [133].

While estrogen enhances drug-induced effects in both animals and humans, the 
same effects are attenuated by progesterone. Clinical studies demonstrated that pro-
gesterone diminishes the positive subjective effects of cocaine and nicotine in wom-
en, and is associated with reduced cocaine craving. That is, the subjective effects of 
stimulants vary across the menstrual cycle [134], with the greatest subjective effects 
observed when estrogen levels are high and relatively unopposed by progesterone 
[135]. In rodents, progesterone also attenuates cocaine conditioned place preference 
and self-administration [35, 136, 137], while in nonhuman primates progesterone 
decreases nicotine self-administration [138].

In rhesus monkeys, THC produces a significant decrease in the level of proges-
terone [139]. On the other hand, estradiol, a key estrogen produced as a neuros-
teroid in the brains of both males and females, was found to stimulate post-synaptic 
mobilization of anandamide, which in turn retrogradely suppresses GABA release 
from CB1 receptor-containing inhibitory synaptic inputs. Most pertinent to the aim 
of this chapter, is that the estradiol modulation of endocannabinoid tone, and its 
consequent suppression of inhibition, is sex-specific, occurring in female but not in 
male rats [140]. Estradiol may also elicit changes in emotional behaviour through 
an endocannabinoid mechanism, which appears more evident in females than in 
males [141].

When administered chronically during adolescence in female rats, THC alters 
their sensitivity to THC during adulthood and causes long-term effects on operant 
learning and performance tasks that are influenced by the ovarian hormones [142]. 
In turn, ovarian hormones induce enhancing effects on cannabinoid self-administra-
tion and cannabinoid-seeking reinstatement [143, 144]. In addition, human studies 
have shown that peak plasma anandamide occurs at ovulation and is positively cor-
related with estradiol [145].

Oxytocin

Estrogen is also known to interact with cortisol and oxytocin in a way that increases 
women’s sensitivity to interpersonal stressors, particularly at puberty [146]. Oxyto-
cin is a neuropeptide produced in the mammalian hypothalamus, and influences a 
broad range of complex central and peripheral physiological functions. Indeed, in 
recent years it has become one of the most studied peptides of the human neuroen-
docrine system [147]. The specific effects of oxytocin vary across individuals and 
some of the diversity can be attributed to variations in the level of oxytocinergic 
functioning or its signalling strength [148]. Originally oxytocin was recognized for 
its role in parturition, lactation, and maternal care, but later research identified its 
function as a potent regulator of human social behaviour. In particular, it enhances 
the formation of pair bonding and social attachment [149]. It has also been shown 
to increase trust and empathy in social situations [104] and to reduce social anxiety 
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and avoidance behaviours [149]. There appear, however, to be sex-specific differ-
ences in oxytocin-dependent threat processing, which is generally enhanced in fe-
males. For instance, women treated with this hormone displayed more avoidance 
and safety-seeking behaviours in response to menacing scenes and faces, while the 
opposite response was seen in men [150]. It is important to note that oxytocin levels 
are generally higher in women and that estrogen is known to stimulate oxytocin 
release from the hypothalamus and promote oxytocin gene expression as well as 
receptor binding in the amygdala [150].

In conjunction with dopamine, oxytocin appears to promote a broad range of 
reward processes and behaviours such as appetite, sexual behaviour, and parental 
sensitivity to their offspring [149]. A large body of converging research shows that 
oxytocin also alters many addiction-related behaviours and responses. For instance, 
it decreases the severity of alcohol withdrawal and attenuates tolerance to, and con-
sumption of, a range of substances like heroin and cocaine [151]. Moreover, popular 
party drugs such as MDMA (methylenedioxy-n-methylamphetamine, ecstasy) and 
GHB (gamma-hydroxybutyric acid) may activate the brain’s oxytocin system to 
produce their characteristic prosocial and prosexual effects [152]. Importantly, oxy-
tocin is down-regulated in the mesolimbic system by chronic cannabinoid exposure 
[153], and it has been proposed that an estrogen and oxytocin-linked component 
may play a critical role in cannabis-withdrawal symptoms [154], and in modulating 
food and water intake [155].

Oxytocin is also higher during early amorous relationships and predicts which 
couples will remain together after 6 months of courtship [156]. Indeed, there is 
compelling evidence that romantic attachment is a kind of ‘behavioural addiction’ 
since virtually every neurochemical pathway implicated in conventional addiction 
disorders—especially the oxytocin system—also participates in the development 
and maintenance of human love [157].

Activational and Organizational Effects of Sex Hormones

The organization-activation theory posits that during early brain development the 
exposure to sex hormones fosters long-lasting (i.e. “organizational”) effects that 
influence neuronal activity and behaviour throughout life. By contrast, the tran-
sient actions of sex hormones on behaviour during adulthood are conceptualized 
as “activational” effects [158]. These actions are particularly manifest during late 
adolescence, when distinct sex hormone-driven neurodevelopmental changes oc-
cur, which may influence behaviours such as initiation to drug use. Sex-dependent 
differences in mammalian behaviour, and in drug effects on behaviour, have gener-
ally been found to rely on both intrinsic sex differences in structural and functional 
brain organization, and on activational effects of circulating gonadal steroid hor-
mones [159–161].

Sex differences in cannabinoid-induced behavioural effects in rats seem to de-
pend on the activational effects of testosterone in males and/or estradiol in females 
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since, for example, cycling females are more sensitive to THC-induced effects 
when tested in estrous (i.e. in a high-estradiol state) than in diestrous (i.e. in a low-
estradiol state) [162]. Consistent with this, female rats also displayed a faster acqui-
sition, higher maintenance, and later extinction of cannabinoid self-administration 
behaviour when compared to their male counterparts [143]. This sex dichotomy 
relies on circulating sex hormones since it was abolished following ovary ablation 
[143]. Similarly, other activities such as spontaneous locomotion, social behaviour, 
and sensorimotor gating are more sensitive to the activational effects of sex hor-
mones [163].

Given that steroid receptors can also be activated by neurotransmitters such as 
dopamine, and that dopamine neurons express steroid receptors [164–166], it can be 
argued that some of activational effects of sex hormones on behaviour are the result 
of converging signal downstream activation of these receptors [167]. Accordingly, 
estrogen is produced at high levels within the brain and acts at synapses where, by 
changing neuronal excitability, it affects synaptic transmission and activity-depen-
dent plasticity [168]. Estrogen exerts profound effects on mood and memory by 
acting on both monoamine and neuropeptide transmitter mechanisms in the brain. 
Indeed, low levels of estrogen in women are commonly associated with the premen-
strual syndrome, and with post-natal and post-menopausal depression [169].

In female rats, estradiol engages the endocannabinoid system, potentially 
through an FAAH-related mechanism, to modulate emotional behaviour [170]. Fur-
thermore, a reciprocal interplay between endocannabinoids and estrogen in acute 
modulation of inhibitory synapses has been reported to be sex specific [140]. In 
particular, estradiol acutely suppresses synaptic inhibition in the hippocampus via 
a sex-specific tonic mobilization of the endocannabinoid anandamide. Remarkably, 
no evidence of such a tonic mobilization of anandamide was previously found in 
male rats [171]. Estradiol is also known to regulate CB1 receptor density [172], 
transcription [173], and signal transduction [174] in some areas of the adult rodent 
brain, suggesting that CB1 receptor function may be sexually dimorphic. That is, in 
some regions of the brain, the endocannabinoid levels [175], and the CB1 receptor 
density and affinity [163, 176], fluctuate as a function of sex, the hormonal cycle, 
and the presence/absence of the ovarian hormones, supporting the hypothesis of 
possible sex hormone-dependent differences in the sensitivity of certain neuronal 
processes triggered by cannabinoid treatment. It is noteworthy that CB1 receptors 
were decreased in both the prefrontal cortex and the amygdala—two regions criti-
cally involved in decision-making and learning processes underlying goal-directed 
behaviour—in both rodents and human beings [177, 178].

However, the organizational effects of sex hormones in cannabinoid-induced be-
haviour cannot be disregarded any longer. Sex differences in cannabinoid sensitiv-
ity are still observed in guinea pigs gonadectomised as adults [179], and a few sex 
differences in cannabinoid effects have been observed in adolescent rats [180, 181], 
suggesting that cannabinoid systems may develop in a sexually dimorphic manner 
early in life. Intriguingly, females appear to have a higher expression of dopamine 
D2 receptors and larger concentrations of dopamine in the extracellular milieu in 
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the striatum [127, 182]. These effects appear to be organizational given that similar 
sex differences in striatal dopamine concentrations were found when comparisons 
were made between castrated male rats and ovariectomized female rats [182, 183]. 
Thus, together with the notion that increased striatal dopamine D2 receptor avail-
ability is a protective factor for vulnerability to drug abuse and dependence [184, 
185], organizational effects of sex hormones might account for higher striatal dopa-
mine and dopamine transporter availability in women than in men [186, 187]. Nota-
bly, sex differences were found in a form of endocannabinoid-mediated short-term 
plasticity at inhibitory synapses at dopamine neurons within the VTA before onset 
of puberty [188]. Thus, sex specific endocannabinoid signalling at dopamine neu-
rons might contribute to regulate responses to aversive intrinsic properties to can-
nabinoids, thereby resulting in faster acquisition/initiation of cannabinoid-taking in 
female rats.

A better understanding of the contribution of both organizational and activational 
effects of sex hormones to cannabis smoking and to drug addiction in general, may 
represent a valuable tool in development of preventive and therapeutic strategies.

Sex Differences in Behavioural Traits Predisposing to 
Cannabinoid Addiction and Relapse

Not only is adolescence a time of pronounced physical changes, but also a wa-
tershed occasion for remodelling brain neurotransmitter and hormone systems in 
preparation for sexually-differentiated roles in reproduction. Both these processes 
have profound effects on the emerging emotional and behavioural differences be-
tween the sexes. Furthermore, and consequent on these neurobiological alterna-
tions, adolescence is a developmental period typified by poor impulse-control, risky 
decision-making, and a heightened reactivity to stress, especially during a time in 
the life cycle of unprecedented social challenges [189]. It is not surprising, there-
fore, that adolescence is also a time when most people begin to use and abuse ad-
dictive substances.

Stress is a major vulnerability factor in drug addiction; yet, several pheno-
types, which include preference for sweets, novelty reactivity, and impulsivity, 
as well as some environmental conditions (e.g. rearing conditions) are associated 
with drug-abuse vulnerability. Moreover, there is good evidence that risk for most 
addictions is driven by environmental and by genetic factors, and may be con-
ferred through heritable impulsive tendencies—effects that appears to be stronger 
in men [190].
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Stress Responsiveness

Stress is strongly implicated in the development and perpetuation of drug and al-
cohol use and abuse, and has a critical role in the risk for relapse in addicted in-
dividuals [191, 192]. Indeed, dysregulation of stress reactivity is a major adverse 
consequence of long-term drug exposure that plays a primary role in relapse to 
drug use. A recent National survey found that high-stress teenagers were twice as 
likely to smoke, drink, and use illegal drugs compared to their low-stress counter-
parts [193]. Considerable evidence also suggests that women are more susceptible 
to stress-related disorders like depression than men, and that interactions between 
the Hypothalamic-Pituitary-Gonadal (HPG) axis and the Hypothalamic-Pituitary-
Adrenal (HPA) axis may underlie women’s enhanced susceptibility to these condi-
tions [194]. A recent preclinical study demonstrated, for example, that a chronic 
mix-modality stressor presented to animals during adolescence produced sustained 
changes in depression-related behaviours in adulthood. Compared to males who 
showed no significant behavioural changes, the females displayed several anhe-
donic and anxiety indicators such as decreased sucrose consumptions, decreased 
activity in the forced swim test, and blunted cortisol response [195].

Sex differences in the psychobiology of stress are also well-established with 
females producing a stronger HPA response than males. Individual differences in 
progesterone levels in women appear to be one factor mediating this relationship. 
For instance, high progesterone levels have been associated with lower stress and 
cue-induced craving, anxiety, and cardiovascular reactions [196]. This effect may 
occur because progesterone is a potent positive enhancer of GABA, which is an 
inhibitory neurotransmitter that diminishes dopamine availability and reduces the 
stress responses. In addition, these processes are known to weaken drug reward 
and drug cravings [196]. Preclinical evidence indicates that in a trace-conditioning 
paradigm, females outperformed males in neutral conditions, but their performance 
was impaired in response to stress while that of males was enhanced [197]. In other 
related research, men demonstrated greater activation in brain regions known to 
regulate emotions during stress, congruent with the evidence that they display more 
pronounced physiological changes in response to a stressful situation than women 
do [191]. By contrast, women showed greater neural activation in brain regions 
associated with high-level cognitive processing and language, consistent with the 
evidence that they tend to express their emotions verbally and to use verbal coping 
strategies more than men do.

Stress during adolescence appears to have long-lasting effects on brain develop-
ment, especially in areas involved in learning, memory, and emotional regulation 
[44]. In particular, stress has considerable negative impact on one’s decision-mak-
ing capacity [193]. Again, there is evidence that these effects are moderated by sex, 
with males showing poor decision-making and greater risk taking in stressful situa-
tions while females show the opposite pattern of responding [198].

The endocannabinoid system has a homeostatic role in limiting HPA axis ac-
tivation [199, 200], and CB1 receptors are densely represented in brain regions 
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involved in regulating stress responsivity, including midbrain monoaminergic nu-
clei like the locus coeruleus and dorsal raphe. In humans, social stress increases 
circulating levels of anandamide in healthy men but not in women, while levels 
of 2-arachidonyl glycerol (2-AG) was not affected in either sex [201]. This latter 
finding is in contrast to previous findings showing that in women circulating level 
of 2-AG was higher immediately following social stress exposure than before expo-
sure [202]. However, despite contrasting results, both studies suggest a protective 
role for the endocannabinoid system in anxiety, in line with the notion that dysfunc-
tional endocannabinoid signalling is associated with increased anxiety and depres-
sion (see Chapters 5 and 6 of this book). Accordingly, reductions in circulating 
endocannabinoids have been documented in women with major depression [203].

Phenotypes Associated with Enhanced Vulnerability 
toCannabinoid Addiction

Poor response inhibition and impulsivity—defined as the tendency to act without 
thinking and without consideration of future consequences—have been associat-
ed with addictive behaviours. Impulsivity is commonly believed to consist of two 
distinct components: the impulsive action, which involves serious difficulty in in-
hibiting or controlling a behaviour, and the impulsive choice, which refers to the 
tendency to choose a smaller but immediate reward over a larger but delayed re-
ward. Gender differences in both behavioural measures have been found, although 
the direction and magnitude of the differences may considerably vary [204]. In 
laboratory animals, impulsive action is typically greater in males than females, 
whereas impulsive choice is typically greater in females. In humans, for example, 
female heavy-drinkers show higher deficits in response inhibition than their light-
drinking counterparts and corresponding male groups [205]. Enhanced impulsive 
choice predict the rate of acquisition of cocaine self-administration behaviour [206] 
and are associated with differences in cocaine-seeking behaviour in male and fe-
male rats [207], suggesting that impulsive choice, in addition to sex, represents a 
vulnerability factor to drug use. Very recently, important sex-dependent differences 
have been reported in the impulsive traits between male and female pre-pubertal 
rats, with males displaying significantly higher impulsive choices than females 
[208]. Notably, these sex differences are ascribed by the authors to the organizing 
actions of testosterone during the neonatal period, and are a consequence of both 
androgenic and estrogenic actions [208].

Trait impulsivity has been positively associated with greater marijuana use [209, 
210] and marijuana-related problems [211, 212]. However, data on sex-dependent 
differences in impulsivity parameters among marijuana users are still very scarce, 
and so far have not revealed significant differences between sexes [213].

Use of drugs has also been associated with preference for sweets and for foods 
with a high sucrose concentration in both human and animal studies, and a genetic 
contribution has been hypothesised for this positive relationship. In other words, the 
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hedonic response to sweet taste may predict the risk for having drug-related prob-
lems. To date, human studies have confirmed an association between sweet prefer-
ence and a genetic predisposition to alcoholism [214, 215]. Higher consumption 
of sweets and eagerness to consume sweet foods have also been found in patients 
under long-term methadone treatment, compared to controls [216]. Notably, prefer-
ence for sweet taste is significantly enhanced in cocaine-exposed newborns [217] 
and significantly attenuated in morphine-withdrawn rats [218]. It is still not clear 
however, whether sweet preference is positively associated with marijuana smok-
ing, and if so, whether it differs between males and females.

Other Risk and Protective Factors for Cannabinoid Addiction

An important feature of drug addiction in humans is the emergence of negative 
states, like dysphoria, irritability or anhedonia, which are thought to play a critical 
role in drug craving and relapse. A different sensitivity to the aversive properties of 
drugs (i.e. drug withdrawal) has been described in animal studies, with males being 
more sensitive than females to drug withdrawal [136]. Interestingly, progesterone 
and progesterone-related neurosteroids may ameliorate some of these effects, per-
haps through anxiolytic actions mediated via the HPA axis. In the human condi-
tion, women are more likely than men to report marijuana withdrawal symptoms, 
due mostly to their greater incidence of upset stomach [219], including nausea and 
vomiting [78, 220]. Since withdrawal symptoms can serve as negative reinforce-
ment for relapse, these findings suggest that females are more prone than males 
to marijuana-use relapse. Environmental stimuli associated with drug taking are 
also among the factors that have been shown to elicit drug craving in humans and 
increase the likelihood of relapse, and to reinstate drug-seeking and drug-taking in 
laboratory animals. Human studies typically use differential-cue paradigms to in-
vestigate cue-induced drug craving, such as drug-related imagery scripts and drug-
related paraphernalia. These studies tend to report different cue-sensitivity between 
men and women. For example, female cocaine addicts are more likely to report 
increased craving in response to cues than males [221], while heroin-dependent 
women showed stronger heroin cravings and sadness than men [222]. Craving re-
activity to smoking cues is also higher in female than in male smokers [223, 224], 
although discrepant results have been reported [225]. Moreover, the cue of drinking 
low-alcohol beer increased alcohol craving in men but not in women [226],

Concerning cannabinoids, animal studies have demonstrated that female rats are 
more vulnerable than males to both visual (light) and auditory (tone) cues previously 
associated with the delivery of cannabinoid (i.e. during cannabinoid self-adminis-
tration), and promptly reinstate cannabinoid-seeking behaviour after exposure to an 
acute cue priming to a greater extent than males [144]. The enhanced reactivity to 
cannabinoid-associated cues in females seems to be under the control of the ovarian 
hormones, since their rate of responding for the cannabinoid was no different from 
that of males after ovariectomy [144].
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In a recent study, cannabis-dependent and cannabis-naïve participants were 
exposed to neutral and marijuana-related cues [227]. When assessing subsequent 
changes in mood, self-reported craving, and physiologic function, the cannabis-
dependent individuals reported increased cravings in response to marijuana-related 
compared to neutral cue exposure.

Some environmental factors have been found to influence the sensitivity to the 
rewarding effects of drugs and vulnerability to develop addiction. That is, negative 
environmental factors may exacerbate use of amphetamine, cocaine, and heroin 
[228] while positive environmental manipulations, such as housing animals in envi-
ronmental enrichment during early stages of life, may reduce their rewarding effects 
[229]. Importantly, early exposure to environmental enrichment induces differential 
modifications in the expression of the CB1 receptors, FAAH, and monoacylglyc-
erol lipase (MAGL) enzymes in brain regions involved in drug addiction [230]. 
Unfortunately, whether or not the effect of the environmental enrichment on the 
endocannabinoid system is sexually dimorphic is still unclear. Yet, the recent find-
ing that environmental enrichment reduces the activating effects of nicotine on the 
adrenocorticotropic hormone (ACTH) and corticosterone (CORT) in both males 
(ACTH) and females (ACTH and CORT) with different dose sensitivities [231] is 
an important step forward in such investigations.

Sex Differences in Cannabinoid-Induced Reward

Studies on interactions between drug rewards and natural rewards have led us to 
a better understanding of motivation in general. The addictive potential of drugs 
is believed to be based on the strength of its motivational properties [232]. Drug 
motivation significantly varies between sexes, and in this sense behavioural animal 
studies have provided in part a rational basis for how males and females differ in 
efforts made to gain a reward. More specifically, male and female animals showed 
different propensity to abuse drugs, different vulnerability to develop drug depen-
dence, and different susceptibility to relapse when abstinent [233, 234]. Female 
laboratory animals typically self-administer more caffeine [235], cocaine [236, 
237], heroin [238], morphine [239, 240], and fentanyl [241] than males. The height-
ened response to stimulants shown by female rodents has been attributed to the 
dopamine-enhancing properties of estrogen [242, 243], implying that females are 
inherently more sensitive than males to the rewarding properties of drugs of abuse, 
and therefore more biologically susceptible to developing drug addiction and de-
pendence. Ethanol consumption is also greater in female rats [244], mice [245], and 
vervet monkeys [246] than in males. Such sex differences in ethanol intake are the 
opposite of those found in humans, where daily average ethanol intake by men is 
about double that for women after adjusting for body weight and body water. Thus, 
while men drink alcohol and smoke marijuana more often than women, female ani-
mals consistently appear more vulnerable than males to positive reinforcing effects 
of alcohol and cannabinoids and more motivated to obtain them. Socio-cultural 
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factors are likely to contribute to this divergence. For example, there is a higher 
social disapproval of smoking marijuana for girls and women [99]. This does not 
necessarily imply that females find cannabis less rewarding than males, but it can 
explain why female animals (unaffected by socio-cultural factors) usually display 
higher drug intake.

The brain structure that assesses whether an experience is pleasurable or adverse, 
and that connects the experience with its consequences, is the amygdala, a very 
small area in charge of the affective and emotional processing. Men and women dif-
fer in this critical brain area, as cannabinoid CB1 receptors density and efficacy dif-
fer between the two sexes, suggesting that male and female users smoke marijuana 
motivated by different reasons, in an attempt to achieve different effects. Not only 
brain anatomy but also brain neurochemistry and physiology may differ between 
males and females. For example, dopamine, serotonin, and GABA neurotransmis-
sion systems exhibit significant sex differences in their metabolism and activity 
[247]. Therefore, it is not surprising that THC, acting in these areas and through 
mechanisms involving these neurotransmitters, could trigger different responses in 
males and females. If males and females use different neural paths to reach the same 
behavioural endpoint, THC exposure may have different neuronal consequences on 
the male and female brain.

Sexual Dimorphism of the Brain Endocannabinoid System

Many of the gender differences observed in drug use and misuse are determined by 
sex differences in the brain. Though macroscopically very similar, male and female 
adult brains are different not only in size (roughly 1.5 and 1.2 kg, respectively) 
but also in terms of functional and neuroanatomical organization. For example, 
adolescent female marijuana users exhibit larger right amygdala volumes relative 
to female controls, and report increased depression and anxiety symptomatology, 
while male users have similar volumes as male controls [248]. Moreover, abstinent 
adolescent female and male marijuana users demonstrate, respectively, larger and 
smaller prefrontal cortex volumes compared to the same-gender controls [249]. In-
triguingly, marijuana-related cues increase self-reported cravings and activate the 
reward brain pathway including the VTA, thalamus, anterior cingulate, insula, and 
amygdala [250].

Within the central nervous system, cannabinoid CB1 receptors are differentially 
expressed in males and females in areas of the brain, including forebrain and mid-
brain structures, that work together to sustain the multifaceted addictive behaviour. 
Importantly, both human and animal studies have widely demonstrated that limbic 
brain regions, often referred to as the ‘emotional brain’, are particularly vulner-
able to chronic marijuana use [92, 251]. The limbic brain has evolved to respond 
to natural rewards, but drugs of abuse also affect these same circuits. To date, CB1 
receptor density and function in the male and female brain have been analyzed in 
post-mortem studies on psychiatric or alcoholic patients [252–254], and in rodents 
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exposed to cannabinoids prenatally [255], during adolescence [256, 257] and adult-
hood [258], or after sub-chronic treatment with antipsychotics [256]. Besides post-
mortem and animal data, few studies have been conducted thus far to assess the in 
vivo cerebral CB1 receptor distribution and its variation with healthy aging and sex, 
which reported a region-dependent and gender-related up-regulation of CB1 recep-
tors [259]. Specifically, by using positron emission tomography and a high-affinity, 
subtype-selective radioligand, it has been shown that binding to CB1 receptors in-
creases with ageing in the basal ganglia, lateral temporal cortex, and limbic system 
of women, whereas men show higher binding in clusters of the limbic system and 
cortico-striato-thalamic-cortical circuit [259]. Surprisingly, only a limited num-
ber of animal studies have conducted a systematic comparison in adult drug-naïve 
males and females to investigate possible sex differences in brain CB1 receptor 
density and function [163, 173, 176, 260].

Recently, evidence has been provided for sex-dependent differences in the den-
sity of cannabinoid CB1 receptors in the rat prefrontal cortex (Cg1 and Cg3) and 
amygdala, brain areas in which estradiol seems to be the major factor responsible 
for the decreased number of CB1 receptors [163]. The anterior cingulate cortex 
(Cg1,2) and the prelimbic cortex (Cg3) are part of the neural network that medi-
ates executive control, governing behavioural inhibition, implementation of con-
trol, and decision making [261], while the amygdala critically modulates various 
types of fear and anxiety responses [262, 263]. Notably, a neural circuit between the 
amygdala and the prefrontal cortex is activated in response to novel and emotion-
ally arousing events [264, 265]. Thus, reduced CB1 receptor density in brain areas 
involved in cognition and emotional processing in females might account for their 
higher propensity to cannabinoid addiction. Male and female rats also differed in 
their spontaneous motor activity and basal level of social anxiety [163], two pre-
disposing traits enhancing susceptibility to addiction, and both known to enhance 
vulnerability to initiate drug self-administration in animals and accelerate the rate of 
acquisition and increase the frequency of cannabis smoking in humans [266–269]. 
Notably, females consistently showed a more vulnerable phenotype to cannabinoid 
addiction, in line with animal and human studied showing that females display more 
cocaine-induced locomotor activation and stronger behavioural sensitization to psy-
chostimulants than males [35, 270, 271].

Sexually Dimorphic Effects of Exogenous Cannabinoids

In addition to sex differences observed in effects related to cannabis abuse and de-
pendence, cannabinoids have been shown to influence other aspects of physiology 
and behaviour such as food intake and energy balance (more evident in males), or 
anxiety and depression (more evident in females). Notably, the influence of cannabis 
intake on sexual behaviour and arousability appears to be dose-dependent in both 
men and women, although only women report facilitatory effects [272]. No gender 
differences have been observed in the effects of THC on impulsivity [273]. Similar 
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sex differences in responses to cannabinoids have been found in preclinical studies. 
For example, males are more sensitive to the hyperphagic and hypophagic effects 
of the CB1 receptor agonists and antagonists, respectively [179], as well as to their 
hypothermic and hyperthermic effects [273]. Conversely, cannabinoids elicit com-
paratively greater catalepsy, antinociception and locomotor effects in females than 
in males [102], and decrease both exploratory behaviour and emotionality/anxiety 
levels in female, but not male, rodents [274].

Importantly, perinatal exposure to THC decreases proenkephalin gene expres-
sion in the caudate-putamen of female but not male rats [275], while female, but not 
male rats, exposed perinatally to THC self-administer more morphine once they are 
adults [276]. More recently, it has been reported that repeated exposure to THC pro-
duces greater desensitization and down-regulation of CB1 receptors in the brain of 
adolescent female than male rats [258], demonstrating differential central actions of 
cannabinoids between the sexes. In support of the role of sex in the effects of THC 
on CB1 receptor level and CB1/G-protein coupling, it has been shown that THC ex-
posure during adolescence significantly reduces CB1 receptor density and function 
in the amygdala, VTA and nucleus accumbens of female rats, whereas in male rats 
it causes significant alterations in the amygdala and hippocampal formation [277].

Chronic intravenous self-administration of the CB1 receptor agonist WIN 
55,212-2 alters, and in most cases increases, density and coupling of CB1 receptors 
in the reward related brain of male Lister Hooded rats [278], who typically exhibit 
slower acquisition of cannabinoid self-administration and less drug intake than fe-
males [143], and a lower response rate for cannabinoids when exposed to acute drug 
and cue primings after extinction [144]. Intriguingly, in this strain of rats, although 
the basal spontaneous activity of the dopaminergic neurons of the VTA is not differ-
ent between sexes, their response to WIN 55,212-2 is differently regulated in male 
and female Lister Hooded rats [188]. Indeed, the stimulating properties of the CB1 
receptor agonist on VTA DA cells are evident in males but blunted in females (see 
Fig. 12.3).

Sex-dependent differences in the perception of the rewarding effects of 
cannabinoids can also be explained by the presence, and action in the brain, of 
estrogens. Indeed, estrogen has powerful anxiolytic effects in rats that involve en-
docannabinoids [141] and, therefore, it may minimize the aversive effects of can-
nabinoids, unmasking euphorigenic effects. The estrogenic modulation of the rein-
forcing effects of cannabinoids mirrors that consistently observed with stimulant 
drugs [279]. Moreover, since CB1 and estrogen receptors interact in the mesolimbic 
dopamine system [280, 281], THC exposure increases dopamine activity in the me-
solimbic system in an estrogen-sensitive way [282]. Hormonal influences may also 
account for the finding that adolescent rats perceive cannabinoids less aversive than 
adult rats [283].
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Sex Differences in Cannabinoid-Taking Behaviour

Self-administration protocols provide an advanced animal model of human drug 
use with high face and predictive validity. The avid self-administration of alcohol, 
nicotine, heroin, cocaine, and methamphetamine by rodents has been of great utility 
in unravelling the complex neurobiology of addictive behaviours. However, can-
nabis self-administration has proven notoriously difficult to obtain in laboratory 
animals. The breakthrough discovery of intravenous THC self-administration in 
rhesus monkeys in 2000 [284] followed by that of chronic self-administration of the 
synthetic cannabinoid agonist WIN 55,212-2 in rats [285] has allowed new studies 
of the neural, genetic and environmental determinants of cannabis use. Notably, in 
both studies the critical factor appeared to be the use of very low intravenous doses 
of CB1 receptor agonists, in line with the notion that at low and high doses canna-
binoids exert pleasurable and aversive effects, respectively.

It soon became clear that genes play a critical role in shaping the proclivity 
towards cannabis consumption. That is, earlier studies involving intracranial self-
stimulation and place-preference procedures revealed that different genetic strains 
of rats had different motivational responses to cannabinoids [286, 287]. Similarly, 
strain differences were also observed in cannabinoid-induced brain activation and 
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mesolimbic dopamine release [288], as well as in cannabinoid intravenous self-ad-
ministration [289]. A genetic predisposition to cannabis use is also hinted at in hu-
man studies. An appealing early study conducted on identical twins in New Zealand 
showed that the extent to which cannabis smoking is experienced as pleasurable 
or aversive was, at least partly, genetically determined [89]. More recently, single 
nucleotide polymorphisms in the cannabinoid CB1 gene have been associated with 
susceptibility towards cannabis dependence in adolescents that smoked marijuana 
[91]. Therefore, the notion that sex also determines the vulnerability to cannabis use 
was not a completely unexpected finding. In 2007, it was demonstrated for the first 
time that female rats intravenously self-administer more cannabinoid than males 
[143 and exhibit higher cannabinoid-seeking reinstatement when abstinent [144]. 
Notably, cannabinoid self-administration was not only dependent upon sex (intact 
female rats being more sensitive than males to the reinforcing properties of can-
nabinoids) but also upon estrous cycle, as ovariectomized female animals were less 
responsive than cycling females [143, 144]. In this regard, cannabis acts as other 
drugs of abuse, since even when cocaine or heroin infusions are made contingent 
upon increasingly higher numbers of bar presses, female rats make substantially 
more presses than males, and their level of cocaine self-administration varies as a 
function of estrus cycle [290]. Importantly, in an early human study, increased mari-
juana use was associated with premenstrual dysphoria and impaired social function-
ing [291]. However, cannabis intake in women seemed not to vary across phases of 
the menstrual cycle [292].

Sex Differences in Cannabinoid-Seeking Behaviour

Drug addiction is associated with a loss of ‘executive’ inhibitory control over mal-
adaptive drug-seeking and drug-taking habits [293]. Maladaptive memories are cru-
cial in persistent drug-seeking, as the brain process by which retrieved memories 
are consolidated—often referred to as “unrestrained reconsolidation”—may reiter-
ate and strengthen drug memories over long periods of time, which in turn may 
contribute to compulsive drug-seeking [294]. Sex-related differences have been ob-
served in long-term memory consolidation processes, with females typically having 
a weaker memory trace which may be more susceptible to disruption [295–297]. 
Moreover, memory storage for emotional material in humans involves the amyg-
dala, which exhibits a sex-dependent hemispheric asymmetry [298]. Specifically, 
activity of the left, but not right, amygdala related significantly to enhanced long-
term memory for a series of emotionally arousing films in women, while the op-
posite was observed in men. The greater participation of left-hemisphere amygdala 
processing of memory for emotionally arousing materials in women meshes with 
the evidence of left hemisphere amygdala hyperactivation in clinically depressed 
women [299].

In animal studies, drug-seeking behaviour is extinguished by interrupting the 
contingency between drug-seeking (i.e. the operant response) and delivery of the 
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drug reward. Female rats took longer than males to extinguish cannabinoid-seeking 
behaviour, in that they persist in responding for the cannabinoid even in the absence 
of the contingent reward presentation [143]. This finding corroborates the idea that 
females are more motivated and, hence, more willing to look for cannabinoid drugs.

Reduction in drug-seeking behaviour following extinction training is a robust 
but not a permanent condition, since drug-seeking can be reinstated following pre-
sentations of a drug prime, a drug-associated stimulus, or a stressor. After either 
drug or cue priming, intact female rats reinstate responding for the cannabinoid at 
higher level than males [144], showing a higher propensity to resume cannabinoid-
seeking during abstinence. Notably, as during cannabinoid self-administration and 
extinction training, ovariectomy dampens operant responding for the cannabinoid, 
revealing a pivotal role for the ovarian hormones not only in regulating cannabi-
noid-taking but also cannabinoid-seeking behaviour [143, 144].

Extinction of drug-seeking behaviours is believed to depend on cortical-striatal-
hypothalamic and cortical-hypothalamic-thalamic pathways which interface with 
the neural circuits controlling the reinstatement of drug-seeking [300]. When con-
sidering sex-dependent levels of the endocannabinoids and the density of the CB1 
receptors within these circuits, it is not surprising that males and females display 
different patterns of extinction and reinstatement of cannabinoid-seeking. For ex-
ample, in the hypothalamus, the content of endocannabinoids (i.e. anandamide) is 
higher in females than in males, and fluctuates during the ovarian cycle [173], while 
in the cortico-striato-thalamic-cortical circuit females show lower density of the 
CB1 receptor then males [259]. Finally, in the striatum females have larger con-
centrations of dopamine and a higher expression of dopamine D2 receptors [127, 
182], which strictly interact with CB1 receptors in modulating cannabinoid-induced 
reward (see also Chap. 17 of this book).

Conclusions

Women and men appear to have different needs in maintaining health, coping with 
diseases and responding to treatment protocols and drugs. Women seem to be more 
responsive than men to treatment for drug abuse as well [301]. While men report 
more self-justification after initial use of drugs, women report more help-seeking. 
Before relapse into drug re-use, women also reported more unpleasant affect and 
interpersonal problems than men, suggesting that women might benefit more from 
techniques that enable them to deal more effectively with unpleasant emotions and 
interpersonal problems.

Recently, several differences in the use and abuse of cannabis have been found 
between men and women, and animal studies have also revealed that females are 
more vulnerable to take cannabinoids and to relapse to cannabinoid-seeking while 
in a drug-free state. Within the brain, cannabinoid CB1 receptors are differently 
expressed between males and females, and gonadal hormones have been shown to 
strongly influence cannabinoid-induced rewarding effects. Sex-dependent differ-
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ences have also been reported in many vulnerability factors that contribute to indi-
vidual variation in the risk of cannabis addiction, ranging from social and cultural 
characteristics to genetic susceptibility to brain morphology and neurotransmission. 
In this “translational era” for research, future challenges will be the deeper knowl-
edge of the underlying reasons for gender differences in vulnerability to cannabis 
addiction as well as the optimization of sex-tailored preventing strategies and treat-
ment approaches.
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Abstract Although nicotine and delta-9-tetrahydrocannabinol (THC), the main 
psychoactive ingredients in tobacco and cannabis, bind to different receptors in the 
brain, they have several features in common. Each of these drugs is typically self-
administered by smoking, and this behavior is maintained by rewarding effects that 
are mediated by brain circuitry that at least partially overlaps between the drugs. 
Each tends to be used chronically, leading to dependence and addiction in many 
users. Perhaps most importantly, the nicotinic and cannabinergic systems appear to 
interact in such a way that modulating one system can enhance or counteract effects 
of the other system. Therefore, studying cannabinoid-nicotine interactions could 
potentially lead to new treatments for addiction. This chapter considers such inter-
actions, focusing on recent preclinical work that suggests manipulating the can-
nabinoid system can counteract the addictive effects of nicotine that manipulating 
the nicotinic system can counteract the addictive effects of cannabis, and that prior 
or concurrent use of cannabis has the detrimental effect of increasing the addic-
tive effects of nicotine. Interactive effects of these systems on anxiety and memory 
are also considered, although these have been studied less than addiction-related 
effects.

Keywords Nicotine · THC · Tobacco · Marijuana · Rimonabant · Fatty acid amide 
hydrolase (FAAH) · Peroxisome proliferator-activated receptor (PPAR) · Drug self-
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Neurobiology of Nicotine and Nicotine Addiction

Tobacco smoking is the leading cause of preventable, premature death in the devel-
oped world [1]. Smoking-related diseases including cancer, lung disease, and car-
diovascular disease are a consequence of prolonged exposure to toxins in tobacco 
smoke [2]. Although these adverse effects are well known, many smokers who at-
tempt to quit are unable to do so, or have some success but eventually relapse. Ac-
cordingly, tobacco addiction is considered a behavioral disorder involving chronic 
exposure to the psychoactive substance, nicotine [3, 4], and tobacco use disorder 
is defined in The Diagnostic and Statistical Manual of Mental Disorders (DSM)-
5 by difficulty in quitting, continued use despite adverse effects, and withdrawal 
symptoms, essentially the same criteria used with other addictive substances such 
as opioids and psychomotor stimulants.

After a first experience of smoking, many individuals elect to repeat the experi-
ence as a result of both pharmacological and non-pharmacological factors [5]. Like 
other addictive drugs, nicotine has a positive reinforcing effect, increasing the like-
lihood of the behavior that leads to its ingestion [6–9]. Nicotine can also enhance 
the effects of environmental stimuli that have weak reinforcing effects of their own, 
presumably including the sensory aspects of smoking [10]. Once tobacco smok-
ing is established, prolonged exposure to nicotine induces neuroadaptations in the 
brain that increase its reinforcing effects [11]. When nicotine levels in the central 
nervous system decrease abruptly following smoking cessation, it produces tempo-
rary imbalances in neurological systems before compensatory mechanisms are trig-
gered to restore homeostasis [12]. These imbalances are associated with unpleasant 
withdrawal effects such as irritability, headache, nausea, constipation or diarrhea, 
falling heart rate and blood pressure, fatigue, drowsiness or insomnia, depression, 
increased hunger and energy, lack of concentration, anxiety, and cravings for ciga-
rettes [13], which are powerful incentives to start smoking again [14–16]. Thus, 
the basis of tobacco addiction is a combination of positive reinforcement (reward-
ing effects) and negative reinforcement (avoidance of and escape from withdrawal 
symptoms).

Smoked nicotine enters the brain in 7–10 s, where it binds to nicotinic cho-
linergic receptors (nAChRs) [17]. The nAChR is a ligand-gated ion channel that 
normally binds the neurotransmitter acetylcholine [18]. nAChRs consists of five 
peptidic subunits arranged around a central pore. The mammalian brain expresses 
twelve different types of subunit (nine α and three β). NAChRs containing α4 and 
β2 subunits (i.e., α4β2 nAChRs) have been shown to play a pivotal role in the addic-
tive effects of nicotine [19]. Ligand binding occurs via the α subunit, with an ago-
nist producing a conformation change that opens the cationic channel and allows 
sodium and calcium ion influx. After a few milliseconds the channel closes and 
becomes desensitized. In the absence of further agonist binding, the receptor returns 
to a standby stage where it is closed but activatable [20]. Chronic nicotine expo-
sure increases nicotine or acetylcholine (ACh) binding in the brain, a phenomenon 
known as up-regulation [21]. Other types of nAChRs (e.g., containing α3, α5, or α6 
subunits) are also believed to modulate the addictive effects of nicotine [22–31].
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Smokers typically maintain near-complete saturation of α4β2 receptors during 
their waking hours, which desensitizes the receptors. When chronic nicotine use is 
discontinued, up-regulated nicotinic receptors return from a desensitized state to a 
standby state, leading to hyperexcitability of the cholinergic system that is associ-
ated with withdrawal effects. For example, symptoms of craving and withdrawal 
begin in smokers when the up-regulated, desensitized α4β2 receptors become re-
sponsive during a period of abstinence as short as one night [32, 33]. Since nicotine 
binding to these receptors during smoking alleviates craving and withdrawal [33], 
returning to a desensitized state by smoking may be negatively reinforced through 
escape from these aversive symptoms.

Like all addictive drugs, nicotine is believed to produce rewarding effects by 
increasing dopamine signaling in the mesocorticolimbic system. Specifically, nico-
tine increases signaling of dopamine neurons that are located in the ventral teg-
mental area (VTA) and project to the striatum, amygdala, prefrontal cortex and the 
shell of nucleus accumbens. Nicotine binding to α4β2 nAChRs localized on these 
VTA neurons has been shown to stimulate the release of dopamine in the nucleus 
accumbens shell [34–36].

NAChRs are localized mainly at the presynaptic level on a number of different 
types of neurons, including not only acetylcholine and dopamine, but also gluta-
mate, norepinephrine and gamma aminobutyric acid (GABA) neurons in the VTA, 
substantia nigra, and striatum. Thus, nicotine augments both glutamate and GABA 
release [37–50]. Since dopamine release is facilitated by glutamate and inhibited by 
GABA, the activity of VTA dopaminergic neurons is determined by the functional 
balance between these excitatory and inhibitory inputs to the dopamine cell, in ad-
dition to the direct effect of nicotine on the dopamine cell.

Chronic exposure to nicotine induces desensitization of some types of nAChR, 
but not all. GABA-mediated inhibition diminishes with extended nicotine exposure, 
while glutamate-mediated excitation persists, leading to an increase in firing of do-
paminergic neurons and an enhancement in responsiveness to nicotine [43, 51, 52]. 
Chronic nicotine exposure also produces a selective decrease in the concentration 
of serotonin in the hippocampus [53], possibly underlying negative affective symp-
toms of nicotine withdrawal such as depressed mood and irritability [54]. Nicotine 
also affects the release of endogenous opioid peptides involved in mood regulation, 
decreased response to stress, conservation of energy, and relaxation [55].

Cholinergic and cannabinergic systems appear to interact bi-directionally. Can-
nabinoid CB1 and nicotinic ACh receptors are both expressed in brain areas rel-
evant to addiction and emotional effects, including forebrain, amygdala, striatum 
and hippocampus [56–62]. Glutamatergic and GABAergic neurons express both 
nicotinic and CB1 receptors in several brain areas, and activation of these receptors 
has opposite effects on these neurons. Nicotinic α7 receptors and CB1 receptors are 
both expressed pre-synaptically on glutamatergic neurons [52, 59, 63, 64]. Activa-
tion of α7 receptors enhances excitatory glutamate release [51], whereas activation 
of CB1 receptors has been suggested to decrease excitatory glutamate release [65]. 
GABAergic neurons can also express both CB1 receptors [64, 66] and nAChRs, 
mostly α4β2 [51], α6β2 [67] or α7 receptors [68]. The activation of nicotinic recep-
tors potentiates [51], whereas the activation of CB1 receptors inhibits GABAergic 
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neurotransmission [69]. Recent studies have also indicated that CB2 receptors are 
located in the central nervous system [70, 71], but their function is not yet known. 
Interestingly, Navarrete et al. [72], showed that in mice CB2 and α3- or α4-nACh re-
ceptors are localized on the same neurons in the nucleus accumbens shell and VTA.

Although, the mechanisms have only been partially elucidated, findings such as 
these clearly indicate that the cannabinoid and nicotinic systems interact. In the sec-
tions below we evaluate evidence that behavior is affected by two kinds of canna-
binoid-nicotine interactions, respectively: the endocannabinoid system modulating 
the effects of exogenous nicotine, and the cholinergic system modulating the effects 
of cannabinoid ligands.

Cannabinoid Modulation of Nicotine’s Addictive Effects

Accumulating evidence from pre-clinical and clinical research indicates that the 
cannabinoid system plays a critical role in nicotine reward and relapse. This section 
of the chapter first describes how the addictive effects of nicotine can be influenced 
by direct modulation of cannabinoid receptors or by enhancement of the actions 
of endogenously-released cannabinoids and other members of the extended endo-
cannabinoid family (i.e., ligands for peroxisome proliferator-activated receptors, 
PPAR). We then consider recent evidence indicating that prior exposure to exog-
enous cannabinoids increases the likelihood of becoming dependent on tobacco. 
Finally, we consider recent research on interactions between cannabinoid and nico-
tinic systems in modulating learning, memory, and anxiety.

Role of CB1 Receptors in Nicotine Addiction

One of the first studies investigating interactions between nicotine and cannabinoids 
in modulating reward came from Valjent et al. [73], who used a conditioned place 
preference (CPP) procedure (Fig. 13.1). In this procedure, the effects of a drug are 
repeatedly paired with a distinctive environmental context and saline injections are 
paired with a different context; during a subsequent test in which no injections are 
given, the subjects (usually rodents) are allowed to move between the two contexts, 
and the relative amount of time spent in each context is used as an indirect measure 
of the reinforcing effects of the drug. Valjent et al. showed that sub-threshold doses 
of nicotine and Δ9-tetrahydrocannabinol (THC), which had no effect on place pref-
erence when given separately, did induce a place preference in mice when given 
together. In agreement, Scherma et al. [74] found that THC potentiated the effects 
of a sub-threshold dose of nicotine; that is, this dose of nicotine failed to induce a 
significant CPP when tested alone, but induced a significant CPP after pretreatment 
with THC during the acquisition phase. This finding is consistent with the fact that 
humans often combine nicotine and THC (in the form of cannabis) to obtain an 
enhanced rewarding effect [75, 76].
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Further evidence for interaction between the endocannabinoid system and phar-
macological effects of nicotine has been provided by Gonzales et al. [77], who 
showed that chronic nicotine exposure increases levels of the endogenous CB1 re-
ceptor agonists 2-arachidonoyl glycerol and anandamide in the limbic forebrain and 
brainstem, but not in the hippocampus, striatum or cerebral cortex. Given that the 
limbic forebrain is a key area mediating reward processes, these findings suggest 
that the endocannabinoid system is implicated in the modulation of nicotine reward. 
In the same study, Gonzales and colleagues found that prolonged exposure to nico-
tine did not change expression levels or binding capacity of CB1 receptors. Like 
nicotine, chronic THC exposure can also enhance anandamide content in the limbic 
forebrain [78]. Moreover, these studies showed that chronic exposure to nicotine or 
THC leads to a decrease in 2-arachidonoyl glycerol content in the striatum, which 
may play a role in the control of motor behavior.

Fig. 13.1  Conditioned Place Preference. The place preference apparatus consists of 3 different 
compartments. Animals are initially placed in the middle compartment and allowed to explore 
both the right and left compartments (habituation phase). In the subsequent conditioning phase, 
animals are treated with a drug (e.g. nicotine, the unconditioned stimulus) or vehicle. They are 
always placed in either the left or the right compartment without access to the other compartments, 
e.g. in the right compartment after nicotine administration or in the left compartment after vehicle 
administration. This conditioning phase generally consists of 8–10 consecutive sessions during 
which drug sessions or vehicle sessions are randomly conducted. Thus, during the conditioning 
phase one compartment becomes associated with the drug’s effects and the other associated with 
vehicle. After the conditioning phase, a place preference test is performed, during which animals 
are placed in the middle compartment and allowed access to both the drug-associated and the 
vehicle-associated compartments. The relative amount of time spent in the drug-associated com-
partment is considered a measure of the drug’s reinforcing effects
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CB1 Receptors and Nicotine Reward

The role of the CB1 receptor in mediating nicotine reward has been studied with 
nicotine-induced CPP and with intravenous nicotine self-administration procedures 
(see Table 13.1, and Fig. 13.2). Whereas CPP involves conditioned reinforcement, 
in which initially-neutral features of a context come to have reinforcing effects 
through association with drug effects, drug self-administration procedures [79] pro-
vide a more direct measure of the reinforcing effects of a drug by allowing the 
subject to press a lever that produces both an intravenous drug injection and an as-
sociated stimulus (e.g. a light or tone). The basic self-administration procedure can 
be modified to focus on drug seeking or drug taking, and treatment compounds can 
be tested to determine whether they alter the direct rewarding effects of the drug, the 
conditioned reinforcing effects of drug-paired stimuli, or the motivation to receive 
the drug.

Fig. 13.2  Self administration. Rats are surgically prepared with chronic venous catheters (typi-
cally in a jugular vein). After a period of recovery, animals are placed in an operant cage (Skinner 
box), equipped with two levers (one active and one inactive) or two holes (one active and one inac-
tive) centered on the front panel. Lever presses or nose-pokes into the holes are registered by an 
automatic control system (e.g. Med PC). Initially, animals press the lever or make a nose poke into 
the holes by chance, as a result of exploratory activity. Pressing the active lever, or nose-poking 
into the active hole, can activate an infusion pump with a syringe containing the drug under study 
(e.g. nicotine unconditioned stimulus). The syringe is connected to the animal’s venous catheter by 
tubing. Active lever presses or nose pokes, according to a programmed schedule of reinforcement 
(e.g. Fixed Ratio, Fixed Interval etc….), result in an infusion of a determined volume of drug. Each 
drug infusion is associated with illumination of a cue light and/or a tone (conditioned stimuli). If 
the drug has reinforcing effects, the animals will become motivated to repeatedly press the active 
lever press or nose-poke the active hole to self-administer the drug (conditioned response). The 
inactive lever or the inactive hole serves as a control for the motivated behavior
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CPP Studies

Two ways to evaluate the role of CB1 receptors in behavioral effects of nicotine are 
to use CB1 receptor knockout mice, in which the receptor is genetically deleted, or 
to pharmacologically block CB1 receptors by administering a selective antagonist. 
Castaňé et al. [80] found that a nicotine dose (0.5 mg/kg) that was able to produce a 
reinforcing effect in wild-type mice, as measured by CPP, was unable to produce the 
same effect in CB1 receptor knockout mice. Interestingly, no differences between 
the two genotypes were observed in the severity of nicotine withdrawal symptoms 
precipitated by the nAChR antagonist mecamylamine after chronic nicotine expo-
sure in mice [80].

Evidence that blockade of the CB1 receptor reduces the reinforcing effect of nic-
otine in CCP procedures comes from a study by Le Foll and Goldberg [81] in which 
acute administration of a CB1 receptor antagonist/inverse agonist, rimonabant, 
blocked the expression of nicotine-induced CPP. Similar results have been obtained 
by Forget et al. [82], who showed that rimonabant, administered during the training 
of nicotine-induced CPP (i.e., before each nicotine injection) prevented the acqui-
sition of nicotine-induced CPP. However, when rats were tested 3–12 weeks after 
conditioning, a single injection of rimonabant before the CPP test no longer antago-
nized the expression of nicotine-CPP [82, 83]. Rimonabant has also been shown to 
disrupt the reconsolidation of nicotine memory after re-exposure to the drug-paired 
context and significantly blocked the reinstatement of nicotine-induced CPP [84, 
85]. Taken together, these data indicate that the endocannabinoid system plays a 
pivotal role in the initial conditioning value of nicotine-associated cues. On the 
other hand, once it has been established, the long-term expression of nicotine-CPP 
seems to be independent of CB1 receptors.

Table 13.1  Role of CB1 receptors in nicotine addiction: summary of the behavioral data
CB1 Receptor 
agonist

CB1 Receptor antagonist CB1 Genetic deletion

Conditioned 
place preference

↑
Mice (73)

↓
Rats (81, 82)

↓
Mice (80)

Nicotine
self-administra-
tion

↑
Rats (90)

↓
Rats (87,88,91)

 = Mice (86)

Reinstatement ↑
Rats (90)

↓
Rats (101, 102)

N.A.

Nicotine 
discrimination

CB1/CB2 ago-
nist substitutes 
for nicotine
Rats (105)

 =
Rats (87, 
81, 104)

↓
Rats (105)

N.A.

Relapse in 
smokers

N.A. ↓
(106)

N.A.

Withdrawal ↓
Mice (143)

 =
Mice (125)

 =
Mice (80)

↓
Mice (141)
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Self-Administration and Relapse Studies

Although the absence of CB1 receptors did not disrupt the acquisition of nicotine 
self-administration in knock-out mice [86], several studies have demonstrated that 
antagonism of CB1 receptors in normal rats can decrease nicotine self-adminis-
tration. Consistent with the finding that pharmacological blockade of CB1 recep-
tors abolished the expression of nicotine CPP [87], Cohen et al. [87] showed that 
rimonabant reduced nicotine self-administration in rats. Similarly, Shoaib [88] and 
Wing and Shoaib [89] found that AM251 (a selective CB1 receptor antagonist/in-
verse agonist structurally related to rimonabant) dose-dependently suppressed nico-
tine self-administration. Moreover, AM251 dose-dependently reduced relapse-like 
effects when rats were passively re-exposed to nicotine after a period of forced 
abstinence in a reinstatement model of relapse [88].

Consistent with the finding that sub-threshold doses of nicotine and THC can 
support CPP when given in combination [73], there is evidence that a cannabinoid 
receptor agonist can enhance the rewarding effects of nicotine in self-administration 
procedures. Gamaleddin et al. [90] showed that WIN 55,212-2 (a full agonist at 
both CB1 and CB2 receptors) increased nicotine self-administration in a progressive 
ratio schedule, indicating an increase in the reinforcing efficacy of nicotine. [In 
this type of schedule the number of operant responses (e.g., lever presses or nose-
poke entries) required to obtain nicotine increases with each delivery of the drug 
until the rat fails to emit the required number of responses; the highest response 
requirement that is met, termed the breaking point, is taken as a measure of the 
reinforcing efficacy of the drug.] Moreover, Gamaleddin et al. [90] showed that 
treatment with WIN 55,212-2 by itself actually induced reinstatement of nicotine 
seeking (Fig. 13.3); this effect was blocked by a CB1 receptor antagonist but not a 
CB2 receptor antagonist. Treatment with WIN 55,212-2 also enhanced the relapse-
like behavior induced by re-exposure to nicotine-associated cues (i.e., cue-induced 
reinstatement). Taken together, these data suggest that stimulating CB1 receptors 
by smoking cannabis could facilitate nicotine addiction by not only enhancing the 
rewarding effects of nicotine, but also by enhancing the relapse-inducing effects of 
nicotine-related environmental cues, and even by directly triggering relapse to nic-
otine-seeking behavior. But, more encouragingly, the findings with rimonabant and 
AM251 suggest that medications that block CB1 receptors could have the opposite 
effects, decreasing the addictive effects of nicotine and preventing relapse; as de-
scribed below, this possibility has been borne out in clinical trials with rimonabant.

Mechanisms

The neuronal mechanisms through which CB1 receptors regulate nicotine reward 
have been partially elucidated. Cohen et al. [87] showed that a dose of rimonabant 
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that can reduce nicotine reward blocks nicotine-induced dopamine release in the 
shell of nucleus accumbens, as well as in the bed nucleus of the stria terminalis, 
an area that is interconnected with the nucleus accumbens and VTA and seems to 
play a role in the acquisition and maintenance of drug addiction [34]. Simonnet 
et al. [91] showed that a local infusion of the CB1 receptor antagonist/inverse ago-
nist AM251 into the VTA, but not into the nucleus accumbens, dose-dependently 
reduced nicotine self-administration in rats. Together, these data suggest that VTA 
CB1 receptors mediate the reinforcing effects of nicotine. Moreover, given evidence 
that nicotine reward depends on dopaminergic terminal modulation [92] and that 
dopaminergic terminals in the nucleus accumbens lack CB1 receptors [93, 94], it 
seems unlikely that the ability of cannabinoid antagonists to prevent nicotine from 
inducing dopamine release in the nucleus accumbens is mediated by CB1 receptors 
localized within the accumbens. On the other hand, electrophysiological record-
ing of the activity of VTA dopaminergic neurons in anaesthetized rats showed that 
rimonabant does not modify the excitatory response of dopaminergic neurons to 
nicotine [95]. Therefore the role of VTA CB1 receptors in mediating the reinforcing 
effects of nicotine is still unclear.

Fig. 13.3  Relapse to drug seeking behavior. Cue-induced reinstatement: Animals are trained to 
intravenously self-administer a training drug (e.g., nicotine) as described in Fig. 13.2. When they 
reach stable levels of self-administration responding, they enter the Extinction phase. In this phase, 
lever presses or nose pokes have no programmed consequences. The lack of reinforcement leads to 
a cessation of lever press or nose poke responding. After responding reaches stable low levels, a test 
session is conducted in which animals are exposed to the conditioned stimuli previously associated 
with administration of the training drug (e.g., light and/or tone) which may trigger reinstatement 
of drug-seeking behavior (lever presses or nose pokes = conditioned response). Priming-induced 
reinstatement: Self-administration and extinction phases are performed as described for the cue-
induced reinstatement. Before the test session, rats receive a non-contingent priming injection of a 
drug and this priming may induce reinstatement of drug-seeking behavior. Context-induced rein-
statement: Self-administration is performed as previously described. Extinction is performed in a 
context other than the self-administration context (e.g. a modified operant chamber with a different 
texture on the wall, different floor grid, different odor, etc.). After Extinction, animals are placed 
back in the self-administration context. The re-exposure to the drug-associated context may trigger 
reinstatement of drug-seeking behavior
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CB1 Receptors and Nicotine Conditioned Stimuli

Conditioned stimuli (CS) are important for the maintenance of nicotine dependence 
and can trigger relapse even after prolonged nicotine abstinence. Although nico-
tine’s reinforcing effects seem to be weak compared to drugs such as cocaine and 
heroin, tobacco dependence is one of the most persistent forms of drug addiction. It 
has been proposed that tobacco smoking is maintained by a combination of: (1) the 
primary reinforcing effects of nicotine itself; (2) the conditioned reinforcing effects 
of nicotine-associated stimuli; and (3) nicotine’s ability to enhance the primary re-
inforcing effects of sensory stimuli that accompany the act of smoking [10, 96–98].

Cohen et al. [99] have shown that rimonabant, besides altering nicotine-taking 
behavior [87], reduces the conditioned-reinforcing effects of stimuli that have been 
associated with nicotine. Rats were trained to self-administer nicotine by press-
ing a lever, with each nicotine injection accompanied by an audiovisual stimulus 
(discrete CS). Then, nicotine infusions were discontinued, and lever presses were 
reinforced only by CS presentations. Under this condition, responding persisted 
for 3 months. But, rimonabant, given systemically one month following nicotine 
withdrawal, decreased this responding. In a subsequent study, the same authors in-
vestigated the brain circuitry involved in the effect of rimonabant. They found that 
rimonabant, injected bilaterally into either the nucleus accumbens shell, basolateral 
amygdala, or pre-limbic cortex decreased the CS-induced nicotine seeking behavior 
[100]. Consistent with these findings, rimonabant dose-dependently blocked both 
discrete CS-induced and context-induced reinstatement in rats previously trained 
to self-administer nicotine [101, 102]. Taken together these data suggest that the 
CB1 receptor plays a role in responding for both discrete and contextual nicotine 
conditioned stimuli.

Wing and Shoaib [103] evaluated the reinforcement-enhancing effect of nicotine 
in rats and the involvement of the endocannabinoid system in mediating this effect. 
They used a second-order schedule of food reinforcement, in which responding 
is ultimately maintained by food delivery, but the responding occurs at a higher 
rate than it otherwise would because it also produces conditioned reinforcers. Spe-
cifically, responding produces brief stimulus presentation under one schedule, and 
these stimulus presentations are accompanied by food according to another sched-
ule. They found that a nicotine injection, given just before the second-order session, 
dose-dependently enhanced responding maintained by the CS that had previously 
been paired with food under the second-order schedule. Nicotine also enhanced re-
sponding maintained by food when no stimuli were presented. Nicotine’s ability to 
enhance responding was attenuated when cannabinoid receptors were blocked with 
AM251, indicating that CB1 receptors are involved in the reinforcement-enhancing 
effects of nicotine. In another study using a similar second-order schedule in which 
responding produced intravenous nicotine instead of food, AM251 decreased be-
havior maintained by the cues that had previously been paired with nicotine [103]. 
Taken together, these findings support the hypothesis that nicotine enhances the 
effects of both primary and conditioned reinforcers, and that this enhancement is 
mediated by CB1 receptors.
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CB1 Receptors and Nicotine’s Subjective Effects

The effects of rimonabant and other cannabinoid ligands have been evaluated in 
animal models of the subjective effects of nicotine (Fig. 13.4). In the drug-dis-
crimination procedure, the interoceptive effects of a drug serve as a discriminative 
stimulus, cueing the performance of a behavioral task. Typically, there are two le-
vers available, and a rat learns that pressing one of the levers only produces sugar 
pellets in sessions when the rat has been given nicotine, and pressing the other lever 
only produces sugar pellets in sessions when the rat has not been given nicotine. 
Several studies have shown that, when given to rats trained to detect the effects of 
nicotine, cannabinoid ligands do not have nicotine-like discriminative effects, nor 
do they alter the discriminative effects of nicotine when administered prior to nico-
tine [81, 87, 104]. However, opposite results have been obtained by Murray et al. 
[105], who investigated endocannabinoid system involvement in the interoceptive 
effects of nicotine by using a Pavlovian discrimination procedure that differs from 
the drug-discrimination procedure described above. In this procedure the intermit-
tent delivery of water occurred only during sessions when rats received nicotine; 
no operant response was required to produce the water, but the number of times the 
rat placed its head into the water dipper was measured. In this procedure, nicotine 
increased the number of dipper entries, but pretreatment with rimonabant blocked 

Fig. 13.4  Drug Discrimination. Before each training session, animals are treated with either a 
drug under study (e.g., THC) or a vehicle according to a daily schedule. Treatment with drug 
produces distinct interoceptive stimulus effects that the animals learn to discriminate. When the 
animals are treated with the training drug before the session, depression of one of two levers (e.g.: 
right lever = drug-associated lever) results in the delivery of a food pellet, whereas depression of 
the other lever does not produce food. When the animals are treated with vehicle before the train-
ing session, depression of the drug-associated lever does not produce food, whereas depression of 
the other lever (e.g. left lever = vehicle-associated lever) results in the delivery of food. Once the 
animal has learned to discriminate between delivery of the training drug and delivery of vehicle 
by pressing the correct lever with high accuracy, a different drug or different doses of the training 
drug can be administered before test sessions. During the test session, depression of either lever 
results in delivery of food. If the test drug produces interoceptive effects similar to the training 
drug, animals will predominantly press the drug-associated lever during the test. Then it can be 
stated that the test drug produced discriminative-stimulus effects similar to those of the training 
drug (e.g., THC-like discriminative-stimulus effects)
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this conditioned response. In addition, the CB1 and CB2 receptor agonist CP 55,940 
produced a nicotine-like discriminative effect when given alone. The authors sug-
gest that a potential dissociation between the mechanisms mediating behavior in 
their Pavlovian procedures and the operant studies mentioned above [81, 87, 104] 
might account for the discrepancies in findings.

Human Studies

Based on findings that CB1 receptor antagonists can alter the reinforcing effects 
of nicotine in rodents, rimonabant was tested as an aid to smoking cessation and 
relapse prevention. In addition, since the endocannabinoid system appears to play 
a crucial role in controlling food consumption, and since rimonabant was initially 
developed as a possible treatment for obesity, rimonabant was also tested to de-
termine whether it could counteract the weight-gain that is often associated with 
smoking cessation. Two main clinical trials were conducted to assess smoking ces-
sation: STRATUS-EU (Studies with Rimonabant and Tobacco Use-Europe) and 
STRATUS-US (Studies with Rimonabant and Tobacco Use-USA). Another clinical 
trial STRATUS-WW (World Wilde) focused on the efficacy of rimonabant as an aid 
for relapse prevention. A Cochrane review, conducted in 2007 and updated in 2011 
[106], revealed that the 20 mg dose of rimonabant increased by 1.5 fold the chance 
of not smoking for 1 year, whereas the 5 mg dose had no effect. Moreover, weight 
gain was significantly lower in the 20 mg condition than in 5 mg or placebo condi-
tions. However, despite showing efficacy as a smoking cessation-relapse prevention 
aid, rimonabant was found to produce gastrointestinal and psychiatric side effects, 
including depression and suicidal ideation. Due to these side effects, the US Food 
and Drug Administration (FDA) USA did not approve rimonabant for commercial 
use, and the European Medicine Agency (EMEA) in 2006 required the manufactur-
ers to withdraw the drug.

It is possible that neutral CB1 receptor antagonists that do not share the inverse-
agonist effects of rimonabant and AM251 could provide a safe but effective ap-
proach to smoking cessation. In fact, the neutral cannabinoid antagonist AM4113 
has been found to produce milder side effects than rimonabant [107, 108]. To our 
knowledge there have been no published studies evaluating the effectiveness of 
a neutral cannabinoid antagonists in counteracting the addiction-related effects of 
nicotine in humans. However, there is a study that investigated effects of cannabi-
diol on nicotine addiction in tobacco smokers that wished to quit smoking [109]. 
Cannabidiol is a non-psychoactive component of cannabis with action at several 
receptors that also acts as an antagonist at CB1 and CB2 receptors. In the Morgan 
et al. [109] study, cannabidiol treatment reduced the number of cigarettes smoked 
over a 7 day period. There are several possible explanations for these effects of 
cannabidiol. Apart from its antagonism at CB1/CB2 receptors, cannabidiol also acts 
as an inhibitor of fatty acid amide hydrolase (FAAH—enzyme that degrades anan-
damide) [77, 110], but also as an antagonist at α7 nAChRs [111].
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Role of CB2 Receptors in Nicotine Addiction

It was long thought that CB2 receptors had little effect on behavior because they are 
expressed mainly in immune tissues, outside the central nervous system. However, 
in recent years, potential involvement of the CB2 receptor in drug addiction has 
been revealed [112–117]. Three studies have evaluated the role of CB2 receptor in 
mediating nicotine reward.

Gamaleddin et al. [118] explored the effects of a CB2 receptor antagonist 
(AM630) and a CB2 receptor agonist (AM1241) on nicotine taking behavior in rats 
by using the nicotine self-administration paradigm under two schedules of rein-
forcement (fixed ratio and progressive ratio) (see Table 13.2). Administration of 
the CB2 receptor ligands did not affect nicotine self-administration under either of 
these schedules. Moreover, neither AM630 nor AM1241 affected nicotine-induced 
reinstatement or cue-induced reinstatement of nicotine seeking.

In contrast, Navarrete et al. [72] and Ignatowska-Jankowska et al. [119] did find 
evidence that CB2 receptors can mediate the reinforcing effects of nicotine. They 
found that nicotine did not produce conditioned place preference in CB2 receptor-
deficient mice, and that CB2 receptor antagonists (such as AM630 or SR144528) 
blocked nicotine-induced CPP in wild-type mice. Moreover, CB2 receptor knock-
out mice self-administered less nicotine compared to their littermates, and AM630 
reduced nicotine self-administration in wild-type mice, under both fixed-ratio and 
progressive-ratio schedules [72].

It should be noted that gene expression of α3 and α4-nAChRs was significantly 
reduced in the VTA of the CB2 receptor-deficient mice studied by Navarrete et al. 
[72], but not the mice studied by Ignatowska-Jankowska et al. [119]. It is generally 

Table 13.2  Role of CB2 receptors in nicotine addiction: summary of the behavioral data
CB1 Receptor 
agonist

CB1 Receptor antagonist CB1 Genetic Deletion

Condi-
tioned place 
preference

↑
Mice (73)

↓
Rats (81, 82)

↓
Mice (80)

Nicotine
Self-admin-
istration

↑
Rats (90)

Rats (87,88,91)  =
Mice (86)

Reinstate-
ment

↑
Rats (90)

↓
Rats (101, 102)

N.A.

Nicotine 
discrimina-
tion

CB1/CB2 ago-
nist substitutes 
for nicotine
Rats (105)

 =
Rats (87, 
81, 104)

↓
RATS (105)

N.A.

Relapse in 
smokers

N.A. ↓
(106)

N.A.

Withdrawal ↓
Mice (143)

 =
Mice (125)

 =
Mice (80)

↓
Mice (141)
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accepted that nicotine exerts its reinforcing effects by binding to nAChRs in the 
VTA, leading to a release of dopamine in the nucleus accumbens, and some studies 
have suggested that α3 and α4-nAChRs play an important role in the reinforcing 
effects of nicotine [28, 120, 121]. Therefore it cannot be excluded that the lack of 
nicotine CPP and the low rate of nicotine self-administration in the CB2 receptor 
knock-out mice in the study by Navarrete et al. [72] were due to a lack of the α3 
and α4 receptor subtypes. It is also possible that the negative findings of Gamaled-
din et al. [118] in rats differ from the those of the Navarrete et al. in mice [72] and 
Ignatowska-Jankowska et al. [119] because of species differences. Further studies 
are clearly needed to better understand the role of the CB2 receptor in nicotine ad-
diction.

Alteration of Nicotine’s Addictive Effects by Modulation of the 
Endocannabinoid System

CB1 receptor agonists have potentially beneficial effects such as antiemesis, and 
medicinal use of cannabis is becoming increasingly prevalent. However, CB1 re-
ceptor agonists have side effects that limit their usefulness as medications [122]. 
A potentially safer and more effective approach to manipulating this system is to 
enhance the levels of endogenously-released cannabinoids. This approach offers 
the advantage of enhancing the actions of endocannabinoids only when and where 
they are endogenously released. Two possible ways to enhance the effect of en-
dogenously-released cannabinoid ligands are to prolong their effect by inhibiting 
their degradation (Sect. 5.2) or by inhibiting the transport mechanism that removes 
the endocannabinoid ligands from the synapse (Sect. 5.4). Although the research 
described above (summarized in Table 13.1) indicates that exogenous CB1 receptor 
agonists such as THC enhance the addictive effects of nicotine, the evidence evalu-
ated below surprisingly suggests that enhancing the actions of endogenous canna-
binoids and non-CB1 members of the extended cannabinoid family can counteract 
nicotine’s addictive effects.

Inhibiting the Degradation of Endocannabinoids by Fatty Acid 
Amide Hydrolase (FAAH)

The main degradation mechanism for anandamide is enzymatic breakdown by fatty 
acid amide hydrolase (FAAH). FAAH is abundantly expressed throughout the brain 
and is responsible for the degradation of anandamide, oleamide, N-acylamines 
oleoylethanolamide (OEA) and palmitoylethanolamide (PEA). Among these, only 
anandamide and oleamide act on CB1 receptors, but all are considered members of 
the extended endocannabinoid family [123, 124]. There are several highly-selective 
FAAH inhibitors available, such as URB694, OL-135, PF3845 and AM3506, but 
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the effects of FAAH inhibition on addiction-related effects of nicotine have mostly 
been evaluated with URB597.

The fact that FAAH inhibition substantially increases levels of the CB1 recep-
tor agonist anandamide, coupled with findings that exogenous CB1 receptor ago-
nists can enhance the rewarding effects of nicotine [73, 90], suggests that FAAH 
inhibition might increase the rewarding effects of nicotine. Indeed, Merritt et al. 
[125] showed that the genetic deletion of FAAH or the pharmacological block-
ade of FAAH by URB597 enhances the expression of nicotine CPP in mice (see 
Table 13.3). However, this might be species specific [126] since a series of ex-
periments has shown that FAAH inhibition can decrease addiction-related effects 
of nicotine in rats.

Scherma et al. [127] found that URB597 prevented the development of nicotine 
induced CPP and the acquisition of nicotine self-administration in rats. Moreover, 
URB597 reduced reinstatement induced by nicotine and cues in both CPP-based 
and self-administration-based models of relapse in rats [127, 128]. Taken together 
these data suggest that FAAH inhibition may counteract the reinforcing effects of 
nicotine. However, Forget et al. [128] found that URB597 did not reduce the break-
ing point for nicotine self-administration in a progressive ratio schedule in rats. It 
is notable that the progressive-ratio experiment was conducted after nicotine self-
administration had already been established, so it cannot be excluded that FAAH 
inhibition decreases the acquisition of nicotine self-administration in rats, but does 
not block nicotine’s effects once self-administration has been established.

In agreement with their data showing that URB597 reversed nicotine’s behavior-
al effects in rats, Scherma et al. [127] used microdialysis to show that that URB597 
decreased nicotine’s reward-related neurochemical effect of elevating extracellu-
lar dopamine levels in the nucleus accumbens shell. Consistent with this finding, 
URB597 blocked nicotine-induced increases in the rate of firing and the incidence 

Table 13.3  Modulation of the endocannabinoid system and nicotine addiction: summary of the 
behavioral data

Faah inhibitor PPAR receptor 
agonist

Anandamide 
uptake-inhibitor

Condi-
tioned place 
preference

↑
Mice (125)

↓
Rats (127)

N.A. ↓
Rats (74)

Nicotine
self-admin-
istration

↓
Rats (127)

↓
Rats and Squir-
rel monkeys 
(131,132)

 =
Rats (137)

↓
Rats (74)

Reinstate-
ment

↓
Rats (127,128)

↓
Rats and Squir-
rel monkeys 
(131,132)

↓
Rats (137, 138)

Withdrawal ↑
Mice (125)

↓
Rats (142)

N.A. N.A.
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of burst firing of VTA dopamine neurons in rats [95], and it also reduced the effects 
of nicotine on GABAergic medium spiny neurons in the shell of the nucleus ac-
cumbens [129].

Importantly, Melis et al. [95] found that the effect of URB597 on nicotine-
induced excitation of VTA dopamine neurons does not appear to be entirely me-
diated by the activation of CB1 receptors since both rimonabant and AM251 are 
not able to reverse it. Also, rimonabant by itself did not suppress nicotine-induced 
activation of VTA DA neurons. However, they found that alpha-type peroxisome 
proliferator-activated receptors (PPAR-α) contribute to URB597’s reversal of nico-
tine’s effects on dopamine cell firing, both in vivo and in vitro; that is, the PPAR-α 
antagonist MK886 reversed URB597’s blockade of nicotine induced bursting in 
dopamine neurons. The effect of URB597 was mimicked by the administration the 
PPAR-α agonists oleoylethanolamine (OEA) and palmitoylethanolamide (PEA) but 
not methanandamide, a hydrolysis resistant analog of anandamide. Both OEA and 
PEA actions were blocked by MK886 confirming the involvement of PPAR-α re-
ceptors. Consistent with these findings, Luchicchi et al. [129] demonstrated that 
URB597 blocks nicotine’s effect on firing of medium spiny neurons of the nucleus 
accumbens shell via both CB1 and PPAR-α receptor-dependent mechanisms. These 
finding converge to suggest that URB597’s ability to modulate the rewarding ef-
fects of nicotine are due largely, but perhaps not solely, to enhancements of the 
endogenously released PPAR-α ligands OEA and PEA.

Modulation of Nicotine’s Effects by Peroxisome  
Proliferator-Activated Receptors (PPARs)

PPARs are ligand-activated nuclear receptors that function as a transcription fac-
tor and regulate gene expression. PPARs play essential roles in the regulation of 
cellular differentiation, development, metabolism (carbohydrate, lipid, protein), 
and tumorigenesis. In addition, PPARs have recently been recognized to have non-
genomic extracellular effects, such as affecting protein kinase. PPARs are expressed 
in tissues throughout the body, including many areas in the brain [130].

Extending the electrophysiology findings that endogenous PPAR ligands such as 
OEA and PEA might have a role in mediating the addictive effects of nicotine [95], 
Mascia et al. [131] and Panlilio et al. [132] investigated the effects of administer-
ing exogenous PPAR-α agonists (WY14643, clofibrate, and methyl-oleoylethanol-
amide, a long-lasting form of OEA) on the addiction-related effects of nicotine in 
rats and squirrel monkeys (see Table 13.3). Each of these PPAR-α agonists substan-
tially reduced nicotine self-administration in both rats and monkeys. These effects 
were reversed by the administration of the PPAR-α antagonist MK886 and were 
specific for nicotine reward, since the agonists had no effect on cocaine or food 
self-administration. Moreover, PPAR-agonists prevented the reinstatement induced 
by nicotine or nicotine-associated stimuli. In agreement with the behavioral data, 
electrophysiology and microdialysis experiments showed that PPAR-α agonists 
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dose-dependently decreased nicotine-induced excitation of dopamine neurons in 
the VTA [95] and nicotine-induced elevation of dopamine levels in the nucleus ac-
cumbens of rats [131].

Melis at al. [95] have provided insight into the mechanism of PPAR-nicotine 
interactions. They found that the activation of PPARs modulates dopamine activity 
through hydrogen peroxide production, which in turn activates tyrosine kinase and 
increases phosphorylation of nicotinic receptors containing the β2 subunit [133]. 
The phosphorylation of the α4 β2 nicotinic receptors on dopamine cells diminishes 
ionic conductance [134] reducing responses to nicotine.

Taken together these data suggest that PPAR-α might provide a valuable target 
for the development of novel smoking cessation medications. Notably, clofibrate 
is a representative of the fibrate class of medications, several of which are already 
approved for human use and in fact have been used for decades in the treatment 
of lipid disorders such as hypercholesterolemia [135]. As smoking is associated 
with increased hypercholesterolemia [136], fibrate medications might counteract 
this smoking effect and simultaneously reduce the reinforcing effects of nicotine 
leading to smoking cessation.

Anandamide Uptake Inhibitors

As described above, FAAH inhibitors provide a means of increasing endogenous 
levels of agonists for CB1 receptors (i.e., anandamide) and PPAR-α (i.e., OEA and 
PEA). It is also possible to assess the effects of specifically increasing endoge-
nous levels of anandamide, using anandamide uptake inhibitors such as AM404 or 
VDM11, which do not affect OEA or PEA. Several studies have used these phar-
macological tools to investigate the specific role of anandamide in interactions be-
tween the endocannabinoid and nicotinic systems.

In reinstatement models of relapse in rats, anandamide uptake inhibitors dose-
dependently reduced nicotine seeking induced by nicotine-conditioned stimuli or 
by nicotine priming, [137, 138] (see Table 13.3). Moreover, AM404 prevented the 
development of nicotine-induced CPP and impeded nicotine-induced reinstatement 
of extinguished CPP [74]. Consistent with the behavioral data, microdialysis exper-
iments revealed that AM404 reduced nicotine’s ability to elevate dopamine levels 
in the nucleus accumbens shell [74]. These findings suggest that anandamide might 
counteract the addictive effect of nicotine. However, inhibition of anandamide up-
take failed to reduce nicotine taking behavior in rats trained to self-administer nico-
tine under fixed-ratio or progressive-ratio schedules [137, 138].

Comparing the CPP and self-administration studies on methodological grounds, 
it is notable that with CPP the anandamide transport inhibitors were administered 
during the acquisition phase, whereas in the self-administration study AM404 or 
VDM11 were only given after nicotine self-administration had already been es-
tablished. This situation parallels the situation described above, in which Scherma 
et al. [127] and Forget et al. [128] tested the effects of the FAAH inhibitor URB597 
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on acquisition of nicotine-induced CPP or maintenance of nicotine taking behavior 
in a self-administration paradigm, respectively. It can be argued that anandamide 
decreases the reinforcing effects of nicotine that drive the acquisition of CPP and 
the reinstatement of the extinguished nicotine seeking behavior, but it does not de-
crease the maintenance of established nicotine-taking behavior in rodents. There 
is evidence that different neuronal mechanisms underlie initial drug use and sub-
sequent drug seeking and taking, which are more habitual and compulsive [139, 
140]. Given that the CB1 receptor agonist WIN 55,212–2 increased nicotine self-
administration in rats [90], it is somewhat puzzling that inhibiting uptake of the 
endogenous CB1 receptor agonist anandamide did not have a similar effect. This 
might be explained by exogenous ligands having global effects on CB1 receptors 
throughout the brain, in contrast to endogenous anandamide—even when enhanced 
by a reuptake inhibitor or FAAH inhibitor—having more local effects, limited to 
areas where it is naturally being released. In any case, given the apparent species 
differences in the effects of FAAH manipulations between rats and mice, it will be 
important to test the effects of FAAH inhibitors and anandamide uptake inhibitors 
in nonhuman primates, and eventually in humans.

Cannabinoid Modulation of Nicotine Withdrawal

There have been several studies investigating the role of the cannabinoid system 
in nicotine withdrawal symptoms, with some showing involvement and others a 
lack of involvement (see Tables 13.1 13.2). A first study by Castaňé et al. [80] 
found no differences between CB1 receptor knockout and wild type mice in the 
severity of withdrawal precipitated by the nAChR antagonist mecamylamine after 
chronic treatment with nicotine. Similar results were found in a model of spontane-
ous nicotine withdrawal [125]. Bura et al. [141] investigated the role of CB1 recep-
tors in mediating nicotine withdrawal-associated anxiety using the light-dark box 
test, an animal model of anxiety. This test is based on the conflict between rodents’ 
natural aversion to open, illuminated areas and their propensity to explore new en-
vironments. In wild-type mice, nicotine withdrawal was associated with decreased 
exploration of a lighted area, suggesting an increase in anxiety, but this effect was 
not observed in CB1 receptor knock-out mice. It should be noted that the CB1 recep-
tor knock-out mice had a lower baseline level of exploration (possibly suggesting 
higher anxiety levels), so it cannot be excluded that the lack of an anxiogenic-like 
effect of nicotine withdrawal was due to a ceiling effect.

Some studies suggest that inhibiting endocannabinoid function might offer ther-
apeutic advantages for the treatment of nicotine withdrawal, but that enhancing 
endocannabinoid function might exacerbate it. Merritt et al. [125] found that acute 
administration of rimonabant ameliorated somatic symptoms of nicotine with-
drawal in wild-type mice, but that genetic deletion or pharmacological blockade of 
FAAH (which increases levels of anandamide) had the opposite effect, increasing 
the severity of somatic signs of withdrawal. Navarrete et al. [72] found that genetic  
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deletion or pharmacological blockade of CB2 receptors significantly decreased so-
matic signs of mecamylamine-induced nicotine withdrawal in mice.

Other studies suggest that activation of the cannabinoid system alleviates rather 
than exacerbates nicotine withdrawal. Cippitelli et al. [142] found that the FAAH 
inhibitor UR597 decreased anxiety-like behavior associated with protracted nico-
tine withdrawal, but did not modify the expression of somatic withdrawal symp-
toms in rats. Furthermore, Balerio et al. [143] found that an acute injection of THC 
attenuated somatic signs of nicotine withdrawal induced by mecamylamine or nal-
trexone in mice.

In summary, the findings on the role of the cannabinoid system in nicotine with-
drawal are inconsistent. This might be due to complex or indirect relationships be-
tween the underlying mechanisms, and it might also be due to differences in the 
experimental procedures used in the various studies, including mice vs. rats, spon-
taneous vs. precipitated withdrawal, direct-acting cannabinoid ligands vs. FAAH 
manipulations, and somatic vs. behavioral measures. However, there is some con-
sistency in the finding that FAAH inhibition has little effect on somatic symptoms 
of nicotine withdrawal, but may reduce withdrawal-induced anxiety.

THC and Nicotine Pre-Exposure

It has long been noted that there is a typical progression of drug use from tobacco 
and alcohol to cannabis, and then to drugs such as cocaine and heroin [144, 145]. 
However, epidemiological evidence also indicates that a substantial percentage of 
people use cannabis regularly before becoming regular users of tobacco [146]. This 
kind of progression could be due to a number of factors, but perhaps the most test-
able hypothesis is that lasting effects of cannabinoid exposure on the brain—such 
as changes in cannabinoid and opioid receptors [147–149]—enhance the rewarding 
effects of other drugs in animal models of drug abuse. Extending a series of experi-
ments designed to assess the effects of prior cannabis exposure on the subsequent 
taking of other drugs, Panlilio et al. [150] exposed rats to THC for three days, with 
the final THC exposure given one week before the rats were allowed to self-admin-
ister nicotine. Surprisingly, given earlier findings that the same regimen of THC 
exposure did not enhance the acquisition of heroin or cocaine self-administration 
[151, 152], a history of THC exposure increased the likelihood that rats acquired 
nicotine self-administration behavior. Furthermore, consistent with an increased 
level of addiction, rats previously exposed to THC would pay a higher “price” for 
nicotine when the response requirement was increased in a behavioral economics 
procedure.

Nicotine exposure can also produce lasting changes in the brain and alter the 
effects of other drugs taken at a later time. For example, prior exposure to nicotine 
increased rats’ locomotor sensitization to cocaine and also increased reward-related 
synaptic plasticity induced by cocaine [153]. With regards to cannabinoid-nicotine 
interactions, Le Foll et al. [154] found that rats that had previously been exposed 
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to nicotine actually showed reduced rewarding effects of THC in a conditioned 
place-preference procedure, and appeared to be sensitized to aversive effects of 
THC; however, rats that had been exposed to nicotine also did not develop toler-
ance or behavioral sensitization to locomotor effects of THC. Continued application 
of the general approach used by these preliminary studies of cannabinoid-nicotine 
interaction involving previous exposure to one type of drug [150, 154] and also the 
approach used in the studies involving concurrent administration of nicotine and 
cannabinoid agonists [73, 90] should provide further insights into “gateway” effects 
and the prevalent co-abuse of cannabis and nicotine.

Role of Cholinergic Receptors in Cannabinoid Addiction

The rewarding effects of cannabis, like those of nicotine and other addictive drugs, 
are believed to involve facilitation of dopamine signaling in the nucleus accumbens 
[155, 156]. Although the mechanisms by which THC and other cannabinoids have 
this effect are still uncertain, it is likely that they involve cannabinoid receptors 
on dopaminergic and glutamatergic neurons that project to the accumbens from 
the VTA and prefrontal cortex. CB1 receptors are present in the VTA, the nucleus 
accumbens and several areas projecting to these two structures, including the pre-
frontal cortex, central amygdala and hippocampus, where they appear to play an im-
portant role in brain reinforcement and reward processes [157]. These receptors are 
mainly located at the presynaptic level, and an important functional consequence of 
their activation is the inhibition of neurotransmitter release [158]. Activation of CB1 
receptors on axon terminals of GABAergic neurons in the VTA and on glutamater-
gic neurons in both the VTA and Nucleus accumbens should inhibit GABAergic 
and glutamatergic neurotransmission [65, 93]. The final effect on VTA dopaminer-
gic activity will depend upon the relative level of activation of these inputs under 
distinct behavioral circumstances [93]. Several studies have demonstrated that can-
nabinoid agonists can increase the activity of VTA DA neurons [159–162]. This 
cannabinoid-induced increase in DA neuron activity was apparently responsible 
for increased extracellular levels of DA observed in the Nucleus accumbens [155, 
156, 163]. Even though THC shares dopaminergic mechanisms with other drugs of 
abuse, it is not intravenously self-administered by rodents. Reliable self-administra-
tion behavior has now been demonstrated in laboratory animals for almost all drugs 
abused by humans, including psychostimulants, opiates, ethanol, nicotine [8, 164–
167]. However, THC has only been showed to be persistently self-administered by 
squirrel monkeys [168–173]. However, a rodent model of intravenous cannabinoid 
self-administration can be achieved by training rats to self-administer synthetic 
CB1/CB2 receptor agonist WIN 55,212-2 [173–176].

Symmetrically to the finding that cannabinoids do not produce nicotine-like 
interoceptive effects [81, 87, 104], nicotine and other cholinergic drugs have 
not been found to produce THC-like effects in drug discrimination procedures.  
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Solinas et al. [177] found that AChR agonists did not produce THC-like effects in 
rats trained to discriminate THC. However, nicotine, and also the muscarinic AChR 
agonist pilocarpine, potentiated the discriminative effects of THC, producing a left-
ward shift of the THC dose-response curve. Interestingly, rimonabant reversed the 
potentiation induced by nicotine, but not by pilocarpine, suggesting that nicotinic 
and muscarinic AChRs influence the THC discriminative stimulus though different 
mechanisms. Accordingly, the FAAH inhibitor URB597, given in conjunction with 
nicotine, but not when given alone or in combination with pilocarpine, produced 
significant THC-like discriminative effects, presumably due to nicotine potentiating 
the effects of endogenous anandamide.

In another study, the same authors [178] investigated the specific role of the 
α7 nAChR in mediating addiction-related effects of THC. In rats, the selective 
α7nAChR antagonist methyllycaconitine, but not the non α7 nAChR antagonist 
dihydrobetaerythroidine, blocked the THC discriminative stimulus. The same dose 
of methyllycaconitine had no THC like discriminative effect by itself, but reduced 
self-administration of the CB1/CB2 receptor agonist WIN 55,212-2 and also attenu-
ated THC-induced dopamine elevations in the nucleus accumbens shell.

Findings that manipulating α7 nAChRs can counteract the rewarding effects 
of CB1 receptor agonists suggest that medications targeting these receptors could 
provide a means of treating cannabis abuse disorder. Unfortunately, directly an-
tagonizing α7 nAChRs with drugs such as methyllycaconitine produces side effects 
that preclude their use in humans. However, a safer way to manipulate this system 
might be through allosteric modulation instead of direct antagonism. It was recently 
discovered that enhancing brain levels of kynurenic acid, an endogenous allosteric 
modulator of α7nAChR, is highly effective at blocking the addiction-related effects 
of cannabinoid agonists [173]. Enhancing levels of kynurenic acid: (1) attenuated 
the ability of THC and WIN 55,212-2 to increase extracellular dopamine levels 
in reward related areas in rats; (2) decreased WIN 55,212-2 self-administration 
in rats; (3) decreased THC self-administration in squirrel monkeys; (4) prevented 
drug-induced reinstatement of cannabinoid-seeking behavior in rats and monkeys; 
and (5) blocked reinstatement induced by re-exposure to THC-associated cues in 
monkeys, showing that it decreased not only the direct effects of THC, but also the 
conditioned effects of THC-associated stimuli. In contrast, enhancing kynurenic 
acid levels had no effect on cocaine or food self-administration, indicating that the 
behavioral effects were specific to cannabinoids and not due to a general suppres-
sion of operant behavior. These findings suggest that α7 nAChR play an important 
role in mediating the reinforcing effects of THC and that allosteric modulation of 
these receptors might provide an effective treatment strategy.
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Cannabinoid-Nicotine Interaction and Anxiety

Nicotine has been shown to have effects on anxiety in humans and in animal mod-
els, and these effects can be modulated by cannabinoid-receptor ligands. Nicotine 
can have an anxiolytic effect, and it has been suggested that smokers might regulate 
their nicotine intake in order to control their anxiety level [179, 180]. However, the 
effects of nicotine on anxiety–related behavior have been inconsistent in laboratory 
studies, with some studies showing anxiolytic effects but others showing anxio-
genic effects. The direction of effects of nicotine on anxiety in both humans and 
animals is probably dependent on the regimen of administration (acute, chronic, 
withdrawal), the route of administration (i.p., s.c., i.v., smoked) and the behavioral 
state of the experimental subjects (relaxed, stressed, in nicotine withdrawal) [181].

Balerio et al. [182] showed that a low dose of nicotine (0.05 mg/kg subcutane-
ously-SC) induces an anxiolytic-like effect, whereas at a higher dose (0.8 mg/kg 
SC) is anxiogenic. This anxiolytic-like effect was decreased by rimonabant in a 
dose-dependent manner, but was not affected by THC. Moreover an ineffective dose 
of nicotine, given in conjunction with THC, induced an anxiolytic-like effect. On 
the other hand, the anxiogenic effect of nicotine was increased by rimonabant and 
attenuated by THC [182]. This suggests that activation of the cannabinoid system 
may enhance nicotine’s anxiolytic effects and reduce its anxiogenic effects. Hayase 
[183] found that repeated nicotine injections (0.8 mg/kg s.c., 4 days) produced anx-
iogenic effects in the elevated plus maze, which is designed to take advantage of the 
conflict between rodents’ natural aversion to open spaces and their propensity to ex-
plore. This effect of nicotine was attenuated by pretreatment with either the nonspe-
cific cannabinoid agonist CP 55,940 or the CB1 receptor partial agonist/antagonist 
virodhamine. Intermittent nicotine exposure during the peripubertal-juvenile period 
in rats resulted in an increase in social anxiety when nicotine treatment was discon-
tinued (nicotine-withdrawal); administration of the CB1 receptor antagonist AM251 
during the late phase of nicotine abstinence increased social anxiety [184]. In sum-
mary, it seems that the endocannabinoid system plays a role in nicotine’s effects on 
anxiety, but more research is need to better understand this interaction. Given that 
nicotine can have either anxiolytic- or anxiogenic-like effects, it is crucial to test the 
cannabinoid ligands with procedures sensitive to both kinds of effect.

Cannabinoid Nicotine Interactions on Memory

Nicotine can have profound effects on cognition, but, as already described for anxi-
ety, the direction of this effect varies between conditions. Methodological issues 
such as different species (rats, mice or humans), different doses and different nico-
tine-exposure state (chronic or acute nicotine administration, withdrawal etc.) may 
account for the discrepancies in the results. The effects of nicotine on learning and 
memory processes have been reviewed by Heishman and colleagues [185, 186]. 
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There have been a few studies investigating the role of the endocannabinoid system 
in the memory-related effects of nicotine.

Biala and Kruk [187] found that an acute dose of nicotine improved memory 
in an elevated plus-maze test, which is usually used to study anxiety; by exposing 
mice just once, the procedure was adapted to study learning. Mice were placed into 
an open arm of the maze, and the time elapsed in moving to the enclosed arm was 
recorded. The same test was repeated 24 h later, and a decrease in the time spent to 
reach the enclosed arm was taken as a measure of memory. Nicotine significantly 
decreased the time of transfer latency, possibly by enhancing memory, and surpris-
ingly this effect was reversed by pre-treatment with either the CB1 receptor antago-
nist AM251 or the CB1/CB2 receptor agonist WIN 55,212-2.

On the other hand, a study by Hayase [183] found that repeated administration 
of nicotine (0.8 mg/kg/day for 4 days, a higher dose than the 0.5 mg/kg dose used in 
the study by Biala and Kruk [187]) impaired working memory in mice in a Y-maze 
test. In this test, which is based on spontaneous exploratory behavior, the number of 
successive entries into each of three arms, without any repeated entries, was taken 
as a measure of working-memory-dependent performance. Pretreatment with either 
the CB1 receptor antagonist AM251 or the CB1 partial receptor agonist/antagonist 
virodhamine, at a dose that had no effect by itself, significantly attenuated the nico-
tine-induced impairments in working memory. Hayase [183] noted that there were 
differences in which cannabinoid ligands blocked the memory-impairing effects of 
nicotine in this test versus the ligands that blocked the anxiogenic effects of nicotine 
in the elevated-plus maze test of anxiety (described above in Sect. 9, ‘Cannabinoid-
nicotine interaction and anxiety’). Interestingly, nicotine had effects in both the 
anxiety and memory procedures that were similar to those of immobilization stress.

Summary and Conclusions

Interactions between the endocannabinoid and nicotinic systems are clearly impor-
tant with respect to cannabis and tobacco use disorders. These substances are often 
co-abused, and this probably results from cannabis enhancing the addictive effects 
of nicotine, and vice versa. The endocannabinoid system can modulate the reward-
ing effects of nicotine, affecting ongoing tobacco smoking, and it can also alter 
the effects of nicotine-associated environmental cues, affecting relapse in tobacco 
smokers who are trying to achieve or maintain abstinence. The evidence gener-
ally indicates that CB1 receptor agonists facilitate nicotine use and CB1 receptor 
antagonist/inverse agonists diminish it, although CB1 receptor agonists may allevi-
ate the symptoms of nicotine withdrawal. Unfortunately, the CB1 receptor inverse-
agonist/agonist rimonabant, which was found to have efficacy for the treatment of 
tobacco dependence in humans, was hampered by adverse side effects. It remains 
to be seen whether CB1 receptor antagonists without inverse-agonist activity will 
be safe and effective for this purpose. Another potential way to decrease tobacco 
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use through manipulation of the endocannabinoid system is with FAAH inhibitors, 
which enhance levels of the endogenous CB1 receptor agonist anandamide as well 
as non-CB1 members of the extended endocannabinoid family (specifically, PPARα 
agonists). FAAH inhibitors show promise in preclinical research in models of on-
going nicotine use and relapse. It should be noted that there appear to be species 
differences with respect to FAAH-nicotine interactions, with rats and monkeys but 
not mice showing potentially beneficial effects of FAAH inhibitions, so it will be 
interesting to determine the effects of not only FAAH inhibitors but PPARα ago-
nists as smoking-cessation treatments in humans. There is some evidence that CB2 
receptor antagonists might be useful for reducing the rewarding effects of nicotine 
and alleviating nicotine withdrawal. Finally, interactive effects of nicotine and can-
nabinoid ligands on anxiety and memory have begun to be studied, and it appears 
that the prominent effects of cannabinoids on these processes indeed interact with 
the effects of nicotine.
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worldwide. Although the psychotropic effects of these drugs are mediated by dis-
tinct pharmacodynamic mechanisms, the similar physiological and neuropsycho-
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hol-induced disruptions in eCB-mediated synaptic plasticity. Associations between 
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with a possible role of dysregulated eCB signaling in symptoms of alcohol depen-
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of the eCB system as a viable treatment target for alcohol dependence.
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Introduction

Alcohol is one of the most widely used psychoactive drugs worldwide. Marijuana 
is the most commonly used illicit drug [1] and is also the most commonly used il-
licit drug by alcohol dependent individuals. Recent studies indicate that 25–55 % 
of alcohol dependent subjects use both alcohol and marijuana, frequently on the 
same day and often simultaneously (2–6). The prevalence of this co-abuse is more 
than 2-fold higher than the concurrent use of alcohol with opioids, cocaine or other 
substances.

Evidence linking the neuropsychological effects of alcohol and cannabis has ex-
isted for more than 40 years. Early studies in humans revealed evidence of cross-
tolerance to alcohol among cannabis users [7, 8] and subsequent studies in rodents 
definitively demonstrated a symmetrical cross-tolerance between these abused 
drugs [9–16].

Although the subjective effects of alcohol and cannabis are distinct, these drugs 
induce a number of similar physiological and behavioral effects. Both substances 
produce depressant effects including hypolocomotion, hypothermia and ataxia [17–
20], and both substances impair memory, attention and psychomotor performance 
[21–23] and do so in a synergistic manner [8, 24, 25]. Alcohol and cannabis produce 
comparable disruptions of sleep patterns [26–28] and both drugs decrease subjec-
tive time estimation [[7, 29, 30] but see [23]].

This chapter will describe evidence demonstrating that exogenous cannabinoid 
receptor agonists enhance the motivational properties of alcohol while cannabi-
noid receptor antagonists diminish alcohol reward. This relationship has sparked 
the hypothesis that alcohol consumption engages the brain endogenous cannabi-
noid (eCB) system in a manner that contributes to the motivational effects of acute 
and chronic alcohol consumption. Accordingly, we will review existing evidence 
that clinically relevant levels of alcohol exposure disrupt brain eCB formation and 
eCB-mediated synaptic plasticity along with evidence that manipulations of eCB 
processing influence the motivation for alcohol consumption. Evidence implicating 
genetic disruptions in cannabinoid signaling in the etiology of alcohol use disorders 
is discussed along with a review of clinical studies on the efficacy of therapeutics 
targeting the cannabinoid system for problem alcohol use.

Effect of Cannabinoid Agonists on Alcohol Consumption

Data collected to date invariably suggest that cannabinoid receptor agonists stimu-
late alcohol drinking and alcohol self-administration in laboratory rodents. Acute 
or repeated intraperitoneal (i.p.) or subcutaneous (s.c.) administration of the syn-
thetic cannabinoid type-1 (CB1) receptor agonists CP 55,940 (3–50 μg/kg, i.p.) 
and WIN 55,212–2 (0.5–2 mg/kg, i.p. or s.c.) has been reported to substantially 
stimulate alcohol drinking in selectively bred Sardinian alcohol-preferring (sP) rats 
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(31) and mice [32, 33] exposed to the standard, homecage 2-bottle “alcohol vs wa-
ter” choice regimen. Under this experimental procedure, rodents are exposed to the 
choice between a relatively low concentrated alcohol solution (usually 10 % v/v) 
and water and freely allowed to consume alcohol. This procedure—largely used 
because of its relative simplicity—provides information of the mere consumption 
of alcohol. It possesses considerable predictive validity, especially when applied to 
rats selected for high alcohol intake. More recently, acute treatment with 0.5 mg/kg 
WIN 55,212–2 (i.p.) has also been found to increase alcohol intake in an interesting 
mouse model of binge-like drinking [34].

Several studies have also tested the capacity of cannabinoid agonists to modulate 
operant responding for orally available alcohol self-administration in rats. Under 
these procedures, alcohol is made available to rats via completion of a behavioral 
response (usually, responding on a lever for a given number of times), to allow the 
reinforcing and motivational properties of alcohol to be assessed (in addition to its 
mere consumption). The most common form of operant alcohol self-administration 
employs a fixed ratio (FR) schedule of reinforcement, in which the response re-
quirement (RR; i.e., the “cost” of each alcohol presentation in terms of number 
of responses on the lever) is predetermined and kept fixed throughout the session 
(providing a measure of both alcohol consumption and reinforcing properties of 
alcohol). Under an FR schedule of reinforcement pre-treatment with synthetic CB1 
receptor selective agonists such as CP 55,940 (1–50 μg/kg, i.p.) or WIN 55,212–2 
(0.5–2 mg/kg, i.p.) increased operant responding for alcohol in rat lines selectively 
bred for high alcohol preference and consumption including the alcohol-preferring 
Alko Alcohol (AA) line [35] and Indiana P line [36]. Similar CB1 receptor agonist-
induced enhancement of FR responding for alcohol has been observed in unselected 
Wistar rats [37]. Moreover, CB1 receptor agonists increase responding for alcohol 
under progressive ratio (PR) schedules of reinforcement. Under the PR schedule the 
RR is progressively increased after the delivery of each reinforcer and the lowest 
ratio not completed (termed the “breakpoint” of responding) is taken as a measure 
of the animals’ motivation to obtain the alcohol reinforcer. Pre-treatment with either 
CP 55,940 or WIN 55,212–2 has been shown to increase the breakpoint of respond-
ing for alcohol by alcohol-preferring AA and P rats as well as non-selected Wistar 
rats [35–37]. Additional studies have investigated the effect of CB1 receptor ago-
nists in a rat model of alcohol relapse named “alcohol deprivation effect” (ADE). 
ADE is defined as the temporary increase in voluntary alcohol intake or operant 
self-administration—often doubling baseline—occurring after a period of forced 
abstinence, or deprivation, from alcohol [38, 39]. Treatment with WIN 55,212–2 
(0.4–10 mg/kg, s.c.) increased the ADE in rats tested with operant procedures of 
alcohol self-administration [40–42]. Collectively, these findings demonstrate that 
potent, synthetic CB1 receptor agonists enhance the motivation for alcohol and in-
crease overall alcohol consumption.

Similar data have also been collected with ∆9-Tetrahydrocannabinol (∆9-THC; 
the primary psychoactive constituent of Cannabis sativa. Acute ∆9-THC admin-
istration (0.3–3 mg/kg, i.p.) dose-dependently stimulated alcohol intake (up to 
40–45 %) in alcohol-preferring sP rats exposed to the homecage 2-bottle “alcohol 
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vs water” choice regimen (Fig. 14.1); the effect of ∆9-THC tended to be selective 
for alcohol intake, as water intake was not affected by treatment with ∆9-THC. A 
previous study [13] reported that acute intragastric (i.g.) administration of relatively 
high doses of ∆9-THC (3–30 mg/kg) resulted in a non-specific decrease in alcohol 
self-administration in unselected rats. It is likely that sedative effects produced by 
these doses of ∆9-THC may have affected the normal rates of drinking, contribut-
ing to the observed reduction in alcohol intake. Accordingly, when ∆9-THC was 
repeatedly administered for 3 consecutive weeks—and tolerance to some effects 
of ∆9-THC, including sedation, likely developed—alcohol intake increased above 
control levels [13]. Notably, acute treatment with 1 mg/kg ∆9-THC reinstated unre-
inforced alcohol-seeking behavior in rats [43].

Increased alcohol consumption evident following CB1 receptor agonist pre-
treatment has been shown to be associated with a proportional increase in blood 
alcohol concentrations [31]. This discounts the possibility that rodents alter their 
alcohol intake in compensation for diminished alcohol absorption secondary to 
cannabinoid-induced disruptions in gastric emptying and intestinal peristalsis, and 
suggests that cannabinoid agonists likely induce an upward shift in the set-point 
controlling alcohol drinking behavior. Enhancement of alcohol consumption by CP 
55,940, WIN 55,212–2 and ∆9-THC are abolished by pre-treatment with per se 
ineffective doses of the CB1 receptor antagonist Rimonabant (SR141716A) [31, 32, 

Fig. 14.1  Stimulating effect of the cannabinoid receptor agonist, ∆9-Tetrahydrocannabinol 
(∆9-THC), on alcohol intake in selectively bred, Sardinian alcohol-preferring (sP) rats. Alcohol 
(10 % v/v) was offered under the standard, homecage 2-bottle “alcohol vs water” choice regimen 
with unlimited access for 24 hours/day. The test day with ∆9-THC was conducted after approxi-
mately 4 weeks of exposure to the 2-bottle choice regimen (“alcohol-experienced” rats, experi-
mental model of the active drinking phase of human alcoholism). On the test day, alcohol and 
water intake was recorded 60 min after lights off. ∆9-THC (0.3–3 mg/kg, i.p.) was administered 
acutely 20 min before lights off. ∆9-THC was suspended in 3 ml/kg in a 1:1:18 mixture made up 
of ethanol, Tween 80, and saline. Each bar is the mean ± SEM of n = 12 rats. ANOVA results: (a) 
alcohol intake: [F(3;44) = 3.38, P < 0.05]; (b) water intake: [F(3;44) = 0.69, P > 0.05].*: P < 0.05 
with respect to vehicle-treated rats (Newman-Keuls test)
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37], suggesting that the effects of these cannabinoid agonists are indeed secondary 
to activation of the cannabinoid CB1 receptor. Additionally, the enhancement of al-
cohol self-administration by CP 55,940-, WIN 55,212–2-, and ∆9-THC is prevented 
by pre-treatment with (a) the opiate receptor antagonist naloxone [31, 37], (b) the 
GABAB receptor agonist baclofen [44], (c) the serotonin 5-HT3 receptor antagonist 
tropisetron [45], and (d) the serotonin 5-HT1A receptor agonist, 8-OH-DPAT [32]. 
This suggests a complex interplay of neural mechanisms contributing to the effects 
of cannabinoids on alcohol-related behaviors.

Pertaining to the mechanism by which WIN 55,212–2, CP 55,940, and ∆9-THC 
exert their stimulating effect on alcohol intake and alcohol self-administration, 
it can be hypothesized that cannabinoids produced a “priming” effect on alcohol 
seeking and taking. This hypothesis is based on the notion that cannabinoids and 
alcohol share several central effects and interactions [46], including activation of 
the mesolimbic dopamine neurons of the ventral tegmental area and stimulation of 
dopamine release in the nucleus accumbens [47–50], i.e. events likely associated to 
the “rewarding” properties of drugs of abuse. Thus, it can be proposed that canna-
binoid-induced stimulation of the mesolimbic dopamine system may function as a 
“primer” on alcohol intake, mimicking the effect of alcohol, and triggering alcohol 
intake to additionally stimulate the system.

Effect of Cannabinoid Antagonists on Alcohol 
Consumption

The majority of studies characterizing the effects of cannabinoid receptor antago-
nism on alcohol-related effects have employed the prototypic cannabinoid CB1 re-
ceptor antagonist/inverse agonist, Rimonabant (also known as SR141716 or Acom-
plia®). However, as discussed below some results obtained with Rimonabant have 
been reproduced using distinct CB1 receptor antagonists/inverse agonists, including 
Surinabant, LH-21, AM251, and SLV330.

Since the very first studies in the late 1990’s [51, 52], numerous studies have 
investigated the effect of acutely or repeatedly administered rimonabant on alco-
hol drinking behavior in rats and mice exposed to the standard, homecage 2-bottle 
“alcohol vs water” choice regimen. When repeatedly administered during the initial 
period of alcohol exposure, Rimonabant (0.3–10 mg/kg, i.p.) has consistently been 
reported to block the acquisition of alcohol drinking behavior in (a) alcohol-pre-
ferring (sP) [53, 54] and P [36] rats, (b) non-selected rats made alcohol-dependent 
by prolonged exposure to alcohol vapors [56], and (c) C57BL/6 mice known for 
high levels of alcohol consumption [51, 57]. These data suggest that Rimonabant 
diminishes the psychopharmacological effects that sustain alcohol drinking in rats 
and mice and implicate CB1 receptors in the development of high levels of alcohol 
preference and consumption. Indeed, CB1 receptor knockout mice exhibit dimin-
ished acquisition of alcohol drinking behavior and lower levels of daily alcohol 
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preference and consumption in comparison to wild type mice ([33, 57–61] but see 
also [62]). Thus, diminished CB1 receptor function—either through pharmacologi-
cal or genetic approaches—diminishes the acquisition of alcohol drinking behav-
iors in rats and mice[34].

Several studies have also evaluated the effects of Rimonabant on alcohol con-
sumption by rodents with already established patterns of alcohol consumption result-
ing in pharmacologically-relevant blood alcohol levels (e.g. models of the active, or 
on-going, drinking phase of human alcoholism). Acute or repeated administration 
of Rimonabant (0.15–10 mg/kg, i.p.) reduced alcohol intake—with relatively good 
selectivity with respect to water and food intake—in (a) alcohol-preferring sP [45, 
52, 54], P [55], and Warsaw High Preferring [63] rats, (b) unselected Wistar rats 
[64], (c) and C57BL/6 mice [32, 33, 59, 65]. These results demonstrate the capacity 
of Rimonabant to decrease alcohol intake and preference in rats and mice displaying 
consolidated high alcohol consumption and preference.

Additional studies have investigated the effects of Rimonabant on the motivation 
for alcohol consumption using operant alcohol self-administration procedures. Vir-
tually all studies conducted to date have reported that acute and repeated, systemic 
treatment with Rimonabant (0.3–10 mg/kg, i.p.) suppressed alcohol self-adminis-
tration under an FR schedule of reinforcement (varying from FR1 to FR5) by (a) 
selectively bred alcohol-preferring AA [66], P [36], and sP [67] rats as well as (b) 
unselected Wistar rats [68–70]. Rimonabant pre-treatment (0.3–3 mg/kg, i.p.) also 
significantly reduces the breakpoint of responding for alcohol under a PR schedule 
of reinforcement by unselected Wistar rats [68] and suppresses non-reinforced ex-
tinction responding (ER) for alcohol by alcohol-preferring sP rats—a different mea-
sure of the motivation for alcohol reward [71]. Rimonabant exhibits relatively mod-
est selectivity for reducing alcohol self-administration vs. the self-administration of 
non-drug reinforcers such as food, sucrose or saccharin [66, 68]. This is not wholly 
unexpected, however, as Rimonabant is known to suppress the motivation for even 
highly palatable foods [72].

Several studies have sought to characterize the neural substrates through which 
Rimonabant diminishes alcohol self-administration. In alcohol-preferring AA rats, 
alcohol self-administration was reduced following localized Rimonabant infusions 
into the nucleus accumbens [35], ventral tegmental area (VTA) [35] and prefron-
tal cortex (PFC) [66]. Similarly, alcohol self-administration by non-selected Wistar 
rats is reduced following Rimonabant infusions into the nucleus accumbens [73, 
74] and posterior portion of the VTA [74], though no disruptions in alcohol self-
administration were evident following infusions into the anterior VTA or medial 
PFC [74]. Together, these data suggest that CB1 receptors in key areas of the me-
solimbic dopamine system (nucleus accumbens, VTA) [the brain “reward” system 
[75]], as well as the PFC (in some rat lines) contribute to the motivation for alcohol 
self-administration.

Several studies have also characterized the effects of CB1 receptor antagonism 
on alcohol-seeking behaviors in animal models of relapse. In the ADE model of 
alcohol-seeking, Rimonabant (0.3–3 mg/kg, i.p.) has been shown to completely 
suppress excessive alcohol intake by alcohol-preferring sP [54, 76] and P [55] rats 
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in the 2-bottle choice paradigm, and to reduce the ADE in P rats in the operant 
paradigm [36]. In another model of relapse-like behavior, lever-pressing is extin-
guished by the removal of the alcohol reinforcer and associated conditioned cues, 
following which lever-pressing can be reinstated by the presentation of alcohol-re-
lated conditioned cues predictive of alcohol availability [77–80]. Using this model, 
Rimonabant has been shown to block cue-induced reinstatement of alcohol-seeking 
in both alcohol-preferring P rats [36] and non-selected Wistar rats [68]. Collec-
tively, these findings demonstrate that Rimonabant suppresses alcohol-seeking be-
havior in a manner consistent with the “anti-alcohol” profile of this CB1 receptor 
antagonist/inverse agonist.

Several of the observations made using Rimonabant have been reproduced us-
ing distinct CB1 receptor antagonists/inverse agonists. For example, Surinabant 
(SR147778; structurally analogous to Rimonabant), LH-21, AM251, and SLV330 
have each been reported to suppress alcohol drinking in the 2-bottle choice para-
digm (both acquisition and maintenance phases), operant alcohol self-administra-
tion, the ADE and the reinstatement of alcohol-seeking behavior in rats [69, 82–86]. 
These observations underscore the likely involvement of CB1 receptors in modulat-
ing alcohol-related behaviors, and discount the likelihood of off-target influences of 
Rimonabant in the many studies described above.

It is worth noting that a synergistic effect of Rimonabant and opioid receptor 
antagonists has been observed in the modulation of alcohol-related behaviors. For 
example, combined pre-treatment with per se ineffective doses of Rimonabant and 
either naloxone or naltrexone reduced 2-bottle choice alcohol consumption by al-
cohol-preferring sP rats [87, 88] and non-selected Wistar rats [64], reduced operant 
alcohol self-administration by Wistar rats [64] and blocked the ADE in Wistar rats 
[64]. These results are consistent with a series of experimental data suggesting the 
existence of functional links between the actions of opioids and cannabinoids and 
the hypothesis that this interaction extends to the control of different alcohol-related 
behaviors [89].

Role of the Endogenous Cannabinoid System in Alcohol-
Related Behavior and Physiology

As reviewed above, a substantial literature indicates that CB1 receptors exert a fa-
cilitory influence on alcohol preference and consumption. The consistent reduction 
in alcohol reward produced by CB1 receptor antagonism has led to the hypothesis 
that alcohol consumption engages the brain eCB system in a manner that contrib-
utes to the motivational effects of acute and chronic alcohol consumption. This sec-
tion addresses this hypothesis by reviewing evidence that alcohol exposure alters 
brain eCB formation and eCB-mediated mechanisms of synaptic plasticity, and that 
the behavioral effects of alcohol are influenced by modulation of eCB processing 
mechanisms.
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Introduction to the Endocannabinoid System

The primary endogenous ligands of cannabinoid receptors (i.e. CB1 and CB2) are N-
arachidonyl-ethanolamine (anandamide or AEA [90], and 2-archidonoyl-glycerol 
or 2-AG [91, 92]). Although a host of other endogenous lipid molecules also exert 
cannabinoid-like effects [93–99] there is presently little known regarding the influ-
ence of these substances on alcohol-related behaviors and the sections that follow 
will focus primarily on the effects produced by AEA and 2-AG.

Due to their lipophilic nature, eCBs cannot be stored by vesicles and are synthe-
sized “on demand” via cleavage from membrane lipid precursors and immediate ex-
trusion from neurons through distinct calcium-dependent mechanisms. AEA derives 
from the phospholipid precursor N-arachidonoyl-phosphatidylethanolamine [100, 
101]] though several different mechanisms have been proposed for the conversion 
of NAPE to AEA [102–105] and the precise biosynthetic pathways contributing to 
AEA formation remain controversial. 2-AG is derived from the hydrolytic metabo-
lism of 1,2-diacylglycerol (DAG) by two sn-1-selective DAG lipases, DAGL-α and 
DAGL-β [93, 101, 106], although alternate pathways have been described [92].

Inactivation of eCB signaling is mediated via cellular reuptake into both neu-
rons and glial cells [107, 108] followed by intracellular hydrolysis. AEA and other 
ethanolamides are degraded by fatty acid amide hydrolase [109, 110]], and 2-AG 
is mainly degraded by monoacylglycerol lipase [MAGL [111]], although other en-
zymes such as ABHD6 and ABHD12 also participate in 2-AG degradation [111, 
112]. Interestingly, while FAAH is present in postsynaptic cells (e.g. near the origin 
of eCB synthesis), both MAGL and CB1 receptors are localized in presynaptic ter-
minals [113–115]. This organization suggests that AEA may be more involved in 
tonic activation of CB1 receptors, while 2-AG participates in more rapid, short-lived 
responses that occur in response to discrete stimuli [116].

The physiological and behavioral effects produced by eCBs result from inter-
actions with cannabinoid CB1 and CB2 receptors as well as non-CB receptors. In 
general, CB1 receptors are found on presynaptic terminals of neurons in the brain 
and peripheral tissues [117–123], while CB2 receptors are mostly found on immune 
cells in peripheral tissues [124, 125]. However, recent evidence suggests that CB2 
receptors are also expressed in the CNS on microglia [126–128] and neurons [129–
133] where these receptors can be markedly induced by a variety of insults. CB1 
and CB2 receptors are coupled to signal transduction systems associated with Gi/
Go proteins, and their activation reduces adenylate cyclase activity, reduces Ca2 + in-
flux, stimulates inwardly rectifying potassium channels and activates the mitogen-
activated protein kinase pathway [134–136].

AEA binds with slightly higher affinity to CB1 than CB2 receptors, and is a par-
tial agonist at both CB receptors with lesser efficacy at CB2 than CB1 receptors 
[137]. 2-AG binds with more or less equal affinity at both receptor types, and has 
greater potency and efficacy than AEA at these receptors [137]. AEA and 2-AG also 
function as agonists at orphan G-protein coupled receptors that may be members 
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of the cannabinoid receptor family such as G-protein coupled receptor 55 (GPR55) 
and 119 (GPR119) [137–141]. AEA also potently activates non-cannabinoid recep-
tors such as transient receptor potential vanilloid type-1 (TRPV1) receptors [142]. 
The functional relevance of AEA activation of TRPV1 receptors is the subject of 
ongoing studies, and remains to be characterized.

Evidence of Alcohol-Induced Alterations in Brain eCB Formation

Several observations have led to the hypothesis that alcohol consumption increases 
brain eCB formation and that long-term alcohol exposure can thereby lead to dis-
ruptions in eCB signaling. Chronic alcohol exposure down-regulates CB1 receptor 
expression and function in rodent brain [54, 143–148]. Several post-mortem studies 
of brain tissue from alcohol dependent patients have demonstrated disrupted CB1 
receptor expression in the PFC and ventral striatum [149, 150]. In vivo imaging 
studies have reported decreased CB1 receptor availability in heavy drinking alco-
holics that persist for at least 1 month of abstinence [151, 152] but see [153]]. Fur-
ther, CB2 and GPR55 expression are significantly higher in human monocyte-de-
rived dendritic cells from heavy drinkers vs. controls (these cells are pivotal antigen 
presenting cells of the immune system) [154]. Although these findings in humans 
may be related to variants in the genes encoding cannabinoid receptors (see section 
5 below), a common interpretation is that these CB1 receptor adaptations result in 
part from prolonged alcohol-induced increases in brain eCB levels, similar to CB1 
down-regulation that occurs following long-term exposure to synthetic CB1 recep-
tor agonists [155–157]. This interpretation is further supported by evidence of a 
transient recovery (and perhaps up-regulation) of CB1 receptor function during pro-
tracted alcohol abstinence [145, 147]. Chronic alcohol exposure also disrupts gene 
expression for the primary eCB clearance enzymes, FAAH and MAGL, in a man-
ner that is sensitive to the intermittent nature of alcohol exposure and post-alcohol 
abstinence period [158]. Collectively there is substantial biochemical evidence that 
long-term alcohol exposure disrupts eCB processing and signaling mechanisms.

Several studies have sought to directly evaluate alcohol-induced alterations in 
brain eCB formation. Early studies by Basalingappa Hungund demonstrated that 
chronic alcohol exposure increases both AEA and 2-AG formation in human neuro-
blastoma cells and primary cultures of rodent neurons [144, 159, 160]. Subsequent 
studies evaluated alterations in eCB levels extracted from post-mortem brain tissue 
following acute and chronic alcohol exposure and while the results clearly demon-
strate alcohol-induced alterations in brain eCBs, substantial inconsistencies among 
studies make it difficult to draw clear conclusions on the direction of change and re-
gional nature of the effects. For example, while some studies report increased AEA 
content in the limbic forebrain and nucleus accumbens (NAc) of alcohol-exposed 
rats [145, 161–163] consistent with a reduction in FAAH activity following chron-
ic alcohol [145], other studies report significant decreases in AEA in components 
of the limbic forebrain such as the amygdala, hippocampus, and PFC [163, 164]. 
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Moreover, alcohol consumption is reported to both increase and decrease AEA con-
tent in the caudate putamen [163, 164]. With regard to 2-AG, alcohol is reported 
to both increase and decrease 2-AG content in striatal tissue [54, 161, 162], and to 
decrease 2-AG content in PFC tissue [163, 164]. Recently, one study reported that 
2-AG striatal content was increased during the acquisition phase of alcohol drink-
ing in sP rats, whereas the maintenance phase was associated with increases in both 
AEA and 2-AG [54]. Also, withdrawal from chronic intermittent alcohol exposure 
produced an increase in levels of both eCBs in the rat hippocampus [147]. These 
distinct findings may result from differences in rat strain, gender, amount of daily 
alcohol consumption, duration of alcohol exposure, and post-exposure time that 
was evaluated. Moreover, quantification of tissue eCB content is highly sensitive to 
the procedures employed for tissue preparation, eCB extraction and analysis [165], 
and these and other methodological differences likely underlie the many discrepant 
literature reports on alcohol-induced alterations in brain eCB levels.

The effects of acute and chronic alcohol have also been studied using in vivo 
microdialysis procedures. Voluntary alcohol self-administration is reported to ro-
bustly increase nucleus accumbens dialysate 2-AG levels without altering AEA 
levels, with the rise and fall of dialysate 2-AG content aligning with the pattern of 
blood alcohol concentrations typically observed following oral consumption [73]. 
Interestingly, involuntary administration of moderate alcohol doses produces a mild 
increase in dialysate 2-AG levels, while reducing AEA levels in the NAc of alco-
hol-naïve rats [166, 167] though higher doses induce a mild increase in dialysate 
AEA levels [148]. As compared with voluntary alcohol self-administration these 
findings suggest that the volitional nature of alcohol exposure (e.g. voluntary vs. 
forced administration) may differentially impact eCB responses. Available evidence 
also demonstrates that alcohol induces region-specific alterations in brain eCBs as 
significant alcohol-induced disruptions in eCB levels are consistently observed in 
striatal regions [73, 148, 166, 167] while alcohol-induced disruptions in frontal cor-
tical eCB levels are not evident [74].

Evidence of Alcohol-Induced Disruptions in eCB-Mediated 
Synaptic Plasticity

It is well established that eCBs serve as retrograde messengers at neuronal syn-
apses in the CNS [168–171] and contribute to different forms of short and long-term 
synaptic plasticity [171–177]. Synaptic plasticity is considered one of the primary 
mechanisms underlying learning and memory processes, and is thought to be vital 
for experience-dependent modifications in neural function that underlies behavioral 
flexibility. In this context, several conceptualizations of addiction theorize that al-
cohol and drug exposure disrupt plasticity mechanisms resulting in pathology of 
learning and memory mechanisms in brain reward circuits [178–182].

Acute and repeated alcohol exposure disrupts eCB-mediated synaptic plastic-
ity. Short periods of low-frequency stimulation produce a CB1 receptor-dependent 
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long-lasting disinhibition (DLL) of striatal output neurons as a result of reduced 
synaptic strength at inhibitory synapses [183]. Acute exposure of striatal slices to 
moderate alcohol doses substantially reduces eCB-mediated DLL in the dorsolateral 
striatum [184]. DLL is also significantly reduced in the dorsolateral striatum of rats 
following long-term voluntary alcohol consumption [185]. Endocannabinoid-medi-
ated long-term depression (LTD) at inhibitory striatal synapses is also reduced by 
acute alcohol, though no significant alcohol effects are evident on LTD of excitatory 
synapses [184]. Because the dorsal striatum is involved in reward-guided learning 
and habitual behavior [186, 187] it is possible that alcohol-induced interference in 
eCB-LTD contributes to maladaptive habitual behavior associated with addiction. 
Indeed, recent work from the Holmes lab demonstrates that CB1 receptor-dependent 
long-term depression is absent in the dorsolateral striatum of mice following chron-
ic intermittent alcohol exposure [188]. This disruption in eCB-mediated plasticity 
was associated with enhanced neuronal encoding of striatal-based behaviors, which 
may drive aberrant reward learning and modulation of rewarded behavior in a man-
ner that contributes to the progression of alcoholism.

Effects of Altered eCB Clearance on Alcohol Consumption, 
Alcohol Reward and Alcohol-Seeking Behavior

As reviewed earlier, substantial evidence demonstrates that CB1 receptor agonists 
increase the rewarding effects of alcohol and increase alcohol consumption. Con-
versely, reductions in CB1 receptor function (either pharmacologically or genetical-
ly) decrease alcohol preference and consumption, and prevent alcohol-induced ac-
tivation of the mesolimbic dopamine system. Although these findings demonstrate 
a facilitory CB1 receptor influence on alcohol consumption, they do not necessarily 
implicate alcohol-induced alterations in eCB signaling in the motivation for alcohol 
consumption. To more directly address this issue several studies have characterized 
the effects of eCB clearance inhibition on alcohol consumption.

Acute administration of the FAAH inhibitor URB597 increases alcohol prefer-
ence and consumption in wildtype mice, though this compound does not produce 
these effects in either CB1 receptor or FAAH knockout mice [189–191]. This indi-
cates that the effects of URB597 are mediated through its actions on FAAH, and 
that the resultant effect on alcohol consumption relies on CB1 receptor signaling. 
FAAH knockout mice also exhibit enhanced alcohol preference and consumption 
relative to wildtype mice, and the lack of genotypic differences in the consumption 
of non-alcoholic tastants such as saccharin or quinine suggests an alteration in the 
pharmacological effects of alcohol [189–191]. However, FAAH deficient mice are 
less sensitive to alcohol-induced motor incoordination and intoxication [190] that 
may allow these animals to consume more alcohol without behavioral impairment. 
As such, it is not clear whether FAAH deletion/inhibition confers increased alcohol 
reward or simply a greater capacity for alcohol intake. In contrast to these obser-
vations in mice, systemic URB597 administration was not found to alter alcohol 
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consumption under 2-bottle choice or operant procedures or to affect reinstate-
ment of alcohol-seeking behavior in either Marchigian Sardinian alcohol-preferring 
(msP) rats or non-selected Wistar rats [66, 70]. However, more regionally specific 
impairments in FAAH activity may exert greater influences on alcohol consumption 
by rats based on evidence that alcohol-preferring AA rats exhibit reduced FAAH 
expression and activity in the PFC, and that intra-PFC URB597 administration in-
creases alcohol consumption by non-selected Wistar rats [66].

Other than inhibitors of FAAH activity very few pharmacological tools have 
been available for selectively manipulating eCB clearance. One study evaluated 
the effects of the putative eCB reuptake inhibitor AM404 and observed a reduction 
in operant alcohol self-administration by Wistar rats at AM404 doses that did not 
alter saccharin self-administration [192]. However, this effect was not blocked by 
CB1, CB2 or TRPV1 receptor antagonists suggesting that the effects of this com-
pound were not mediated through enhanced eCB signaling. Despite evidence of 
alcohol-induced increases in brain 2-AG formation [73, 74, 167] there are to date 
no published experiments characterizing the effects MAGL inhibition on alcohol 
consumption and related alcohol-induced effects. This is anticipated to be alleviated 
in the near future however in light of the recent availability of selective and effica-
cious MAGL inhibitors [193, 194].

As previously reviewed, exogenous CB1 receptor agonists increase alcohol-
seeking behavior following periods of abstinence [40–43] and CB1 receptor an-
tagonists attenuate the reinstatement of alcohol-seeking [36, 40, 41, 54, 55, 68, 
76, 82, 84–86, 195]. At the present time the effects of eCB clearance inhibition 
on alcohol-seeking behavior have not been extensively evaluated. Cippitelli and 
colleagues have reported that neither the FAAH inhibitor URB597 nor the puta-
tive eCB reuptake inhibitor AM404 alter cue- or stress-induced reinstatement of 
alcohol-seeking behavior [70, 192]. There are presently no reports characterizing 
the effects of MAGL inhibition on the reinstatement of alcohol-seeking behavior.

Genetic Variants in Endocannabinoid Signaling 
and Alcohol use Disorders

Several genetic polymorphisms of eCB-related genes have been linked to alcohol 
abuse. Most studies have focused on the CNR1 gene that encodes the cannabinoid 
receptor CB1. Among the first polymorphisms reported in this system was a triplet 
repeat of varying number (AAT)n in the 3′-flanking region of the CNR1 (CB1) ge-
netic locus [196]. A significant relationship between this triplet repeat marker and 
decreased P300 event-related potential amplitudes has been reported in subjects 
with alcohol and substance abuse disorders [197]. Further, a 6-repeat allele of the 
triplet repeat polymorphism (AATn/A6) is significantly associated with impulsiv-
ity in a Native American population demonstrating a high lifetime prevalence of 
substance dependence [198]. A similar polymorphism was observed in male Span-
ish alcoholics with a history of childhood ADHD [199]. Other studies have linked 
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this triplet repeat marker with psychostimulant and cannabis dependence in non-
Hispanic Caucasians and an African-Caribbean population [200, 201]. However, 
several studies have failed to find a significant linkage between the (AAT)n poly-
morphism and drug dependence [202–205].

Another CNR1 gene polymorphism is a silent mutation that results in the substi-
tution of G to A at nucleotide position 1359 in codon 435 (Thr) [206, 207]. A modest 
association between the A/A genotype and alcohol withdrawal delirium has been 
reported in German patients who are A/A homozygous [208], though further studies 
in a similar population did not replicate this finding or correlate this polymorphism 
with alcohol dependence [209, 210].

CNR1-associated SNPs, particularly rs6454674, rs806368, rs1049353 and 
rs1535355 are also associated with alcohol dependence in European Americans, 
African-Americans and Europeans [210–213]. The C allele of rs2023239 appears 
to be associated with greater CB1 receptor binding in the PFC, greater alcohol cue 
elicited brain activation in the midbrain and PFC and greater subjective reward 
when consuming alcohol [214, 215]. Interestingly, this allele is also associated with 
more positive outcomes in individuals receiving Olanzapine, a medication that 
targets mesocorticolimbic circuitry [214]. Four SNPs in or near the CNR1 gene 
(rs1535225, rs2023239, rs1049353, rs806368) are associated with increased im-
pulsivity in a Native American population characterized by a high prevalence of 
alcoholism and substance abuse [198].

Several recent reports suggest that genetic alterations in FAAH expression or 
function confer susceptibility to problem alcohol and drug use. For example, FAAH 
expression and function are reduced in the PFC of rats selectively bred for high al-
cohol preference and consumption [66]. Consistently, genetic deletion of FAAH re-
sults in increased alcohol preference and consumption in mice [189–191]. Animals 
lacking FAAH are also less sensitive to alcohol-induced motor incoordination and 
exhibit reduced signs of alcohol withdrawal, leading to the theory that reductions 
in the aversive effects of alcohol intake confer increased motivation for alcohol 
consumption. FAAH knockout mice also display enhanced sensitivity to both the 
rewarding effects of nicotine and the aversive effects of nicotine withdrawal [216], 
though ∆9-THC dependence and precipitated withdrawal appear to be unaltered by 
FAAH deletion [217]. Collectively these findings in rodents suggest that genetic 
disruption of FAAH function results in altered sensitivity to some abused drugs 
such as alcohol and nicotine.

In humans, a missense SNP in the FAAH DNA sequence has been identified 
(C385A, rs324420) that leads to a conserved proline to threonine (P129T) conver-
sion in the FAAH amino acid sequence that results in reduced FAAH activity and a 
presumed increase in levels of AEA and other FAAH substrates (218). Initial reports 
described a significant association between the C385A polymorphism and problem 
drug use [219, 220]. Further characterization has shown this FAAH mutation to be 
strongly associated with risk for frequent sedative use, though individuals with this 
SNP do not appear to be at greater risk for alcohol, nicotine or methamphetamine 
use or dependence [221, 222]. However, carriers of the FAAH C385A SNP display 
increased ventral striatal reactivity associated with delay discounting, a behavioral 
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index of impulsivity and reward sensitivity [223]. Moreover, C385A carriers ex-
hibit a markedly decreased relationship between threat-related amygdala reactivity 
and trait anxiety, similar to patterns observed in individuals with high familial risk 
for alcoholism [224]. These findings suggest that dysregulation of FAAH function 
through the C385A polymorphism confers increased impulsivity and decreased 
threat perception that result in increased risk-taking behavior associated with addic-
tion. Moreover, genotype comparisons of the FAAH C385A polymorphism showed 
that CC carriers were over-represented among risky drinkers relative to A allele 
carriers [225].

Clinical Trials of Rimonabant for Treatment of Alcohol 
Dependence

As reviewed throughout this chapter a great deal of evidence implicates an involve-
ment of the eCB system in the neurobiology of alcohol dependence. In particular, 
substantial preclinical evidence indicates that CB1 receptor antagonism reduces al-
cohol preference, consumption, the motivation to obtain alcohol, the vigor of cue-
induced alcohol-seeking behavior and the magnitude of the ADE upon return to 
alcohol consumption following periods of abstinence. Based on this evidence two 
clinical trials have been conducted in human alcoholics to evaluate the efficacy of 
Rimonabant as a therapeutic for alcohol dependence.

The first trial was a 12-week Phase IIa (proof of concept), double-blind, pla-
cebo-controlled study of the efficacy of Rimonabant to prevent alcohol relapse in 
recently detoxified alcoholics [226]. To this end, 131 patients received Rimonabant 
(20 mg/day) while 127 patients received placebo. Compliance tended to be higher 
in Rimonabant than placebo group (71.8 % vs 62.2 %), the safety and tolerability 
of Rimonabant was good and the rate of adverse events was comparable between 
treatment groups. A statistically non-significant tendency toward a protective ef-
fect of Rimonabant was observed: at the end of the 12-week study, (a) 41.5 % and 
47.7 % patients in the Rimonabant and placebo groups, respectively, had relapsed to 
drinking, and (b) 27.7 % and 35.6 % patients in the Rimonabant and placebo groups, 
respectively, had relapsed to heavy drinking. A similar non-significant tendency 
toward beneficial effects in the Rimonabant patients was observed in the second-
ary outcomes (cumulative abstinence duration, percentage of drinking days, and 
percentage of heavy drinking days). The authors concluded that the unusually high 
positive response rate in the placebo group (e.g. number of control subjects main-
taining abstinence) confounded the evidence of a beneficial effect of Rimonabant, 
and suggested that longer duration trials may be informative.

The second trial was a Phase I/II, double-blind, placebo-controlled study de-
signed to assess the effect of Rimonabant on alcohol consumption in 49 non-treat-
ment seeking heavy alcohol drinkers [227]. The initial phase entailed a 2-week 
outpatient evaluation during which 18 patients received 20 mg/day Rimonabant 
and 21 patients received placebo. Rimonabant was not found to be efficacious for 
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reducing daily alcohol consumption in this phase of the trial. The second phase of 
the trial entailed an inpatient study evaluating the efficacy of 20 mg Rimonabant 
for reducing alcohol consumption in a laboratory “self-administration” paradigm. 
After consuming a priming dose of alcohol, patients had the option of consuming up 
to 8 alcoholic drinks or receiving a small amount of money for each drink that was 
declined. Rimonabant failed to significantly reduce the number of drinks consumed.

During the time in which Rimonabant was approved for clinical use in Europe 
(primarily for treating obesity), significant adverse psychiatric events were ob-
served including depression, anxiety and suicidal ideation [228] and based on this 
profile, the approved use of this drug was revoked [229].

Conclusions and Future Directions

As described above, substantial and long-standing evidence demonstrates strong in-
teractive effects between cannabinoid signaling and the behavioral effects produced 
by alcohol. A number of genetic variants in eCB signaling are associated with both 
alcohol dependence and psychiatric disturbances that are risk factors for the devel-
opment of problematic alcohol use. In particular, CB1 receptors play a facilitory role 
with regard to the motivation for alcohol and the regulation of alcohol consumption 
and substantial preclinical evidence demonstrates that CB1 receptor antagonism 
diminishes the motivation for alcohol, reduces alcohol consumption and attenu-
ates alcohol-seeking behavior in animal models of relapse. Despite these promising 
observations, initial clinical trials failed to observe significant therapeutic efficacy 
of the CB1 antagonist Rimonabant for reducing alcohol consumption or prolonging 
abstinence in alcohol dependent patients. Although improved experimental design 
may reveal beneficial effects of CB1 receptor antagonism for treating alcohol de-
pendence, these pharmacological agents are no longer approved for clinical use due 
to presentation of adverse psychiatric side-effects.

Despite some inconsistencies in the literature, a preponderance of evidence sug-
gests that alcohol exposure increases eCB formation in brain [54, 73, 145, 148, 
161–163, 166, 167]. Moreover, chronic alcohol exposure disrupts eCB clearance 
mechanisms [158], impairs eCB-mediated forms of synaptic plasticity [184, 185, 
188, 230] and down-regulates cannabinoid receptor function and expression in a 
manner that persists well into protracted alcohol abstinence [54, 143–148, 150–152, 
154]. Accordingly, alcohol dependence and protracted withdrawal may be charac-
terized by disruption in eCB signaling. This may be of relevance given that alcohol 
dependence and protracted withdrawal are characterized by increased prevalence of 
anxiety, depression and sensitivity to stressors [231–234] and eCB signaling plays 
a prominent role in the maintenance of affective state and the constraint of stress 
responsivity [235–243]. These symptoms of protracted withdrawal play a promi-
nent role in the relapse to heavy alcohol consumption [232, 234, 244] and if these 
symptoms derive in part from impaired eCB signaling, then therapeutic approaches 
aimed at restoring or bolstering cannabinoid signaling may have clinical benefit 
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for treating alcohol dependence. The use of exogenous CB1 receptor agonists for 
this purpose would likely be problematic as these compounds can promote alcohol-
seeking behavior, increase the magnitude of excessive alcohol consumption evident 
following periods of abstinence (e.g. the ADE) and can exacerbate withdrawal-
related affective disorders when administered at high doses. However, enhance-
ment of eCB tone through inhibition of eCB clearance may be a viable therapeutic 
approach in light of evidence that these manipulations constrain stress responses 
and produce anxiolytic- and antidepressive-like effects. Indeed, Cippitelli and col-
leagues have reported that acute FAAH inhibition ameliorates alcohol withdrawal-
related anxiety-like behavior without promoting alcohol-seeking behavior [70].

Importantly, because eCBs are generally produced in response to specific stimu-
li, the behavioral effects of moderate eCB clearance inhibition may be preferentially 
evident in limited circumstances such as exposure to stress or drug-associated con-
ditioned cues. eCB clearance inhibition may also facilitate region-specific increases 
in brain eCB signaling as a result of regionally distinct stimulus-induced eCB pro-
duction, thereby producing fewer unwanted behavioral effects than those produced 
by exogenous cannabinoid agonists that induce widespread cannabinoid receptor 
activation. Although initial studies have evaluated the effects of acute FAAH inhi-
bition on alcohol dependence-related behaviors [70, 192], the effects of long-term 
FAAH inhibition have not been characterized. Moreover, there is sparse knowledge 
regarding the effects of MAGL inhibition on alcohol dependence-related behaviors. 
These mechanisms reflect an important area of study involving the eCB system as a 
viable therapeutic target for alcohol use disorders and alcoholism.
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Abstract The growing use of cannabis in western societies is of significant con-
cern especially considering that its consumption has increased in teens who are 
most at risk for developing addictive disorders and other psychiatric illnesses linked 
to early cannabis exposure. Unfortunately recent years have also seen a surge in the 
abuse of opioid drugs, a phenomenon often predated by early cannabis use. More-
over, many abusers find greater reward by combining use of cannabis with opioids 
such as heroin. These patterns suggest possible synergistic interactions between 
cannabinoid and opioid systems underlying addiction and related psychiatric disor-
ders. This chapter reviews neurobiological systems relevant to reward, motivation 
and emotional regulation in which cannabinoids and opioids interact.

Keywords CB1 receptor · THC · Endocannabinoids · Heroin · Cannabis 
dependence · Co-abuse · Endorphin · Enkephalin · Dynorphin · PENK · PDYN

Introduction

It is estimated that over 7 % of adults and 6.5 % of teens smoke marijuana in the 
USA [1, 2], numbers that are unfortunately also now being mirrored in other west-
ern countries [3]. European and USA population surveys show that cannabis use in 
teenagers ranges between 10–40 % and is on an increased trajectory [1]. Epidemio-
logical studies consistently report that adolescent cannabis exposure precedes the 
use of heavy drugs of abuse such as heroin [4–6]. Indeed, over a quarter of indi-
viduals who progressed to illicit drug use had previous experience with marijuana, 
whereas only 2–3 % of legal drug users ( e.g., alcohol) without previous marijuana 
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experience progressed to illicit drug use. Evident limitations of human studies make 
it difficult to imply direct ‘gateway’ associations between cannabis and future use 
of other drugs of abuse given the many inherent confounds ( e.g., culture, family 
history and peer-pressure, accessibility to drugs) that are not possible to control in 
humans. However, animal experiments have provided direct evidence for a causal 
relationship between prior cannabiniod exposure and subsequent opioid use [re-
viewed in 7–9]. In addition to the suggested sequential sensitization of prior can-
nabis exposure for subsequent opiate use, many substance abusers tout the potentia-
tion of drug reward by the co-use of cannabinoids and opiates: “I barely enjoy my 
opiate high until I smoke weed:) It is my favorite drug combo.” [10] and “… opiates 
and ganja are my personal favorite drug-combo as well.. It almost seems impossible 
how well they go together…” [10].

Neurobiological studies have emphasized the necessity of the cannabinoid 
system for the rewarding effects of heroin. For example, administration of an-
tagonists at cannabinoid receptors block opioid reward as measured by drug self-
administration and conditioned place preference (CPP) models [11]. In addition, 
animals lacking the cannabinoid receptor 1 gene neither self-administer heroin 
[12, 13] nor develop morphine-induced CPP [14]. Other converging lines of re-
search from animal studies have documented strong neurobiological interactions 
between the cannabinoid and opioid systems, in particular with respect to drug re-
ward sensitivity. For example, animal studies have confirmed that prior exposure 
to ∆9-Tetrahydrocannabinol (THC), marijuana’s main psychoactive component, 
increases heroin self-administration behavior [15–17]. Moreover, exposure to syn-
thetic cannabinoid agonists increases heroin-induced CPP [18, 19]. The following 
sections provide an overview of the neurobiological systems highly implicated in 
drug abuse in which functional interactions between cannabinoid and opioid sys-
tems have been implicated.

Endocannabinoid System

The direct pharmacological effects of THC are mediated by the endocannabinoid 
(eCB) system which consists of at least two Gi/o protein-coupled receptors, CB1Rs 
and CB2Rs that are targeted by exogenous and endogenous cannabinoids. The 
CB1R is one of the most abundant G protein-coupled receptors in the brain with 
widespread expression in multiple regions [20, 21]. Once thought to be localized 
primarily to the periphery, recent studies also show a significant contribution of 
CB2R to behavior with its expression primarily in glia and lower abundance in cer-
tain neuronal populations [22–24]. Given the limited information currently known 
about the neuronal contribution of the CB2R subtype particularly in relation to can-
nabinoid-opioid interactions, this review focuses on the CB1R.

The endocannabinoid ligands include anandamide (arachidonoyl ethanolamide) 
(AEA), 2-arachidonoyl glycerol (2-AG), and 2-arachidonyl glyceryl ether [25], 
which are liberated by the enzymes N-acyl-phosphatidyl-ethanolamine-selective 
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phospholipase D (NAPE-PLD) [26] and sn-1-diacylglycerol lipase α and β [27], 
respectively. They are subsequently degraded to biologically inactive intermediates 
by the catabolic enzymes fatty-acid amide hydrolase (FAAH) [28] and monoacyl-
glycerol lipase (MAGL) [29–31]. The consumption of cannabis which produces 
supraphysiological effects at eCB-targeted receptors usurps the tightly regulated 
biosynthetic and degradative pathways that normally ensure proper signaling of 
the eCB system in reward, motivation, cognitive and motor function. Indeed, even 
enhancing endocannabinoid signaling by inhibition of AEA metabolism has been 
shown to promote CB1R-dependent enhancement of morphine reward as measured 
with CPP [32].

Endogenous Opioid System

The endogenous opioid system is centrally involved in nociception, stress and re-
ward, and mediates these processes through an evolutionarily conserved set of neu-
ropeptides and G-protein coupled receptors (GPCRs). The ligands of this system 
are neuropeptides derived from precursor proteins encoded by at least four genes, 
namely proenkephalin (PENK), prodynoprhin (PDYN), pro-opiomelanocortin 
(POMC) and pronociceptin (PNOC) [33, 34]. These neuropeptides act on opioid 
receptors, which, similar to CB1Rs, signal primarily through heterotrimic Gi/o pro-
teins. Several ligand-receptor relationships have been characterized, but given the 
complex post-translation processing of pro-neuropeptides, and the potential for 
receptor-receptor heterodimers, these relationships are complex (as summarized in 
Fig. 15.1). However, in large part, enkephalins and β-endorphin exhibit high affinity 
for mu opioid receptors (µOR) and delta opioid receptors (δOR) and are associated 

Pro-opiomelanocortin
(POMC)

β-endorphin  

μOR

Active
Neuropeptides

Precursor Proteins
(Gene)

Opioid
Receptors

Associated
Phenotypes

Euphoria
Analgesia

Dysphoria

Anxiolysis
Antidepressant

Prodynorphin
(PDYN)

met-Enk

Proenkephalin
(PENK)

Pronociceptin
(PNOC)

leu-Enk DynA DynB Nociceptin†

Prohormone convertase 
and carboxypeptidases

Translocation to rER 
and N-terminal cleavage

Release into
extracellular space

δOR κOR NOP

Intracellular 
Signaling Cascade

Anxiogenesis

Anxiolysis
Prodepressant

Nocistatin

Anxiogenesis
Antidepressant

?

Euphoria
Analgesia

Fig. 15.1  Overview of the endogenous opioid system and functional associations. Precursor pro-
teins, derived from four known genes, give rise to numerous active peptides; only the major pep-
tides are depicted. The active ligands act on at least four Gi-coupled opioid receptors to regulate 
cognition, mood and behavior. †, also known as orphanin FQ

 



396 M. L. Miller et al.

with reward [35, 36], whereas dynorphins preferentially bind to kappa opioid recep-
tors (κOR) and are linked to dysphoria and negative mood states [35, 37].

Cannabinoid-Opioid Interactions in the Striatum

Anatomical Interactions

The neurobiological evidence is overwhelmingly in support of a strong interaction 
between the endocannabinoid and opioid systems, especially in relation to reward, 
cognition, emotional regulation and addictive behaviors [12, 38, 39]. Most of the 
data accumulated to date are based on studies of the dorsal and ventral striatum, giv-
en the critical role of this brain region in integrating cognitive, sensory and motor 
function. Additionally, the striatum is characterized by a high abundance of CB1Rs 
and µORs (Fig. 15.2). The ventral striatum (nucleus accumbens; NAc) is a key neu-
roanatomical substrate for reward [40, 41], central for the acquisition of appetitive 
responses via reinforcement learning and also contributes to motivational control, 
whereas the dorsal striatum is critical for the formation of stimulus-response con-
tingencies which underlie habits and compulsive behaviors [42]. Both the CB1R and 
µOR show a very complementary dorsoventral gradient with their expression being 
more prominent in the dorsal as compared to ventral striatum (Fig. 15.2). [Note: 
There are species differences in opioid peptide and receptor expression in the brain. 
For example, primates have low expression of the µOR in the NAc, whereas rodents 
have more abundant receptor levels.]

The predominant striatal cells are the medium spiny neurons, which in their 
vast majority contain the inhibitory amino acid γ-aminobutyric acid (GABA), and 
are subdivided into two distinct striatal output pathways [43–45] that differential-
ly express PDYN and PENK neuropeptides. Neurons expressing PDYN project 
predominantly to the substantia nigra pars reticulata and internal globus pallidus 
and constitute the striatonigral pathway [46, 47], while PENK-expressing neurons 
project predominantly to the external globus pallidus and constitute the striatopal-

CN
Pu

NAc

a b

Fig. 15.2  Expression pattern of CNR1 mRNA, which encodes CB1R (a), and µOR binding (b) in 
the human striatum. CN caudate nucleus, Pu putamen, NAc nucleus accumbens
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lidal pathway [48] (Fig. 15.3). A similar organization exists in the NAc where the 
ventral striatonigral pathway innervates the ventral tegmental area (VTA) [49]. The 
striato-nigral/-tegmental circuit constitutes the “Go” (positive choice) pathway that 
facilitates behavioral responses and reward sensitivity, whereas the striatopallidal 
circuit constitutes the “No-Go” (inhibitory control) pathway involved in suppress-
ing inappropriate responses [50–54].

CB1Rs are located both on presynaptic axons and on striatal dendrites. CB1Rs 
and µORs are localized on similar medium spiny neurons in the striatum [55, 56]. 
Ultrastructural examination of the dorsal striatum has revealed that CB1Rs and 
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µORs colocalize to specific patches of post-synaptic neurons with approximately 
50 % of all CB1R-positive dendrites containing the µOR [55]. The NAc shell, which 
is a central component of the reward neural circuit, appears to have a greater preva-
lence of CB1R/µOR coexpression, compared with the NAc core subcomparment 
[56].

Although CB1Rs and μORs are co-expressed on similar neurons in the striatum 
and share similar G-protein coupled signal transduction mechanisms [57, 58], the 
functional relevance of the CB1R is complex. For example, CB1Rs form physical 
heterodimer interactions with various other receptors. The most studied of these is 
with the dopamine D2 receptor (D2R), which is predominantly localized to striato-
pallidal neurons and thus highly relevant to cannabinoid-opioid interactions. CB1R/
D2R heterodimers shift the intracellular signaling cascade from the normal Gi/o 
inhibitory signaling to Gs coupling thereby leading to neuronal activation instead 
of inhibition [59–61]. CB1Rs have also been observed to form heterodimers with 
opioid receptors including the µOR. While additional research is needed regarding 
cannabinoid-opioid receptor dimerization, the use of in vitro cell culture systems 
have demonstrated that simultaneous activation of CB1Rs and µORs in the same 
cell inhibits Gi-mediated signaling, suggesting mutual functional antagonism [62].

The ultimate functional and behavioral outcome of cannabinoid-opioid inter-
actions within the striatum also depends on the striatal pathways in which these 
interactions occur. While µOR is expressed within both striatal projection neurons, 
there is greater regional and cellular overlap between this receptor’s expression and 
PDYN-expressing striatonigral neurons of the dorsal striatum [63, 64]. Moreover, 
µORs are also primarily found in the dynorphin-containing neurons in the NAc 
shell. As such, the cell-type-specific associations of CB1R and µOR could contrib-
ute to different behavioral effects. In sum, significant research efforts are needed in 
order to expand the limited information still known about CB1R/µOR interactions 
in a cell-specific and neuronal pathway manner, which effectively impacts behavior.

Functional Interactions

Functionally, administration of THC can modulate the endogenous opioid system 
by directly altering the release of opioid peptides. For example, acute administra-
tion of a CB1R agonist, THC, elevates β-endorphin and enkephalin peptide levels 
in the NAc [39]. The acute exposure of other cannabinoid agonists also increases 
extracellular levels of endogenous opioids [65–68]. Moreover, chronic cannabinoid 
exposure increases the levels of endogenous opioid peptide precursors [69–71]. 
Such cannabinoid-induced regulation of opioid levels would be expected to alter 
the sensitivity of the cells to the subsequent exposure to opiate drugs.

Indeed, many studies have now demonstrated significant sensitivity to opiate 
drugs as a consequence of prior exposure to cannabinoids. The most studied func-
tional interaction involves the investigation of early developmental exposure to can-
nabinoids due to the question regarding potential ‘gateway’ neurobiological effects 
of cannabis. Cannabis or THC exposure during prenatal and adolescent brain de-
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velopment have been demonstrated to have signficant effects particularly on PENK 
striatopallidal cells. For example, in human fetal subjects with in utero cannabis ex-
posure, striatal PENK mRNA levels are decreased in the striatum, whereas PDYN 
levels were not significantly related to maternal cannabis use [72]. This finding in 
the human fetal brain was replicated in rodent models with prenatal THC exposure 
at a similar midgestation ontogenic period of neurodevelopment as that studied in 
the human [73]. Disturbances of PENK mRNA expression were also evident with 
adolescent exposure to THC [9, 15, 16]. An important observation of both the pre-
natal and adolescent animal studies was the protracted effects in adulthood empha-
sizing the long-term alteration of the opioid system due to the early cannabinoid 
effects on the brain. The fact that most of the data to date shows a greater effect 
on the PENK system might relate to dose and frequency of the THC administered. 
Given that both CB1Rs and µORs are present on striatopallidal and striatonigral 
pathways it is expected that exposure to higher amounts of THC would impact other 
neuronal pathways.

The µOR and D2R enriched-striatopallidal circuit has been implicated in devel-
opmental cannabinoid exposure in animal studies [15, 39, 73–77]. These findings 
are particularly intriuging given that in striatopallidal neurons µOR colocalize with 
the D2R, a dopamine receptor subtype highly implicated in the vulnerability to ad-
dictive disorders [78–82]. Furthermore, genetic polymorphism of the PENK gene 
is not only associated with cannabis dependence [83], but also heroin abuse [84]. 
Thus, there may also be interactions at the genetic level that link the neurobiologi-
cal organization and function to enhance vulnerability for synergistic interactions 
at the behavioral level.

Cannabinoid-Opioid Interactions in the Amygdala

The amygdaloid complex is a neurochemically heterogeneous subcortical region 
critical for the regulation of affect, emotion and stress. The lateral nucleus is the 
main input nucleus and receives sensory information from the cortex and thalamus, 
while the basal and central nuclei are primarily output nuclei, mediating instru-
mental learning and sympathetic arousal, respectively. Most studies to date involv-
ing the amygdala have focused on its role in mediating negative affect, such as 
fear and anxiety, and these emotional responses are fine-tuned by eCB-mediated 
neuroplasticity [85]. Within this framework, the cannabinoid and opioid systems 
interact within the amygdala to mediate adaptive stress-responses [86]. Disruption 
of the interaction between these two systems could therefore contribute to affective 
disorders such as depression, anxiety disorders and post-traumatic stress disorder.
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Anatomical Interactions

CB1Rs are expressed in several subregions of amygdala, but its highest expres-
sion is in the deeper basolateral nucleus [87]. Within the basolateral nucleus of the 
amygdala, CB1R expression is primarily reserved to presynaptic termini of chole-
cystokinin-expressing GABAergic interneurons, a cellular distribution consistent 
with this receptor’s neocortical and hippocampal expression [87–89].

Opioid peptides and receptors are also expressed in several regions of the amyg-
dala. While the µOR is most abundant in the intercalated nuclei and posteromedial 
cortical amygdala [90], it is moderately expressed in the central amygdala (CeA), a 
region containing GABAergic neurons enriched with enkephalin peptides [91, 92].

Unlike the striatum, in the amygdala there is a clear spatial separation between 
components of the cannabinoid and opioid systems. Whereas CB1R is enriched in 
the interneurons of the basolateral nucleus, components of the opioid system re-
side in the more medial and superficial nuclei of the amygdala, such as the CeA. 
Therefore the interaction between these two systems is likely explained via indirect 
intercellular connections between adjacent amygdala territories, which give rise to 
a complex network that integrates sensory inputs and emotional valence.

Functional Interactions

To date, there is a paucity of studies explicitly characterizing the cannabinoid-
opioid interaction within the amygdala, perhaps because of this region’s complex 
nature. In the amygdala, cannabinoids have been primarily studied in the context 
of the fear-conditioning and the hypothalamic-pituitary-adrenal (HPA) axis. In-
terestingly, our study investigating the prenatal effects of THC revealed a marked 
up-regulation of PENK mRNA in the CeA of adult rats that also had enhanced 
heroin-seeking behavior upon exposure to mild stress [73]. The direct causal link 
of apparent CB1R-induced dysregulation of the opioid system in the amygdala to 
enhance heroin intake awaits to be established. However, the fact that the amygdala 
plays a central role in anxiety and drug-seeking behavior [93] suggests that the 
developmental cannabinoid exposure leads to impaired amygdala opioid function.

It is important to emphasize that it is enkephalinergic neurons within the CeA that 
have been well documented to be critically involved in anxiety and stress responsiv-
ity [94]. The abundant expression of PENK in the CeA and its role in anxiety is in-
triguing in light of the finding that polymorphisms of the PENK gene is strongly as-
sociated with expression of PENK mRNA levels in the human CeA nucleus and that 
there is synergism between anxiety behavioral trait and genetic polymorphism of 
PENK that increases the odds for cannabis dependence [95]. Thus, the CeA might 
be a potential central target for opioid-cannabinoid interactions relevant to negative 
affects traits predictive of addiction vulnerability.



40115 Cannabinoid-Opioid Interactions

Cannabinoid-Opioid Interactions in the Midbrain

The midbrain plays an important role in reward and nociception via neuromodulato-
ry projections to the forebrain and spinal cord and opioid-cannabinoid interactions 
within the mesencephalon contributes to these processes. We focus this section on 
midbrain processes most relevant to the forebrain structures discussed above since 
mesencephalic inputs to these structures have been well studied for their significant 
contributions to the regulation of addiction, motivation and emotions.

Anatomical Interactions

Within the substantia nigra and VTA, CB1Rs are predominantly expressed on GA-
BAergic forebrain terminals and local interneurons [96] that directly regulate dopa-
minergic neurons innervating the dorsal and ventral striatum, respectively. Midbrain 
dopaminergic neurons also target, and are in turn innervated by amygdala nuclei 
including the CeA [97, 98]. Mesencephalic GABAergic interneurons also express 
µORs which suggests the possibility for CB1R-µOR intracellular interactions in 
cells that directly modulate dopamine neurons, the origin of the mesocorticolimbic 
circuit that mediates reward, mood and cognition. Very limited research, however, 
exists on the cannabinoid-opioid functional intracellular signaling mechanisms in 
the midbrain.

Functional Interactions

Different lines of evidence underscore the significant functional midbrain interac-
tions between the cannabinoid and opioid systems. An intriguing relationship is 
the finding that CB1R binding in the substantia nigra is positively correlated with 
heroin intake behavior emphasizing that the tone of the endogenous cannabinoid 
system directly modulates opioid reward [15]. In addition, the use of cannabinoids 
has been shown to alter the midbrain endogenous opioid system. For example, µOR 
coupling is significantly increased in the VTA and substantia nigra in adult animals 
as a consequence of repeated adolescent THC exposure [15]. Such alteration in 
the µOR coupling would be expected to potentiate dopamine levels in the striatum 
since stimulation of midbrain µORs would disinhibit midbrain dopaminergic activ-
ity [99]. The acute administration of THC also alters endogenous opioids as evi-
denced by elevation of β-endorphin peptide levels in the VTA [100]. Additionally, 
direct infusion of WIN55,212-2, a CB1R agonist, into the VTA enhances morphine 
CPP [101], while antagonism of CB1R reduces morphine-induced c-Fos in the VTA 
[102]. Overall, these studies emphasize the significant contribution of the midbrain 
eCB signaling in opiate-reward.
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It is important to emphasize that the midbrain cannabinoid-opioid relationship is 
bidirectional as evident by the fact that opioid regulation also impacts the endocan-
nabinoid system. For instance, rats self-administering heroin exhibit elevated CB1R 
density in the VTA [103]. Furthermore, THC’s impact on c-Fos activity in the VTA 
is prevented by µOR antagonists [104] while blocking VTA µORs prevents THC-
induced increases in extracellular NAc dopamine [105]. These studies suggest a 
strong interaction within midbrain cannabinoid and opioid systems to regulate key 
pathways central to reward and emotional regulation.

Summary

There are significant cannabinoid-opioid interactions in key brain regions that me-
diate reward, motivation, emotional regulation and compulsive habitual behavior 
relevant to addiction risk. Significant research is still needed about the specific 
cells and neuronal pathways in which CB1Rs and µORs interact to impact behavior. 
Moreover, gene × gene interactions to ascertain genetic contributions within these 
neuronal systems are still unknown and could have important implications regard-
ing individual vulnerability for the synergistic cannabis and opiate abuse.
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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.

Keywords Cannabis · Amphetamine-type stimulants · Methamphetamine · 
Dopamine · CB1 receptors · Neuroprotection
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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 obesity1. 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 

1 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).

Fig. 16.1  Chemical structures of β-Phenethylamine and some of the major amphetamine-type 
stimulants (ATSs)
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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 ∆9-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 β-phenylethylamine (β-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]. β-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 β-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 β-PEA play an important role in the modulation of 
DAergic neurotransmission, by inducing DA release, inhibiting its reuptake and 
limiting the responses of D2 autoreceptors [20–23]. Most of these actions are as-
cribed to the activation of the main receptor of β-PEA, named trace amine associ-
ated receptor 1 (TAAR1) [24]. This Gs-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 β-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 (PKCΔ) [34–36]. The ensuing phosphorylation 
of DAT leads to its endocytosis, accumulation in endosomes and reduced recycling 
[37].

Although AMPH and METH are potent TAAR1 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, TAAR1 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 (VMAT2), which results in the 
inhibition of DA transport within the vesicles [39]. The inactivation of VMAT2 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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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 

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 
(VMAT2). 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 
TAAR1, 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 VMAT2, 
thereby reducing the intravesicular uptake of DA and facilitating its release in the cytosol
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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, D1 
and D2, in the nucleus accumbens and striatum. Low doses of AMPH are likely to 
lead to activation of D2 receptors in the postsynaptic terminal or in direct contigu-
ity with the presynaptic bouton. Accordingly, low doses of AMPH has been shown 
to affect D2, but not D1 binding [55]. The increase in DA release corresponding to 
these dosages may not be sufficient to stimulate D1 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 D2 receptors 
[56–60]. Conversely, higher doses of AMPH may lead to the joint activation of 
extrasynaptic D1 and D2 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 D1 receptors are actually essential 
to induce a prolonged and robust excitatory action in the extrasynaptic terminals 
of the striatum [67]. Presynaptic D2 receptors have been shown to mediate effects 
not only as DA autoreceptors, but also on γ-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 β-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 TAAR1 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 α-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 VMAT2 [43, 89, 90] 
and involve the activation of D2 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 Gi/o proteins [110], respectively termed CB1 [111] and CB2 [112]. CB1 
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]. CB1 receptors also form heteromeric complexes 
with other G-protein complex receptors, such as dopamine D2, μ-opioid and ad-
enosine A2a [120–122].

In contrast with CB1 receptors, CB2 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 CB2 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 CB1 and CB2 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 CB1 and CB2 
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 
CB1 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 CB1 
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 CB1 
receptor density in prefrontal and cingulate cortex [147–149]. Notably, the levels 
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of CB1 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 D2 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 D2 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 CB1 
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 CNR1 (encoding the CB1 receptor). 
Notably, this gene has been associated with schizophrenia vulnerability in several 
studies [159, 160]. While preclinical results have suggested that antagonism of CB1 
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 FAAH 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 CNR1 gene (encoding CB1 receptors) 
have been associated with an increased risk for intravenous use of AMPH [175] as 
well as other drugs [176]. The role of CB1 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 CB1 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 CB1 receptors in the 
nucleus accumbens, possibly in relation to the modulation of acetylcholine neu-
rotransmission [183, 184]. In keeping with this hypothesized mechanism, CB1 re-
ceptors may also affect the reinstatement of METH self-administration [185, 186]. 
Notably, CB1 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 CB1 receptor blockade, sup-
porting a possible role of CB2 receptors.

Role of CB1 Receptors in the Psychostimulant Properties of ATSs

As mentioned above, the clinical evidence on the role of CB1 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 CB1 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, CB1 receptor blockade 
has been shown to potentiate, rather than attenuate, the stereotyped behavior in-
duced by co-administration of D1 and D2 receptor antagonists [194]; furthermore, 
activation of CB1 receptors has been shown to reduce the hyperactivity induced by 
D2 receptor stimulation [195]. In apparent contrast with this evidence, several stud-
ies have indicated that the genetic inactivation of CB1 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 
CB1 knockout (KO) mice may reflect their lower levels of striatal DA [198], as well 
as abnormalities in D2 (but not D1) receptor binding in the striatum [196].

Finally, several studies have shown that CB1 receptors play a role in the develop-
ment of motor sensitization to AMPH. Chronic THC administration facilitates this 
phenomenon [199], while CB1 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 β-PEA) and endocannabinoids as 
well as their attending receptors in DA neurotransmission and signaling [203–210].

As noted above, although CB1 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 CB1 
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 CB1-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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clinical studies in animal models have enabled a preliminary characterization of the 
key domains of mutual interaction between cannabinoids and ATSs.

The stimulation of D2 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 CB1 and CB2 
receptors across multiple sites) generally increase the activity of mesolimbic DAer-
gic system including neuronal firing, DA release and metabolism and expression of 
D1 receptors [221]. Accordingly, CB1 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 CB1 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.

Fig. 16.3  Schematic representation of CB1 receptor-mediated effects in GABAergic (a) and glu-
tamatergic neurons (b). Activation of CB1 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)
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These processes are likely to be regulated also by trace amines, and particularly 
β-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 D1 and D2 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). D1 and D2 receptors have differ-
ential roles in these two processes within the striatum: LTP is favored by D1 receptor 
stimulation, but inhibited by D2 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 CB1 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 CB1 receptors 
leads to a reduction of GABA release, thereby increasing the activity of DAergic 
neurons [239, 240]. Physiologically, these CB1 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 CB1 receptors by retrograde action, leading 
to the reduction of glutamate release [223].

Cannabinoids may also interact with ATSs by affecting D1 and D2 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, CB1 receptors are abundantly expressed in striatal neu-
rons [256–259] and interact with both D1 and D2 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 D1 and D2 
receptors in striatum are respectively up-and down-regulated by the repeated treat-
ment with METH and the anandamide analog methanandamide [262].

CB1 receptor activation is posited to modulate the effects of striatal D2 receptor 
signaling, as well as their effects on motor function [195, 219, 260, 263–265]. CB1 
receptors in the striatum are thought to condition the trafficking the D2 receptors 
in response to activation [266]. The interaction of CB1 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 D1 and D2 
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 CB1 receptors on D1 
and D2 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, CB1 and D2 receptors are known to 
form heteromeric complexes, which, unlike the two individual receptors (which are 
coupled to GI/Go proteins), is coupled to a Gs 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 D2 receptors in striatum [219]. 
D2 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 CB1 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 ∆9-Tetrahydrocannabinol) have been shown 
to activate these receptors [278–280]. Interestingly, Moreira and Guimarães [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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CB2 receptors may be also implicated in the interactions of cannabis and ATSs. 
Accordingly, CB2 receptors have been recently discovered in the brain and may play 
a role in certain mental disorders [124, 286]. The involvement of CB2 receptors in 
the modulation of DAergic transmission is supported by the reduced expression of 
D2 receptor in the prefrontal cortex of CB2 knockout mice, as well as their enhanced 
responsiveness to cocaine [287]. Nevertheless, the involvement of CB2 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 CB1 receptors. METH neurotoxicity led to a signifi-
cant increase of CB1 receptor expression across key brain regions implicated in 
behavioral regulation (prefrontal cortex, striatum, amygdala and hippocampus) 
[216]. This up-regulation of CB1 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 CB1 receptor 
upregulation as a countermeasure to curtail the deleterious impact of this drug. In 
addition, DA receptors may be involved in these phenomena. Interestingly, CB1 
receptor expression is increased by the lesion of DA terminals due to lesions [297]. 
Specifically, it is possible that the up-regulation of CB1 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, CB1 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 CB1 receptor agonists [292–296] highlights the possibility 
that CB1 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 CB1 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 CB1 
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 
CB1, TRPV1 and TAAR1 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 γ-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
PKCΔ Protein kinases C delta
ROSs Reactive oxygen species
TAAR1 Trace amine associated receptor 1
THC Δ9-tetrahydrocannabinol
TRPV1 Transient receptor potential cation channel subfamily V member 1
VMAT2 Vesicular monoamine transporter 2
VTA Ventral tegmental area
β-PEA β-phenylethylamine
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Abstract A key feature of human and animal behavior is to learn from environ-
mental stimuli to adapt efficiently. Under physiological conditions, dopaminergic 
(DA) neurons are used to evaluate and learn new sensory information and adjust 
behavior to maximize reward and minimize aversive consequences. The two main 
DA pathways in the mesencephalon originate from the substantia nigra pars com-
pacta (SNpc) and the ventral tegmental area (VTA). Both in vivo and in vitro studies 
have established that DA neurons exhibit spontaneous spike firing that is driven 
by intrinsic electrophysiological properties, with their activity modulated by affer-
ent inputs and a number of neuromodulators, including endocannabinoids. In the 
VTA and SNpc, cannabinoid type 1-(CB1) and ionotropic transient receptor poten-
tial vanilloid type 1 (TRPV1) receptors are abundantly expressed as well as their 
endogenous ligands, mainly anandamide and 2-arachidonoylglycerol. This chap-
ter attempts to summarize some of the major research findings demonstrating that 
SNpc and VTA DA neurons vary significantly in their molecular and physiological 
properties according to target location, and that endocannabinoids act on GABAer-
gic, glutamatergic and cholinergic terminals to participate in discrete mechanisms 
aimed at DA cell homeostatic regulation. As a result, given the role of the endocan-
nabinoid system in modulating DA neuronal function of the SNpc and the VTA, 
they might take part in associative learning, reward signaling, goal directed behav-
ior, motor skill learning and action-habit transformation. These considerations help 
explaining the correlation between an unbalanced endocannabinoid signal and 
altered DA-dependent processes underpinning diverse pathological conditions of 
both nigrostriatal and mesocorticolimbic systems.

Keywords Dopamine neurons · Ventral tegmental area · Substantia nigra pars 
compacta · Endocannabinoids · Peroxisome-proliferator-activated receptors · 
Reward · Rodent · Synaptic plasticity · Vanilloid receptors
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Introduction

The brain constantly receives and evaluates sensory information, and adjusts behav-
ioral output in a flexible fashion in order to maximize reward, and minimize aver-
sive consequences. Midbrain dopamine (DA) pathways control key physiological 
functions related to locomotor activity, short-term and working memory, associa-
tive learning, attention, and novelty encoding. Consequently, abnormal DA system 
function has long been implicated in both neurological and psychiatric disorders. 
The endocannabinoid system controls most of the above cited physiological func-
tions, and participates in modulation of neuronal excitability and various forms of 
synaptic plasticity of midbrain DA neurons [1, 2].

In the present chapter, we will focus on the two main DA pathways originating 
in the mesencephalon: the substantia nigra pars compacta (SNpc) and the ventral 
tegmental area (VTA), whose modulation by endogenous cannabinoids has been 
extensively reviewed [2−5].

The endogenous system comprises a metabolic apparatus to produce, release 
and eventually transport the endogenous ligands (i.e. endocannabinoids), and their 
receptors (i.e. cannabinoid receptors, CB). In the VTA and SNpc, cannabinoid type 
1-(CB1) receptors are abundantly expressed [6−8] as well as their endogenous li-
gands, mainly anandamide and 2-arachidonoylglycerol (2-AG) [9, 10]. The canoni-
cal mechanism of action proposed for endocannabinoids posits an on demand re-
lease of these lipid molecules by the postsynaptic neuron [11], which retrogradely 
travel across the synaptic cleft to bind to and activate CB1 receptors located on the 
presynaptic terminals [12, 13]. The result of such an activation is a reduction of 
neurotransmitter release in a short- or a long-term manner [12, 14]. Through this 
mechanism of action, endocannabinoid signaling contributes to different forms of 
short- and long-term synaptic plasticity at both excitatory and inhibitory synapses 
[12, 15, 16].

Long-term forms of synaptic plasticity are widely considered indicative of long 
lasting adaptations of individual synapses, circuits or neural networks, underlying 
changes in behavior. By mediating and/or regulating long-term forms of synap-
tic plasticity, endocannabinoids can, therefore, influence the repertoire of enduring 
modifications of individual synapses, circuits or neural networks and the conse-
quent behavior [15].

Short-term forms of synaptic plasticity, which are rapid means for a bidirectional 
and reversible modulation of synaptic strength, serve as important mechanisms to 
modify synaptic functions during computation [17]. Particularly, short-term forms 
of synaptic plasticity are often viewed as dynamic filters used for transmission 
of specific input frequencies or patterns, and are key in mechanisms regulating a 
proper scaling of synaptic inputs [17−21]. By modulating this dynamic gain control 
mechanism, endocannabinoids can guarantee a proper accuracy of input informa-
tion [22]. These general rules apply to the VTA [2, 3] as well to the SNpc [23, 24].

Early work demonstrated that DA neurons located in the SNpc and the VTA 
provide a prediction-error signal for reward-mediated learning [25, 26], and play a 
central role in encoding positive and negative motivational signals [27, 28]. In strik-
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ing contrast, negative outcomes are supposed to generate a negative (inhibitory) 
prediction-error signal in the same neuronal population. Although DA neurons ex-
hibit considerable heterogeneity regarding their inputs, their projection targets and 
their basic pharmacological properties [29−31], it was widely assumed that they 
exhibit homogeneous appetitive and aversive coding across the entire population. 
The interpretation of these results led researchers to the oversimplified assump-
tion that midbrain DA neurons may operate as a single functional unit. However, 
this hypothesis is not consistent with recent findings [32]. Particularly, it has been 
reported that a sub-population of DA neurons exhibit excitatory responses to novel 
aversive sensory stimuli [27, 33], and maintain this excitatory pattern as the animals 
learn about negative outcome associated with these aversive stimuli [27]. In addi-
tion, aversive stimuli evoke DA release at projection targets [34−36]. Finally, yet 
importantly, DA plays a critical role during learning of aversive association in both 
immature and mature brain [37, 38].

As any group of neurons defined by their location and neurotransmitter content, 
DA cell function is determined by the circuit in which they are embedded, and the 
behavioral output for this latter. The notion that sub-populations of midbrain DA 
neurons are integrated in distinct neuronal circuits is also substantiated by stud-
ies showing different patterns of DA release in discrete VTA projection targets. As 
an example, infusion of the AMPA/kainate receptor antagonist LY293558 into the 
VTA increases the DA levels in the nucleus accumbens (NAc), but decreases them 
in the prefrontal cortex (PFC) [39]. Furthermore, Lammel and colleagues [40, 41] 
demonstrated that an appetitive or an aversive behavioral state has an opposite ef-
fect on the plastic properties of VTA DA excitatory synapses in a projection specific 
manner. Notably, although it is still controversial, the scientific community has ac-
cepted that specific SNpc or VTA DA sub-populations, each with specific projec-
tion target areas and differential afferent inputs, might have different integrative 
electrophysiological properties and behavioral functions [42].

Anatomical Organization and Molecular Diversity  
of the Midbrain DA Neurons

Morphology of Midbrain DA Neurons

Within the VTA and the SNpc, DA neurons expressing tyrosine hydroxylase (TH, 
i.e. the rate-limiting enzyme in DA synthesis) are interspersed with GABAergic 
neurons [43, 44]. Importantly, a population of glutamatergic neurons in the VTA has 
also been identified [45, 46]. DA neurons are medium to large size cells with a body 
diameter ranging from 12 to 25 μm [47, 48]. They display morphological variations 
in their shape (i.e. ovoid, medium sized or fusiform) and in the orientation of their 
dentritic arborization [48], which suggest a degree of diversity at least among SNpc 
DA neurons. DA neurons emit sparse and relatively unbranched dendritic arboriza-
tion. Most of their dendrites are smooth and/or occasionally and sparsely invested 
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with “spine-like appendages” [48]. Anatomical evidence suggests that SNpc DA 
neurons projecting to the striatum could be under modulation of the VTA, since they 
extend their dendritic arborization in this neighboring area [48]. These findings sup-
port the notion that SNpc and VTA are part of a single continuous cell group, rather 
than two separate nuclei [49, 50].

Molecular Diversity of Midbrain DA Neurons

The VTA and the SNpc are two highly heterogeneous brain structures in terms of 
their neuronal phenotype. In the VTA and SNpc, the DA neurons represent 65 and 
70 % of the total number of neurons, respectively [43]. Moreover, in situ hybridiza-
tion and RT-qPCR coupled to laser-capture approaches revealed distinct popula-
tions of DA neurons spread across the VTA and SNpc [30, 43, 46].

Key markers of DA neurons include mRNA for TH, DA transporter (DAT), ve-
sicular monoamine transporter 2 (VMAT2), G-protein-coupled inwardly rectifying 
potassium channel subunit 2 (GIRK2), DA D2 receptor (D2) and vesicular gluta-
matergic transporter type 2 (vGluT2). The abundance of these biochemical markers 
co-vary according to the localization of the DA neuron within the VTA or the SNpc, 
and to their projection targets.

The identification of the molecular diversity of DA neurons is primarily impor-
tant for the unraveling of DA system function. In addition, the identifying of this 
variety is key for a proper interpretation of findings obtained with optogenetics, 
which accesses and controls network activity at a single cell level by using cell-type 
specific promoter elements [42]. For instance, 80 % of the TH immunolabeled neu-
rons in the medial part of the VTA were negative for the transcript encoding DAT 
[46], thus suggesting that optogenenic approaches targeting the DAT promoter only 
manipulate a subset of DA neurons. Additionally, 82 % of the TH immunolabeled 
neurons in the anterior part of the VTA were negative for the transcript encoding 
DAT, and did not release DA in their terminal region (i.e. lateral habenula [51]). 
Consequently, it appears that neither targeting the TH promoter with optogenenics 
always and necessarily results in modifications in DA release in the target region. 
Remarkably, current evidence suggests that molecular diversity is more evident 
among DA neurons in the VTA rather than in SNpc [42]. Hence, functional diversity 
has been often reported between posterior versus anterior, and lateral versus medial, 
DA neurons in vivo [29, 30, 41, 52].

Physiology of Midbrain DA Neurons

A better understanding of the functions of midbrain DA neurons derives from the 
pioneering electrophysiological studies carried out by performing single unit intra- 
and extra- cellular recordings in vivo [53−58]. At first, DA neurons were identified 
and characterized within the SNpc [53]. In rodent and awake nonhuman primate, 
VTA and SNpc DA neurons recorded in vivo display a characteristic electrophysi-
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ological signature that allows them to be distinguished from non-DA neurons in sur-
rounding regions of the VTA or in the pars reticulata of the substantia nigra (SNpr) 
[55, 56, 59−61]. Subsequently, these electrophysiological features have been re-
examined and reviewed [62]. The current criteria for their identification include: 
(i) an action potential with biphasic or triphasic waveform, with a duration longer 
than 2.2 ms; (ii) a slow spontaneous firing rate (2–9 Hz); (iii) a regular and/or burst 
spontaneous firing pattern, this latter being characterized by a spike-amplitude dec-
rement; (iv) the inhibition of spontaneous activity following administration of DA 
D2 receptor agonists, and subsequent reversal by DA D2 receptors antagonists.

Midbrain DA neurons fire bursts of action potentials in response to sensory stim-
uli leading to transient increases in extracellular DA levels in target areas [63]. In 
vivo DA neurons fire bursts of action potentials upon depolarization of their mem-
brane and display pauses after GABA conductance activation [64]. Bursts are sup-
posed to mediate reward information coding, whereas pauses signal the absence of 
an expected reward. Accumulating evidence shows that an increased glutamatergic 
or cholinergic drive produces the characteristic bursting pattern observed in vivo 
[65−67], and that NMDARs in DA neurons modulate burst firing and DA release 
in postsynaptic brain regions [68]. Furthermore, bursting activity of DA neurons 
is sufficient to mediate behavioral conditioning in freely-behaving rats [69]. Con-
versely, phasic changes in tonic activity of GABAergic afferents are a potential 
extrinsic mechanism able to trigger bursts and pauses in DA neurons [64]. Conse-
quently, DA neurons are regulated by an integrated network of inputs [70], and their 
firing pattern is sculpted through the balance of activation of GABAergic inputs and 
NMDA receptor-mediated excitatory inputs.

Connectivity of SNpc and VTA DA Systems

Midbrain DA ascending pathways are organized in three major tracts (Fig. 17.1). 
The mesolimbic and mesocortical pathways project from the VTA to the NAcc, 
limbic areas, i.e. amygdala, septal area, bed nucleus of the stria terminalis (BNST), 
and the PFC, and are mainly implicated in associative learning, reward signaling 
and goal directed behavior [26, 28, 71−73]. The nigrostriatal pathway projects from 
the SNpc to the dorsal striatum, and is primarily involved in the regulation of mo-
tor activity, exploration and action selection [42]. Most of the knowledge regarding 
the mapping of inputs to VTA and SNpc DA neurons derives from classical tract-
tracing studies [74] and viral-based tracing approaches [70] (Fig. 17.2).

Only a small proportion of cortical excitatory inputs innervate VTA and SNpc 
DA neurons [70]. Notably, VTA DA neurons receive fewer cortical inputs when 
compared with SNpc DA neurons. Cortical inputs to SNpc DA neurons are mostly 
coming from the primary and secondary motor cortices, whereas the only major 
cortical projection to the VTA originates from the PFC (mainly prelimbic and in-
fralimbic cortices) [70, 75]. The BNST sends most of its projections to VTA DA 
neurons [76−78], and less to SNpc DA neurons [70]. From the midbrain and hind-
brain, VTA and SNpc DA neurons receive the largest input from the superior col-
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liculus, the periaqueductal gray (PAG) and the dorsal raphe (DR). The pedunculo-
tegmental nucleus (PPTg) preferentially projects to the SNpc DA neurons, whereas 
laterodorsal tegmental nucleus (LDTg) preferentially projects to VTA DA neurons. 
The dorsal striatum (DS), the external globus pallidus (GPe) and the SNpr are major 
inhibitory GABAergic inputs controlling SNpc DA cell activity. Within the mid-
brain, the tail of the ventral tegmental area (tVTA) [79], also named the rostrome-
dial tegmental nucleus (RMTg) [80], appears as a GABAergic inhibitory structure 
heavily projecting to the VTA and SNpc. Hence, the tVTA/RMTg regulates the 
activity of midbrain DA systems [81, 82]. In summary, although the input-output 
connectome of midbrain DA neurons has been partially elucidated at the structural 
level, the connectivity at the level of individual DA neuron requires to be further 
explored [83].

Integrative Properties of SNpc and VTA DA Neurons

Change in Excitability: Integration and Balance Between Inhibitory and 
Excitatory Inputs

Similar to other neuronal types, DA cell dendrites receive information from tens 
of thousands of synaptic inputs. This information are coordinated and stored via 
highly complex processes of dendritic integration of both inhibitory and excitatory 

Fig. 17.1  Schematic organization of the three major midbrain ascending pathways. The meso-
limbic and mesocortical pathways project from the ventral tegmental area ( VTA) to the nucleus 
accumbens ( NAc), limbic areas such as amygdala, septum, bed nucleus of the stria terminalis 
( BNST) and the prelimbic and infralimbic cortices. The nigrostriatal pathway projects from the 
pars compacta of the substantia nigra ( SNpc) to the dorsal striatum
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 synaptic inputs. This integrative computation can influence sub-threshold mem-
brane potentials, and play a role in the switch between tonic and phasic DA sig-
nal. Endocannabinoids, by serving as retrograde messengers and key modulators of 
synaptic functions, participate in this switch [2]. Indeed, they can finely tune firing 
activity and pattern of VTA DA neurons [84, 85] and, consequently, their phasic DA 
release in the NAc [86]. Hence, the emerging picture is that the endocannabinoid 
system acts as a local device for DA neurons to switch their firing pattern and ac-
tivity in response to stimuli not only in the VTA [84, 85] but also in the SNpc [23, 
24]. Given that physiological significance of endocannabinoid signaling at synapses 
onto DA neurons is reflected in the activity of these cells in response to input stimu-
lation, these lipid molecules ultimately finely tune phasic versus tonic, and vice 
versa, DA release in the terminal regions [86, 87]. These considerations highlight 
how powerfully the endocannabinoid system might regulate not only DA volume 
transmission, but also DA modulation of cortical and subcortical information pro-
cessing. In addition, they help explaining the correlation between an unbalanced 

Fig. 17.2  Schematic organization of the principal afferents and efferents to the VTA ( left) and 
SNpc ( right) dopamine neurons. For clarity, only some of the projection are shown. Red indi-
cate excitatory glutamatergic structure, blue, inhibitory GABAergic structures and green, dopa-
minergic target areas. Glutamatergic and GABAergic control the excitability of VTA and SNpc 
dopaminergic neurons. The pedunculotegmental nucleus ( PPTg) preferentially projects to SNpc 
dopaminergic neurons, whereas laterodorsal tegmental nucleus ( LDTg) preferentially projects to 
VTA dopaminergic neurons. The VTA dopaminergic neurons receive fewer cortical inputs than 
SNpc dopaminergic neurons. SC superior colliculus, PAG the periaqueductal gray, DR dorsal 
raphe, DS The dorsal striatum, GPe external globus pallidus tVTA/RMTg tail of the ventral teg-
mental area/rostromedial tegmental nucleus. There are only a few overlaps between dopaminergic 
efferents from the VTA and the SNpc. PFC prefrontal cortex, LHb lateral habenula, BNST bed 
nucleus of the stria terminalis, LS lateral septum, OlfTub olfactory tubercle, AA amygdala, NAc 
nucleus accumbens, STh subthalamic nucleus, GP globus pallidus, DS dorsal striatum
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endocannabinoid signal and altered DA-dependent processes underpinning diverse 
pathological conditions of both nigrostriatal and mesocorticolimbic systems [4].

Role of Endocannabinoids on GABA Afferents

As already mentioned, a tight regulation of DA levels in terminal regions is crucial 
as DA regulates key features of motivated behaviors to provide the adaptability 
of behavioral outputs required for species survival, such as for instance approach 
towards and withdrawal from rewarding and aversive stimuli, respectively [71, 88, 
89].

DA neuronal activity results from the finest regulation of intrinsic and extrinsic 
mechanisms. Both VTA and SNpc DA neurons are subject to major background 
GABA inputs, whose activation results in either inhibition of their spontaneous 
activity (in terms of both firing activity and number of active cells) and/or in trig-
gering bursts and pauses in DA cells [64, 90]. As a result, the dissection of which 
synapse is equipped with molecular architecture of a given endocannabinoid is ex-
tremely relevant from a functional point of view.

From an anatomical point of view, CB1 receptors are located on GABAergic 
synapses onto VTA and SNpc DA cells [6, 8]. In the VTA, 2-AG biosynthetic en-
zyme diacylglycerol (DAG) lipase is found in DA cells at the level of the plasma 
membrane, and the main degrading enzyme monoacylglycerol (MAG) lipase is lo-
calized at a presynaptic level [6]. In the SNpc, instead, the molecular determinants 
for 2-AG have not been identified yet. In addition, anatomical evidence indicates 
the presence of the enzyme N-acyl phosphatidylethanolamine phospholipase D 
(NAPE-PLD) within the midbrain [91], thus supporting the notion that N-acyletha-
nolamines such as anandamide and endogenous ligands to peroxisome proliferator-
activated receptor-α (PPARα) (i.e. oleoylethanolamide, palmitoylethanolamide) are 
abundant under basal conditions in midbrain slices [1, 10].

Notably, the endocannabinoid/vanilloid N-arachidonoyl-dopamine (NADA) can 
be also detected within the SNpc, but only upon K+-induced depolarization or acti-
vation of postsynaptic metabotropic glutamate receptor type-1 (mGluR1) on SNpc 
DA cells [8, 24]. Hence, in the SNpc, electrophysiological evidence points to a 
role of tonic NADA released by DA cells upon mGluR1 activation resulting from 
glutamate spillover from nearby synapses likely arising from subthalamic nucle-
us [24]. Thus, concomitant activation of excitatory inputs might be associated to 
endocannabinoid-mediated inhibition of GABAergic afferents, thereby enhancing 
DA cell responsiveness to excitatory stimuli and resulting in burst firing [24]. In 
this scenario (i.e. SNpc), the endocannabinoid produced by DA cells on demand 
(i.e. cell membrane depolarization, activation of postsynaptic muscarinic receptors) 
[23, 24] is most likely 2-AG, which mediates depolarization-induced suppression of 
inhibition (DSI), a short-term form of synaptic plasticity. Particularly, 2-AG would 
activate CB1 receptors on striatonigral terminals, which in turn decrease GABA 
release and lead to intrinsic inhibition of DA cells [23]. Notably, Yanovsky et al. 
[23] questioned the canonical mode of action, and described for the first time a tonic 
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endocannabinoid tone at these synapses. Hence, they suggested that endocannabi-
noids and DA are co-released within the SNpc to modulate striatonigral GABAergic 
fibers through the activation of CB1 and D1 receptors, respectively. Remarkably, 
both DA- and endocannabinoid- induced changes in inhibition occur independently 
from each other. Indeed, activation of D1 receptors by somato-dendritically released 
DA would emphasize extrinsic inhibition to the expenses of a decreased intrinsic 
inhibition due to the counteraction of DSI. On the other hand, CB1 receptor activa-
tion would promote intrinsic inhibition [23]. Given that both D1 and CB1 receptors 
are located on striatonigral fibers, whereas D1 receptors are only on pallidonigral fi-
bers but not on intrinsic fibers, co-release of DA and endocannabinoids might most 
likely occur upon different scenarios, such as discrete types of discharge rates and 
patterns of DA neurons. This would ultimately allow for a differential tuning of in-
hibition of DA cells within SNpc, and would be consistent with the spatio-temporal 
definition of endocannabinoid actions at synapses [23] (Fig. 17.3).

In the VTA, electrophysiological evidence converges to a role of 2-AG in modu-
lating GABA inputs, whereas there is no indication supporting a role for either 
anandamide or NADA in regulating plasticity at these synapses [85, 92, 93]. In-
deed, either intracellular loading of DAG lipase inhibitors or G-protein inhibitors 
into DA neurons proved to block endocannabinoid- mediated actions on discrete 
GABA receptors [85, 92, 93]. These observations are supported by the localization 
of 2-AG-synthesizing enzyme DAG lipase in the DA cell [6], which would release 
2-AG following group I mGluR activation [92]. Noteworthy, release of 2-AG by 
VTA DA cells would occur under conditions similar to those of SNpc DA cells. Par-
ticularly, it has been shown that under conditions favoring bursting 2-AG decreases 
either GABAA- and/or GABAB- mediated responses of VTA DA cells [85, 92]. In 
fact, activation of group I mGluRs or increased intracellular Ca2+concentrations, 
and block of small conductance calcium-activated potassium channels (SK chan-
nels) [85, 94] can lead to 2-AG production and its dependent effects [92]. Thus, DA 
neuron responsiveness to excitatory input would increase, and in the presence of a 
diminished inhibition, the balance of activity might most likely shift toward excita-
tion and bursting [95, 96] (Fig. 17.4). Notably, sex differences in 2-AG effects have 
been revealed in the rat VTA [93]. In particular, electrophysiological evidence sug-
gests that female rats displayed a tonic 2-AG signaling acting upon CB1 receptors 
onto discrete GABA inputs onto VTA DA cells. Noteworthy, no sex dichotomy is 
found in CB1 receptor expression and function in the VTA, whereas activational ef-
fects of sex hormones regulate the density of these receptors [97]. In particular, CB1 
receptor density decreases in both the PFC and amygdala of female rats. Notewor-
thy, both of these regions are critically involved in decision-making and learning 
processes underlying goal-directed behaviours [98, 99], in which important gender 
differences have been described [100]. Thus, such an enhanced 2-AG tone onto in-
hibitory inputs onto VTA DA cells might contribute not only to disinhibition of DA 
neurons, but also to sex-dependent differences in their function under normal and 
pathological conditions even before gonadal function fully matures [101−103]. This 
is in agreement with the increasing number of studies [101, 104−106] highlighting 
that sex/gender differences of brain structure and network function are not simply 
restricted to structures primarily involved in sexual behavior (see also Chap. 12).
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Fig. 17.3  Schematic organization of endocannabinoid system onto dopamine neurons of the Sub-
stiantia Nigra pars compacta. Proposed mechanism by which endocannabinoids, namely 2-ara-
chidonoylglycerol ( 2-AG) and N-arachidonoyldopamine ( NADA), regulate synaptic transmission 
onto dopamine ( DA) neurons of the pars compact of Substantia Nigra ( SNpc) are illustrated. Glu-
tamate spillover activates postsynaptic type 1 metabotropic glutamate receptors ( mGluR) ( 1) [24] 
with consequent increase in intracellular Ca2+ ( 2) [24], thus leading to generation of NADA. Ara-
chidonic acid for NADA synthesis is provided by the FAAH, which appears to be directly involved 
in NADA synthesis [186]. Subsequently, NADA binds to presynaptic CB1 receptors expressed 
on glutamate ( 4) [8] and GABA terminals ( 5) [8, 24] to reduce neurotransmitter release. NADA 
can also bind TRPV1 receptors located on glutamatergic terminals ( 6) [8] and finely tune SNpc 
DA neuron activity. Activation of postsynaptic dopamine D2 ( DAR) cooperates to enhance 2-AG 
synthesis. 2-AG is produced on demand via a Ca2+-independent mechanism involving activation 
of phospholipase C (PLC) ( 7) [24], which in turn cleaves phosphatidylinositol 4,5-bisphosphate 
(PIP2) into inositol trisphosphate (IP3) and DAG. DAG is then hydrolyzed by diacylglycerol lipase 
( DAGL). 2-AG moves retrogradely across the synaptic cleft to activate CB1 receptors located on 
GABAergic terminals ( 8) [23]. A subset of presynaptic GABAergic terminals (i.e. striatonigral) 
co-express DAD1 receptors ( DAR), whose activation by somatodendritically released DA counter-
acts 2-AG effects ( 9) [23]. The strengthening of extrinsic inhibition in the network reduces local 
(i.e. intranigral) inhibition. The two discrete retrograde signaling mechanisms (i.e. 2-AG and DA) 
operate independently, and their functional need remains elusive. However, the co-expression of 
DAR and CB1 receptors on striatonigral fibers, while DAR are exclusively present on pallidonigral 
fibers and absent in intranigral fibers, allows the two retrograde signals for changes the influence 
of intrinsic versus extrinsic inhibition [23]. Whether these terminals are equipped with the mono-
acylglycerol (MAG) lipase ( MAGL) has to be established yet.
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Fig. 17.4  Schematic organization of endocannabinoid system onto dopamine neurons of the ven-
tral tegmental area. Proposed mechanisms by which endocannabinoids (i.e. 2-arachidonoylglyc-
erol and anandamide) and N-acylethanolamines ( OEA and PEA) regulate synaptic transmission 
onto ventral tegmental area ( VTA) dopamine ( DA) neurons are illustrated. Anandamide ( AEA) 
and 2-arachidonoylglycerol ( 2-AG) are produced on demand by two Ca2+-dependent enzymes, 
which are N-acylphosphatidylethanolamine hydrolyzing phospholipase D ( NAPE-PLD) and diac-
ylglycerol lipase ( DAGL), respectively. Activation of metabotropic glutamate receptors ( mGluR) 
( 1) [84] increases intracellular Ca2+ ( 2) [84, 85] that activates phospholipase C ( PLC), which in 
turn cleaves phosphatidylinositol 4,5-bisphosphate (PIP2) into inositol trisphosphate (IP3) and 
DAG [84, 154]. DAG is then hydrolyzed by DAGL to generate 2-AG ( 3) [84]. 2-AG binds to 
presynaptic CB1 receptors expressed on glutamate ( 4) [84, 154] and GABA terminals ( 5) [85, 93, 
187] to depress neurotransmitter release [84, 154]. 2-AG is mainly degraded by the enzyme MAG 
lipase ( MAGL) expressed in both glutamatergic and GABAergic terminals ( 6) [6, 93]. Presynaptic 
activation of mGluRs on glutamatergic terminals concurs with 2-AG to dampen further excitabil-
ity of DA cells by decreasing probability of glutamate release ( 7) [85]. Activation of postsynaptic 
dopamine D2 ( DAR) cooperates to enhance 2-AG synthesis and release ( 8) [154, 187]. Activation 
of post-synaptic neurotensin receptors ( NTR) leads to G-protein dependent activation of PLC, and 
consequent generation of PIP2, IP3 and DAG ( 9) [115]. Subsequent hydrolysis of DAG by DAGL 
generates 2-AG, which then moves retrogradely across the synaptic cleft to activate CB1 receptors 
located on a subset of glutamatergic terminals co-releasing NT, thus resulting in inhibition of glu-
tamate and NT release [115]. Whether these terminals are equipped with MAGL has to be estab-
lished yet. AEA is synthesized, along with OEA and PEA, by NAPE-PLD ( 10). AEA activates 
TRPV1 receptors located on presynaptic glutamatergic terminals ( 13) [154], whose activation 
leads to increased spontaneous activity of DA cells [87, 113]. OEA and PEA are instead endog-
enous ligands of type α Peroxisome proliferator-activated receptors ( PPARα), whose  activation 
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Although immunocytochemical investigation of CB1 receptors failed to precise-
ly identify the origin of GABAergic afferents [6], electrophysiological evidence 
suggests CB1 receptors to be localized onto those inputs arising from ventral palli-
dum [85, 93, 107], RMTg nucleus [93, 108] and local GABA neurons [109]. Given 
that these discrete inputs play important roles in controlling the number of sponta-
neously active DA neurons [90] and their own discharge rate [108, 110, 111], it is 
paramount to examine whether these synapses are differently equipped/enriched 
with discrete players of 2-AG signalling machinery. Hence, since GABA removal 
induces disinhibition bursts [64], the endocannabinoids NADA and 2-AG might be 
likely involved in transiently silencing inhibitory synapses onto midbrain DA cells, 
thereby contributing to their phasic excitation in the framework of multiple signal-
ing modalities.

Role of Endocannabinoids on Glutamatergic Afferents

Endocannabinoid modulation of excitatory synapses impinging upon midbrain DA 
neurons has been extensively investigated within the past decade. CB1 receptors 
have been found to be located on glutamatergic/asymmetric synapses in the SNpc 
and VTA [6, 8], where they serve as targets for endocannabinoids. Particularly, CB1 
receptors have been identified more abundantly on vesicular glutamate transporter 
1 (VGLUT1)-positive terminals, predicted to be of cortical origin, rather than on 
VGLUT2- expressing terminals, expected to be of subcortical origin [74], in close 
proximity to VTA DA neuron dendrites [7].

To date, SNpc and VTA DA cells appear to synthesize and release diverse en-
docannabinoids acting on different targets, in agreement with their spatial defini-
tion. For instance, in the SNpc, 2-AG has not been reported to modulate excitatory 
inputs onto DA neurons. In contrast, anandamide was first shown to be released 
upon K+-induced depolarization and to enhance glutamatergic inputs via activation 
of ionotropic transient receptor potential vanilloid type 1 (TRPV1) receptors [112]. 
Subsequently, NADA was also shown to modulate DA cell excitability through ac-
tivation of either TRPV1 or CB1 receptor [8]. Importantly, under basal conditions 
NADA concentrations are barely detectable within the SNpc [8, 24], thus support-
ing the hypothesis that it could be released only upon particular functional states 
of DA cells. Since NADA synthesis depends upon DA synthesis itself, a plausible 
scenario might be that under basal conditions low levels of NADA are released to 
preferentially activate TRPV1 receptors and enhance glutamate release. Instead, 

( 11) [113, 124] leads to phosphorylation and, thereby, negative modulation of somatodendritic 
nicotinic acetylcholine receptors containing the β2 subunit ( β2*nAChRs) ( 12) [10, 113, 124]. Syn-
thesis of OEA and PEA depends upon activation of somatodendritic nAChRs containing the α7 
subunit (α7nAChRs) as well as increases in intracellular Ca2+ ( 10) [10]. The increased levels of 
OEA and PEA acting via PPARα serve to prevent aberrant hypercholinergic-driven excitation of 
DA neurons ( 12) [10]. AEA, OEA and PEA are mainly degraded by the fatty acid amide hydrolase 
( FAAH) located on the postsynaptic compartment [6]
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upon either prolonged or excessive depolarization, NADA binds to CB1 receptors 
to dampen glutamatergic transmission [8] (Fig. 17.3). Whether a similar scenario 
applies to the neighboring cells of the VTA is still not determined, although anan-
damide excites these cells via TRPV1 [113], whose activation results in increased 
DA levels in the NAc [87].

In the VTA, CB1 receptors are localized on asymmetric synapses at the opposite 
site of the main synthesizing enzyme for 2-AG, that is the DAG lipase [6], within 
the DA cells. Several lines of evidence indicate 2-AG as the key endocannabinoid 
released on demand by VTA DA neurons, which mediates both short- and long- 
term forms of synaptic plasticity. Particularly, 2-AG mediates depolarization-in-
duced suppression of excitation (DSE) [9], a form of short-term plasticity that most 
likely serves to limit pathological excitation of DA neurons, such as that observed 
under ischemic-reperfusion injury [9]. Additionally, 2-AG is released by DA neu-
rons during behaviourally relevant patterns of synaptic activity, such as a brief burst 
of excitatory synaptic activity [84]. Under these conditions, mGluR1 activation and 
enhanced intracellular Ca2+ levels contribute to its synthesis and release, ultimately 
leading to transient and selective silencing of excitatory inputs onto the neuron 
itself. Thus, 2-AG ensures a fine modulation of both spike and burst probability of 
VTA DA cells [84] (Fig. 17.4).

2-AG also plays a role in diverse forms of long-term synaptic plasticity. Particu-
larly, it mediates long-term depression (LTD) [114, 115], and negatively gates long-
term potentiation (LTP) at these synapses [7]. Indeed, low frequency stimulation 
(LFS)-induced LTD requires 2-AG, since pharmacological inhibition of either phos-
pholipase C (PLC) or DAG lipase, both critical for 2-AG biosynthesis, abolished 
LFS–LTD, whose induction also necessitates an increased postsynaptic intracellular 
Ca2+ through L-type Ca2+ channels [114]. Another form of 2-AG-mediated LTD is 
expressed by VTA DA cells, and this is the insulin-dependent LTD [116]. Indeed, 
acute activation of insulin receptors is able to induce a Ca2+- independent release 
of 2-AG, which binds to and activate presynaptic CB1 receptors located selectively 
on glutamatergic terminals, and induces LTD [116]. Notably, 2-AG also mediates 
LTD in response to activation of neurotensin (NT) receptors [115]. Hence, it ap-
pears that under conditions resulting in a significant release of NT in the VTA, NT 
co-released with glutamate from VGLUT-positive axon terminals could negatively 
regulate excitatory inputs onto DA neurons and, therefore, LTP induction. Notably, 
NT-induced long lasting depression of glutamate release via 2-AG requires Gq-pro-
tein-mediated activation of PLC and subsequent DAG-lipase activity, but not raises 
in Ca2+ levels. In turn, 2-AG via CB1 receptor activation reduces glutamate release 
by inhibiting voltage-dependent Ca2+ channels (VDCC) [115] (Fig. 17.4). This find-
ing is particularly relevant from a pathophysiological perspective. Indeed, the ob-
servations that NT CSF levels are dramatically reduced in drug-free schizophrenic 
patients, and that an altered NT neurotransmission within the VTA can be associated 
with mesolimbic DA hyperactivity characteristic of schizophrenia [117], highlight 
the relevance of such a tight and long lasting regulation of DA cell excitability by 
NT via CB1 receptors. Remarkably, 2-AG, released by DA neurons and through ac-
tivation of CB1 receptors on VGLUT1-positive terminals, also negatively regulates 
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spike time-dependent LTP induction [7]. Thus, it appears that under circumstances 
of strengthened excitatory plasticity, DA cells would release 2-AG, which medi-
ates LTD and impairs LTP at the same synapses to protect DA cells from aber-
rant excitation, while simultaneously silencing inhibitory afferents [92]. Altogether, 
these findings might help elucidating the paradox, and explain the controversy, that 
exposure to Cannabis might be either a self-medication for psychotic patients and 
psycothomimetic [118, 119]. Hence, one has always to take into account that differ-
ences exist between the effects of CB1 receptor activation by endogenous ligands 
and CB1 receptor agonists (e.g. Cannabis, spice drugs), and, finally yet importantly, 
that endocannabinoid system states may differ among and within individuals.

Role of Endocannabinoids on Cholinergic Afferents

Midbrain DA cell firing and pattern are also powerfully controlled by extrinsic cho-
linergic inputs arising from the LDTg and the PPTg nuclei [120] through activa-
tion of nicotinic receptors (nAChRs) [121, 122]. Midbrain DA cells express two 
major forms of nAChRs, high-affinity β2*-nAChRs and low-affinity α7-nAChRs 
[123], where β2*-nAChRs enable the transition from tonic to phasic activity [122]. 
Remarkably, β2*-nAChRs can be negatively modulated by endogenous ligands of 
PPARα, such as N-acylethanolamines and fatty acids [1, 10, 124]. Notably, the N-
acylethanolamines oleoyl-ethanolamide (OEA) and palmitoyl-ethanolamide (PEA) 
are regarded as belonging to the “extended family” of endocannabinoids [125]. In 
fact, both the enzyme FAAH and NAPE-PLD, key in degradation and synthesis 
of the endocannabinoid anandamide, tightly regulate levels of other N-acyletha-
nolamines along with anandamide [126, 127]. Thus, endogenous PPARα ligands, 
such as the anorectic OEA [128] and the anti-inflammatory PEA [129], by sharing 
with anandamide both the anabolic and degradative pathway [130] can produce an 
indirect activation of other receptors and the so-called ‘entourage effect’ [131−134].

N-acylethanolamines, by activating PPARα, decrease spontaneous activity of 
VTA DA cells and the number of spontaneously active DA neurons through a rapid 
non-genomic mechanism [10, 124]. These effects, rapid in onset and blocked by the 
tyrosine kinase inhibitor genistein [113], are indicative of phosphorylation of β2*-
nAChRs as the underlying mechanism of PPARα-mediated actions [10, 124]. N-ac-
ylethanolamines are found in all mammalian tissues [135] and are abundantly pres-
ent within the midbrain [1, 10], where they enable VTA DA cells to switch between 
tonic/phasic modes of activity that are tightly regulated by β2*-nAChRs [10, 122]. 
Additionally, their synthesis and/or release occurs on demand upon α7-nAChRs ac-
tivation [10]. Hence, in VTA DA neurons, acetylcholine and N-acylethanolamines 
appear to control each other in a negative feedback mechanism, where high acetyl-
choline enhance OEA and PEA levels to negatively modulate β2*-nAChRs down-
stream to PPARα activation in order to prevent aberrant DA cell excitation [10] 
(Fig. 17.4). Thus, by modulating VTA DA cell excitability, PPARα may have conse-
quences for a number of behavioral responses known to be sensitive to the function 
of DA circuits. Since physiological activation of these neurons occurs across three 
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dimensions that affect firing rate, firing pattern and the proportion of spontaneously 
active neurons, and that PPARα activation has been shown to affect at least two of 
these [124], it is very important to further examine the role of these nuclear recep-
tors within the midbrain. Particularly, given the prominent categorical difference 
between SNpc and VTA DA neurons with respect to energy metabolism [136], one 
could speculate that some might be less susceptible to metabolic distress. This is 
particularly important because mitochondrial dysfunction appears to be critical to 
the pathogenesis of sporadic Parkinson’s disease, which is due to degeneration of 
DA neurons within the SNpc [137] whereas those within the VTA are spared. There-
fore, whether or not DA cells within the SNpc are under PPARα regulation similar 
to the VTA is a critical issue.

Physiological Events Triggering the Release  
of Endocannabinoids in Midbrain DA Regions

The aforementioned molecular machinery for 2-AG negative feedback pathway is 
remarkably conserved at both glutamatergic and GABAergic synapses in the VTA 
[6], and most likely in the SNpc. However, a prominent role for NADA has been 
described exclusively within the SNpc [8, 24]. Thus, it appears that endocannabi-
noids, by regulating DA cell activity either in an homo- or hetero- synaptic fashion, 
may not only contribute to the rewarding/teaching signal encoded by these neurons, 
but may also regulate the start/stop of sequence learning [138]. Additionally, endo-
cannabinoids may participate in discrete mechanisms aimed at DA cell homeostatic 
regulation. As a result, given the role of the endocannabinoid system in modulating 
DA neuronal function, they might take part in motor skill learning and in the action-
habit transformation. Hence, several and diametrically opposite events in life are 
able to trigger endocannabinoid synthesis and release from midbrain DA cells, such 
as for instance the pursuit of natural rewards, physical exercise, stress and noxious 
stimuli.

Endocannabinoids have long been involved in appetitive-motivational aspects 
of reward-directed behaviors [139−141]. The first demonstration that 2-AG is the 
endocannabinoid enhancing neural mechanisms of cue-motivated reward seeking, 
thereby supporting its key role for multiple forms of synaptic plasticity within the 
VTA [2], has been elegantly provided by Cheer’s group [142]. In particular, the Au-
thors showed the existence of a single neural signaling mechanism through which 
CB1 receptor antagonists can effectively reduce the influence that environmental 
cues exert over motivated behavior. Indeed, it is well established that the motiva-
tional state of the individual regulates those appetitive behaviors involving the pur-
suit of reward [143, 144]. Thus, Oleson and colleagues demonstrated that the dis-
ruption of 2-AG signaling in the VTA simultaneously decreases cue-evoked reward 
seeking as well as DA levels in the NAc shell [142]. Conversely, pharmacological 
enhancement of 2-AG signaling (i.e. by inhibition of its main degrading enzyme) 
within the VTA produces the opposite behavioral output. Therefore, the Authors 
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indicate 2-AG in the VTA as the main endocannabinoid involved in mediating 
cue-motivated reward directed behaviors [142]. Notably, several lines of evidence 
postulate that cue-encoding VTA DA cells form discrete neural assemblies with 
GABAergic synapses, which will consequently allow for a fine-tuning of DA neural 
activity itself during reward seeking. Accordingly, activation of CB1 receptors lo-
cated on discrete GABAergic terminals have been shown to decrease GABA release 
onto VTA DA neurons [85, 93, 107−109], thereby resulting in their disinhibition.

Similarly, it has been proven that physical exercise enhances the endocannabi-
noid system in both humans [145] and rodents [32, 146−148], and that its involve-
ment may take part in beneficial effects of exercise. Notably, the reinforcing prop-
erties of wheel running are ascribed to activation of the endocannabinoid system 
on wheel-based seeking which, similarly to the pursuit of reward, is a form of ap-
petitive behavior [148]. Remarkably, activation of CB1 receptors on GABAergic 
terminals onto VTA DA cells exerts a tonic stimulatory influence on voluntary run-
ning performance [147]. Particularly, an endocannabinoid-dependent stimulation 
of CB1 receptors located on VTA GABAergic terminals can define running perfor-
mance as endocannabinoids regulate DA-dependent reward-directed processes. In 
turn, both acute and repeated voluntary exercise considerably affect VTA DA cell 
activity [147]. Particularly, following acute and repeated voluntary wheel running 
GABA-CB1

-/- mice display a marked decline in the number of spontaneously active 
DA neurons, which also show a reduction in both firing rate and bursting activity. 
Although the nature of the endocannabinoid exerting this tonic control on inhibi-
tory transmission via CB1 receptor activation has to be elucidated yet, this elegant 
study highlights and remarks the role of this endogenous system in the regulation 
of VTA DA neuron activity after both acute and repeated voluntary running. In this 
scenario, shortly after running the absence of CB1 receptors at inhibitory synapses 
shifts excitation towards inhibition of DA neuronal activity, and their behavioral 
output [147]. Consistent with these findings are the observations that CB1 deficient 
mice exhibit dramatic motor deficits [149], and lack endocannabinoid-dependent 
LTD at the indirect pathway within the basal ganglia [150].

Excitatory synaptic transmission onto VTA DA cells is also potentiated by feed-
ing-related peptides [151, 152], and this might underlie the motivation to obtain 
food [151, 153]. On the other hand, insulin in the VTA might reduce the salience 
of cues and/or contexts associated with food by reducing the strength of excitatory 
synapses onto DA neurons via 2-AG [116]. In fact, electrophysiological observa-
tions suggest that when plasmatic levels of insulin are increased, such as immedi-
ately following a caloric meal consumption (i.e. sweet high fat meal), 2-AG levels 
increase within the VTA, where its effects are unmasked by pharmacological block-
ade of CB1 receptors [116]. Thus, it appears that insulin receptor activation triggers 
2-AG synthesis and release from VTA DA neurons to activate CB1 receptors on a 
subset of excitatory terminals. This results in a decreased glutamate release from 
presynaptic terminals without affecting GABA transmission [116], in according to 
the spatial definition of endocannabinoid actions. Notably, these findings do not 
reflect the effort exerted by the animal to obtain a palatable food, but they show 
that enhanced circulating levels of insulin via CB1 receptor activation may reduce 
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simple appetitive behaviors displayed routinely before food consumption as well as 
the salience of food-related cues [116].

As often mentioned in this chapter, midbrain DA neurons are potential indica-
tors of salient, pleasant, or noxious stimuli, and they are tightly regulated by both 
excitatory and inhibitory inputs equipped with both CB1 and/or TRPV1 receptors. 
As a result, these neurons via endocannabinoids can integrate signals from the 
periphery, such as those induced by nociceptive and stressful stimuli. In particu-
lar, in freely moving rats a peripheral noxious stimulation of the tail determined 
a TRPV1-dependent increase in extracellular DA levels in the NAc [87]. Notably, 
no identification of the endogenous mediator(s) has been provided yet, and no di-
rect measurements of endocannabinoids/endovanilloids have been performed un-
der those conditions. However, the observations that activation of TRPV1 in acute 
midbrain slice preparations increases the firing rate of VTA DA cells [87, 113], a 
mechanism dependent upon presynaptic facilitation of glutamatergic transmission, 
suggest the involvement of an endovanilloid/endocannabinoid molecule (e.g. anan-
damide, NADA) [87, 154]. A similar scenario occurs within the SNpc in DA cells 
[8, 112]. Remarkably, to date, different studies propose discrete lipid molecules as 
mediators of presynaptic facilitation of glutamatergic transmission in the VTA and 
SNpc. Hence, while in the VTA anandamide is in the spotlight for such a fine tuning 
of DA cell excitability via presynaptic inhibition or facilitation of glutamate release 
downstream of activation of CB1 and TRPV1 receptors [154], respectively, in the 
SNpc NADA appears to be acting in such a position [8].

Noteworthy, as mentioned above in this chapter, anatomical and functional het-
erogeneity of midbrain DA neurons has been well established [30, 41, 42, 155]. 
Accordingly, a subset of VTA DA neurons can decrease their impulse activity in 
response to a noxious stimulus, such as the tail-pinch, as a result from tVTA/RMTg 
activation [108, 111]. Consequently, given that the tVTA/RMTg nucleus strongly 
projects to the SNpc, and that tVTA/RMTg afferents onto VTA DA cells are under 
negative control of CB1 receptors [93, 108, 156], one would expect these latter to 
be also located on tVTA/RMTg terminals onto SNpc cells. However, since differ-
ent subsets of midbrain DA neurons receive topographic inputs from different sub-
regions of the tVTA/RMTg [80], this prediction might not be correct.

Midbrain DA neurons also confer the individual with the capability to update and 
adapt to formerly learned behavioral responses in a changing environment, and this 
is essential for coping with adverse events. Notably, mesocortical DA transmission 
has long been involved in cognitive flexibility processes contributing to behavioral 
flexibility [157], which takes account of both set-shifting and reversal learning. 
Importantly, all of these phenomena are markedly impaired by stress [158−161]. 
In addition, converging evidence suggests the involvement of the endocannabinoid 
system in stress-induced responses [162−168]. Hence, genetic deletion of CB1 re-
ceptors induces hypersensitivity to stress [162, 169], being rodents more vulnerable 
to stress-induced, depression-like changes in behavior and gene expression [162, 
164, 168, 170−174]. Conversely, FAAH deficient mice display reduced anxiety-like 
behaviors in both the elevated plus maze and the light-dark box, both effects requir-
ing CB1 receptors activation [175, 176]. Remarkably, while endocannabinoid levels 
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are influenced by acute and chronic stressors in diverse brain regions [168, 177, 
178], direct measurements within the VTA and SNpc have never been performed. 
However, in socially isolated rats changes in mRNA expression of DAGL isozyme 
β were found in both the VTA and SNpc [179]. Noteworthy, important excitatory 
inputs onto VTA DA cells undergo aberrant plasticity in response to stress in CB1 
receptor deficient mice [180], and this might ultimately influence VTA DA neuronal 
activity. In particular, the anterolateral portion of the BNST shows a widespread 
connectivity with those systems that are phylogenetically conserved to process 
stress signals [181]. Hence, activation of the PFC (in particular of the infralimbic 
portion) enhances excitatory afferents to the BNST, which in turn excites BNST 
neurons projecting to the VTA [76, 77], thus leading to their phasic activation [182]. 
In this scenario, CB1 receptor activation within the BNST dampens VTA DA cell 
excitation induced by PFC stimulation, thus unveiling the role of endocannabinoids 
in this neural circuit [182, 183]. Therefore, the observation that in CB1 receptor de-
ficient mice acute stress shifts synaptic plasticity at excitatory afferents onto BNST 
neurons from LTD to LTP [180] was somehow predictable. Accordingly, pharmaco-
logical blockade of CB1 receptors within the PFC is not able to reduce stress-evoked 
increases of extracellular DA levels in the PFC [184]. Nonetheless, caution should 
be used when comparing the aforementioned studies given that the procedures to in-
duce acute stress are different, being acute restraint stress [180] and acute tail-pinch 
stress [184], respectively. Conversely, while one study reported that rat prefrontal 
glucocorticoid receptors play a role in stress-induced enhanced DA levels within the 
PFC [184], the other ruled out the involvement of mouse glucocorticoid receptor 
activation in the switch of CB1 receptor-dependent synaptic plasticity at excitatory 
synapses onto BNST [180]. Irrespective of the diverse species and stressors used, 
however, it is worth to mention that acute restraint stress does increase both the 
firing rate and bursting pattern of VTA DA neurons in awake rats [185]. Whether 
or not the endocannabinoid system is involved in such an increased frequency and 
pattern of discharge of VTA DA neurons remains to be elucidated.

Concluding Remarks

The endocannabinoid system plays a fundamental role in making short- and long-
term modifications to DA neural circuits and related behaviours. Nevertheless, 
many facets of this interplay are still unclear. For instance, it remains to elucidate 
whether or not there is a bias for one of the diverse endocannabinoids to be mobi-
lized by DA cells on demand, or to be tonically produced depending on the state 
the synapse resides. Since CB1 receptors are abundantly expressed in the midbrain, 
and both anandamide and NADA serve two masters (i.e. CB1 and TRPV1 receptors) 
located on terminals impinging upon midbrain DA cells, it is tempting to specu-
late that neuromodulatory functions of the “extended family” of endocannabinoids 
might help keeping synaptic efficacy within those dynamic ranges that guarantee 
a proper integration of interoceptive stimuli and sensory information. Importantly, 
this balance is processed in order to facilitate motor control and promote learning.
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The number of exciting discoveries brought up to the scientific community al-
most on a daily basis highlights the importance of such a fine regulation. Hence, 
given that deficits in DA neuromodulation contribute to the pathophysiology of 
several neuropsychiatric disorders, and the emerging and prominent role of the 
endocannabinoid system in modulating DA neuronal activity and transmission, 
pharmacotherapies aimed at precisely regulating the endogenous levels represent 
a promising treatment for diverse psychiatric and neurological disorders. Equally 
important is that potential therapeutic benefits of cannabis and cannabinoids are 
currently under heavy analysis in many countries worldwide.
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