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PREFACE

The endocannabinoid (eCB) system is a relative infant in the world of neu-
roscience, with the identification of some of its receptors, endogenous
ligands, and associated metabolic pathways occurring within only the past
25 years. Similar to the endogenous opioid system, the discovery of the
eCB system was predicated on the determination of the molecular target
of a recreational drug. The discovery that the psychoactive constituent of
cannabis, delta-9-tetrahydrocannabinol, exerts its effects through the activa-
tion of cannabinoid type 1 receptors was pivotal for the scientific exploration
of this system. In further similarity to our understanding of endogenous opi-
oid function, many of the processes found to be regulated by eCB signaling
correspond quite well with the known physiological and psychological
effects produced by exogenous cannabinoid drugs. For example, eCB sig-
naling is known to be critically involved in an array of processes including
memory, pain, inflaimmation, nausea, feeding, cognition, emotion, and
reward. However, major distinctions are evident between the normal influ-
ence and function of eCB signaling and the less physiologically discriminate
effects produced by broad disruption of cannabinoid signaling by exogenous
cannabinoid agents. The growing knowledge of these distinctions has not
only increased our understanding of human physiology but has also
highlighted the eCB system as a viable therapeutic target for a variety of
pathologies and disorders.

This volume of the International Review of Neurobiology focuses on the cur-
rent understanding of eCB signaling, processing, and influence in a host of
physiological processes within the brain and body. In the first chapter, Dr.
Hillard presents a very clear and concise primer on the localization and func-
tion of the eCB system, along with comment on gaps in our knowledge and
ongoing controversies in the field. Next, Drs. Lee and Gorzalka explain
what we have learned in the last decade regarding the prominent eCB influ-
ence in sculpting the development of the adolescent brain and how disrup-
tions in eCB signaling can induce lasting perturbations in this process. The
subsequent chapters from Drs. Sharkey and Parker examine the importance
of eCB signaling in the regulation of the neurogastrointestinal axis and the
modulation of nausea, respectively. Dr. Tasker and colleagues then detail the
intricate relationship between eCB signaling and neuroendocrine processes,
including the neuroendocrine mechanisms influencing stress, energy

xi



Xii Preface

balance, reproduction, and growth. Dr. Finn and colleagues continue this
theme through an exposition on the eCB influence on pain processing
and its modulation by stress and emotional state. Finally, Dr. Melis and col-
leagues provide discussion of how eCB signaling regulates motivation and
reward through influences on the mesolimbic dopamine system and how
eCB signaling modulates the effects of abused drugs on this system in the
etiology of addiction. Collectively, these chapters provide both a broad
overview and detailed insight into the multifaceted influence of eCB signal-
ing in neurobiological processes governing the function of brain and body.

LOREN PARSONS

MATTHEW HILL



CHAPTER ONE

The Endocannabinoid Signaling
System in the CNS: A Primer

Cecilia J. Hillard'

Neuroscience Research Center, and Department of Pharmacology, Medical College of Wisconsin,
Milwaukee, Wisconsin, USA

!Corresponding author: e-mail address: chillard@mcw.edu
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Abstract

The purpose of this chapter is to provide an introduction to the mechanisms for the reg-
ulation of endocannabinoid signaling through CB1 cannabinoid receptors in the central
nervous system. The processes involved in the synthesis and degradation of the two most
well-studied endocannabinoids, 2-arachidonoylglycerol and N-arachidonylethanolamine
are outlined along with information regarding the regulation of the proteins involved.
Signaling mechanisms and pharmacology of the CB1 cannabinoid receptor are outlined,
as is the paradigm of endocannabinoid/CB1 receptor regulation of neurotransmitter
release. The reader is encouraged to appreciate the importance of the endo-
cannabinoid/CB1 receptor signaling system in the regulation of synaptic activity in
the brain.

International Review of Neurobiology, Volume 125 © 2015 Elsevier Inc. 1
ISSN 0074-7742 All rights reserved.
http://dx.doi.org/10.1016/bs.irn.2015.10.001
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ABBREVIATIONS

2-AG 2-arachidonoylglycerol

AA arachidonic acid

Abhd alpha—beta hydrolase domain protein

AEA N-arachidonylethanolamine

CB1R cannabinoid receptor subtype 1

CBD cannabidiol

CCK cholecystokinin

DAG diacylglycerol

DAGL diacylglycerol lipase

DSE depolarization-induced suppression of excitation
DSI depolarization-induced suppression of inhibition
EA cthanolamine

ECS endocannabinoid system

FAAH fatty acid amide hydrolase

GDET1 glycerophosphodiesterase 1

GP-AEA ¢lycerophospho-N-arachidonylethanolamine
GPCR G protein-coupled receptor

GP-NAE glycerophospho-N-acylethanolamine

HFS high-frequency stimulation

IP; inositol triphosphate

LTD long-term depression

MAGL monoacylglycerol lipase

mGluR metabotropic glutamate receptor

NAAA N-acylethanolamine-hydrolyzing acid amidase
NAE N-acylethanolamine

NAPE N-acyl phosphatidylethanolamine
NAPE-PLD N-acyl phosphatidylethanolamine-specific phospholipase D
NAT N-acyl transferase

PA phosphatidic acid

PAP phosphatidic acid phosphatase

PC phosphatidylcholine

PE phosphatidylethanolamine

PIP, phosphatidylinositol 4,5-bisphosphate

PKA protein kinase A

PKC protein kinase C

PLA/AT phospholipase A/acyltransferase

PLC phospholipase C

PLD phospholipase D

PPAR peroxisome proliferation-activating receptor
PTPN22 protein tyrosine phosphatase, nonreceptor type 22
SHIP-1 Src homology 2-containing inositol phosphatase-1
THC A’-tetrahydrocannabinol

THL tetrahydrolipstatin

VDCC voltage-dependent calcium channel



CNS Endocannabinoid Signaling System 3

1. INTRODUCTION

Cannabis sativa has been used by humans for thousands of years as a
medicinal agent and for its euphoric and relaxing properties. The active
principal of C. sativa was isolated and identified as A’-tetrahydrocannabinol
(THC; Gaoni & Mechoulam, 1964), a landmark discovery that leads to the
ultimate uncovering of the endocannabinoid system (ECS) which modulates
virtually every brain region and thereby contributes to nearly every function
of the CNS.

Using levo-nantradol, a structural analog of THC (Milne, Koe, &
Johnson, 1979), Howlett and colleagues provided evidence that THC
had biochemical effects consistent with activation of a G protein-coupled
receptor (GPCR) (Howlett, 1984, 1985; Howlett & Fleming, 1984;
Howlett, Qualy, & Khachatrian, 1986). Another THC analog, [’H]
CP55940, was used to demonstrate that a high-affinity receptor for
THC and structural analogs was present at high density throughout the
brain (Devane, Dysarz, Johnson, Melvin, & Howlett, 1988). In a clever
set of studies utilizing autoradiography in cerebellar neuron mutant
mice, cannabinoid receptor was found to be enriched in axon terminals,
which hinted that their activation would modulate neurotransmitter release
(Herkenham, Groen, Lynn, De Costa, & Richfield, 1991). Molecular
cloning of the cannabinoid receptor followed shortly after, officially intro-
ducing the CB1 cannabinoid receptor (CBIR) gene and its protein
product to the scientific world (Matsuda, Lolait, Brownstein, Young, &
Bonner, 1990). Subsequent studies have added considerably to our
understanding of the ECS; however, none of these would have been pos-
sible without these and other seminal observations made between 1965
and 1990.

As the other chapters in this issue describe, there is strong evidence
that dysregulation of the ECS contributes to many human maladies,
including pain, psychiatric disorders, neurodegenerative diseases, and
inflammation. Thus, therapies that alter the ECS could have usefulness
as treatments for diseases and disorders that can significantly reduce qual-
ity of life. The purpose of this chapter is to introduce the ECS and review
what is currently known about its regulation and role in synaptic
function.
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2. THE ENDOCANNABINOIDS
2.1 Definitions

The definition of endocannabinoid used in this chapter is “an endogenous
molecule that activates CB1R signaling.” This definition is somewhat arbi-
trary, since receptors in addition to the CBI1R are activated by
phytocannabinoids, and the endocannabinoids can bind to other receptors
that are not activated by phytocannabinoids.

The first endocannabinoid identified is the very low-abundance brain
lipid, N-arachidonylethanolamine (also called anandamide; AEA) (Devane
et al., 1992). AEA is one of a family of N-acylethanolamines (NAEs), first
identified by Udenfriend (Bachur, Masek, Melmon, & Udenfriend, 1965;
Bachur & Udenfriend, 1966; Colodzin, Bachur, Weissbach, & Udenfriend,
1963) and studied in depth by Schmid and colleagues (Schmid et al., 1995;
Schmid, Schmid, & Natarajan, 1990). Shortly after the identification of
AEA, two laboratories simultaneously and independently reported that a high
abundance 2-monoacylglycerol, 2-arachidonoylglycerol (2-AG), also bound
and activated CB1R (Mechoulam et al., 1995; Sugiura et al., 1995). Other
endogenous lipids that can bind CB1R include O-arachidonylethanolamine
(virodhamine), which is a weak, partial agonist (Porter et al., 2002), and
noladin ether, the ether of arachidonic acid (AA) and glycerol (Hanus
et al.,, 2001). There is far less known about the roles of these lipids in the
regulation of the ECS than is known about AEA and 2-AG.

In vitro assays demonstrated that the peptide, hemopressin, a nonapeptide
derived from the o chain of hemoglobin, binds to the CB1R with high affin-
ity and signals as an inverse agonist (Heimann et al., 2007). More recent
studies suggest that hemopressin is not likely the primary signaling molecule
but is a cleavage product of RVD-hemopressin (Bomar & Galande, 2013).
RVD-hemopressin and several other hemopressin peptides have activity as
negative allosteric modulators of the CB1R (Bomar & Galande, 2013).

The focus of this chapter will be on the lipid endocannabinoids, AEA and
2-AG, given the large amount of data supporting their role in brain function
and as endocannabinoids.

2.2 Mechanisms of AEA Biosynthesis

2.2.1 Precursor Synthesis

Available evidence indicates that the primary mechanisms for AEA synthesis
(and NAE synthesis in general) involve hydrolysis of a minor phospholipid
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class, N-acyl phosphatidylethanolamines (NAPEs; Fig. 1). NAPEs can be
synthesized by an N-acyl transferase (NAT) that catalyzes transfer and for-
mation of an amide bond between the fatty acyl moiety at the sn-1 position
of'a donor phospholipid and the ethanolamine of phosphatidylethanolamine
(PE; Cadas, di Tomaso, & Piomelli, 1997; Schmid, Schmid, & Natarajan,
1996; Sugiura et al, 1996) or plasmenylethanolamine (Hansen,
Moesgaard, Hansen, & Petersen, 2000). NAT activity is dependent on high
micromolar concentrations of calcium and is present in membranes
harvested from brain (Cadas et al., 1997; Cadas, Gaillet, Beltramo,
Venance, & Piomelli, 1996; Schmid et al., 1990).

The phospholipase A/acyltransterase (PLA/AT) family of enzymes also
carries out the acyl-transfer reaction needed to form the NAPEs (Golczak
et al., 2012; Shinohara et al., 2011; Uyama et al., 2013). One member of
this family, PLA/AT-1, is expressed in brain of human, mouse, and rat,
and catalyzes the same reaction as NAT, but is calcium independent. Cel-
lular overexpression of PLA/AT-1 results in significantly increased concen-
trations of NAPE, while its silencing in endogenously expressing cells leads
to reduced NAPE (Uyama et al., 2013).

Since acyl groups in the sn-1 position are retained in the NAEs, and there
is very little AA in this position, these mechanisms would be expected to
produce very little N-arachidonylPE, the precursor of AEA. Indeed, the
concentrations of N-arachidonylPE and AEA are very low compared to
the saturated substrate and product pairs, such as N-palmitoylPE and pal-
mitoylethanolamide (PEA; Ueda, Tsuboi, & Uyama, 2010).

2.2.2 NAPE Conversion to NAE: NAPE-PLD

Multiple pathways have been described for the conversion of NAPE into
NAEs (Fig. 1). The first is a phosphodiesterase of the phospholipase
D (PLD) family, N-acyl phosphatidylethanolamine-specific phospholipase
D (NAPE-PLD), that converts NAPEs into phosphatidic acid (PA) and
NAE (Schmid et al., 1990). NAPE-PLD does not exhibit selectivity for
the N-acyl moiety, suggesting that it regulates formation of the entire family
of NAEs (Wang et al., 2006). The majority of available evidence demon-
strates a lack of calcium dependence by NAPE-PLD (Rahman et al.,
2014), but little else is known about the mechanisms that regulate its activity.
There are a few studies investigating NAPE-PLD mRNA expression. The
transcription factor Sp1 regulates basal NAPE-PLD in macrophages, while
endotoxin decreases its expression, supporting a link between NAE synthesis
and inflammatory state (Zhu et al., 2011). NAPE-PLD expression in the
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human endometrium changes across the menstrual cycle, suggesting hor-
monal regulation of expression (Scotchie, Savaris, Martin, & Young, 2015).

Genetic deletion of NAPE-PLD in mice (NAPE-PLD /") results in a
significant increase in the concentrations of the NAPEs, evidence that
NAPE-PLD-mediated hydrolysis plays an important role in the regulation
of NAPE concentrations (Leung, Saghatelian, Simon, & Cravatt, 2006;
Tsuboi et al., 2011). Concentrations of saturated NAEs are significantly
reduced, but not completely absent, in brains from NAPE-PLD ™'~ mice
(Leung et al., 2006); and brain homogenates of NAPE-PLD /™ mice incu-
bated with N-arachidonylPE exhibit only 25% of the conversion to AEA of
wild-type mice (Liu et al., 2008). However, brain concentrations of AEA
and other polyunsaturated NAEs in NAPE-PLD /™ mice are not signifi-
cantly different from wild-type mice, which suggests that other pathways
are important in the biosynthesis of AEA and that these pathways could
be upregulated in the NAPE-PLD ™/~ mice.

NAPE-PLD is associated with intracellular membranes (Okamoto,
Morishita, Tsuboi, Tonai, & Ueda, 2004). In the ventral pallidum,
NAPE-PLD is in presynaptic terminals that are opposed to other axon ter-
minals that express the CB1R, suggesting that AEA could contribute to axo-
axonal regulation of CB1R signaling (Pickel, Shobin, Lane, & Mackie,
2012). Studies in the hippocampus also demonstrate presynaptic distribution
of NAPE-PLD in CB1R-negative, glutamatergic terminals (Nyilas et al.,
2008). NAPE-PLD is found in both axons and dendrites in the hypothala-
mus (Reguero et al., 2014).

2.2.3 NAPE Conversion to NAE: Multienzyme Pathways
Two alternative pathways have been discovered that can convert NAPE to
NAE (Fig. 1). NAPE can be deacylated to lysoNAPE via phospholipase A,

Figure 1—Cont'd AEA biosynthesis and degradation pathways. The pathways
described in the text are shown here specifically for the endocannabinoid, AEA. Abbre-
viations: AA, arachidonic acid; Abhd4, alpha—beta hydrolase domain protein 4; AEA,
N-arachidonylethanolamine; EA, ethanolamine; FAAH, fatty acid amide hydrolase;
GDET1, glycerophosphodiesterase 1; GP-AEA, glycerophospho-N-arachidonylethanolamine;
NAAA,  N-acylethanolamine-hydrolyzing acid amidase; NAPE-PLD, N-acyl
phosphatidylethanolamine-specific phospholipase D; NAT, N-acyl transferase; PC,
phosphatidylcholine; PE, phosphatidylethanolamine;  PLA/AT, phospholipase
A/acyltransferase; PLC, phospholipase C; PTPN22, protein tyrosine phosphatase, non-
receptor type 22; SHIP-1, Src homology 2-containing inositol phosphatase-1. Scheme
is a modification of Fig. 2 from Rahman, Tsuboi, Uyama, and Ueda (2014).
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family members (Sun et al., 2004) and by alpha—beta hydrolase domain-
containing protein 4 (Abhd4; Simon & Cravatt, 2006). Abhd4 is expressed
in mouse brain and can also deacylate lysoNAPE, resulting in the formation
of glycerophospho-N-acylethanolamine (GP-NAE; Fig. 1).

GP-NAE is a substrate for glycerophosphodiester phosphodiesterase 1
(GDE1) which catalyzes its hydrolysis to glycerol-3-phosphate and NAE
(Fig. 1; Simon & Cravatt, 2008). GDE1 is widely distributed in mammalian
tissues, including brain and spinal cord. GDE1~’~ mice have been used to
examine the role of the Abhd4-GDE1 pathway in the synthesis of NAEs
in vivo (Simon & Cravatt, 2010). Brains from GDE1™’~ mice exhibit no
detectable conversion of GP-NAE to NAE; however, brain concentrations
of the NAEs, including AEA, are not different from wild-type mice indicat-
ing that GDE1 is not essential for NAE synthesis in wvivo.
GDE1~'"/NAPE-PLD "/~ double knockout mice demonstrate no conver-
sion of NAPE to NAE in brain homogenates; however, cultured neurons
from these mice can convert NAPE to NAE (Simon & Cravatt, 2010).
These data indicate that there are mechanisms other than NAPE-PLD
and Abhd4-GDET1 that can convert NAPE to NAE in an intact cell that
are not operative when brain tissue is homogenized.

An additional, multistep pathway that generates NAE from NAPE
which involves phospholipase C (PLC) has also been described (Fig. 1). This
pathway, elucidated in macrophages, involves PLC-mediated conversion of
NAPE to diacylglycerol (DAG) and phospho-NAE, which is subsequently
dephosphorylated by several phosphatases, including protein tyrosine phos-
phatase, nonreceptor type 22 (PTPN22) and Src homology 2-containing
inositol phosphatase-1 (SHIP-1; Liu et al., 2008, 2006). The PLC/phosphatase
pathway was shown to be essential for endotoxin-induced synthesis of AEA
in macrophages (Liu et al., 2000).

Inhibitor studies suggest both the Abhd4/GDE-1 and PLC/phosphatase
pathways contribute to AEA synthesis in NAPE-PLD ™"~ mice (Liu et al.,
2008). Interestingly, the kinetics of these pathways differ; the PLC/phos-
phatase pathway is active during the first 1-10 min after the addition of
NAPE, and the Abhd4/GDE-1 pathway contributes to AEA accumulation
only at later times of NAPE incubation (Liu et al., 2008). Phospho-AEA can
be detected in brain and its concentration is significantly increased in the
presence of vanadate, which provides further support for the possibility that
the PLC/phosphatase pathway is involved in brain NAE formation (Liu
et al., 2008).
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2.2.4 AEA Synthesis from AA

A synthetic pathway for AEA has been identified in mammalian tissues that
does not involve NAPE as a precursor (Fig. 1). In this pathway, the NAE-
hydrolyzing enzyme, fatty acid amide hydrolase (FAAH), acts in “reverse” as
an NAE synthase to directly couple AA and ethanolamine to form AEA
(Arreaza et al., 1997; Katayama et al.,, 1997; Kurahashi, Ueda, Suzuki,
Suzuki, & Yamamoto, 1997). This mechanism generates AEA during severe
hepatic damage (Mukhopadhyay et al., 2011) and in postmortem brain (Patel
etal., 2005), conditions that are characterized by large concentrations of eth-
anolamine, which is necessary to drive the synthase function of the enzyme.

2.2.5 Summary

The synthesis of AEA occurs by a number of possible routes, but it is not
clear whether any of the known mechanisms contribute to stimulation of
AEA production for the purpose of activating ECS. The answer to this ques-
tion has not been provided by genetic deletion of possible enzymes,
suggesting that the multiple mechanisms can compensate for one another.
The development of effective and selective inhibitors of the various syn-
thetic pathways is needed to delineate these processes.

2.3 Mechanisms of AEA Hydrolysis

2.3.1 Fatty Acid Amide Hydrolase

Early studies identified an enzymatic activity in liver microsomes that hydro-
lyzed NAEs to free fatty acid and ethanolamine (Schmid, Zuzarte-
Augustin, & Schmid, 1985). The activity identified was likely due to the
enzyme identified molecularly by Cravatt and colleagues and given the name
FAAH (Cravatt et al., 1996). In addition to saturated and unsaturated, long-
and short-chain NAEs, FAAH also hydrolyzes oleamide (a primary amine)
and N-acyltaurines, which are very significantly increased brain tissue from
FAAH /™ mice (Saghatelian & Cravatt, 2005). FAAH can also function as
an esterase and hydrolyze 2-AG in vitro (Patricelli & Cravatt, 1999), although
genetic deletion of FAAH in mice does not affect brain 2-AG contents (Patel
et al., 2005), suggesting that FAAH does not play a prominent role in 2-AG
hydrolysis.

FAAH is an integral membrane protein, present primarily on endoplas-
mic reticulum (Hillard, Wilkison, Edgemond, & Campbell, 1995) and mito-
chondria (Gulyas et al., 2004). FAAH is localized primarily in large, outflow
neurons and is ubiquitously expressed throughout the brain (Tsou et al.,
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1998). FAAH is active over a wide range of pH values and its activity is unaf-
fected by either the addition or removal of divalent cations (Hillard et al.,
1995; Schmid et al., 1985).

FAAH is constitutively active and several studies suggest that its activity
can be regulated by posttranslational processes. For example, follicle-
stimulating hormone treatment increases FAAH activity through a mecha-
nism that requires increased protein kinase A (PKA) activity, which appears
to phosphorylate an accessory protein, not FAAH itself (Grimaldi, Rossi,
Catanzaro, & Maccarrone, 2009). Activation of receptors for
corticotropin-releasing factor receptor 1 (CRF1) by corticotropin-releasing
hormone (CRH) in vivo results in increased FAAH activity ex vivo through a
mechanism consistent with a posttranslational modification (Gray et al.,
2015). Given that CRF1 receptors can also couple to activation of PKA
(Pollandt et al., 2006), it is possible that similar mechanisms are involved
in the actions of both follicle-stimulating hormone and CRH.

The FAAH promoter has been analyzed; its mRINA is transcribed from
multiple transcription start sites that lack a TATA box element
(Puftenbarger, Kapulina, Howell, & Deutsch, 2001). The promoter region
contains several estrogen receptor-binding elements (Grimaldi et al., 2012;
Waleh, Cravatt, Apte-Deshpande, Terao, & Kilduff, 2002); and estrogen
(Grimaldi et al., 2012) and the xenoestrogen, bisphenol A (Vermeer,
Gregory, Winter, McCarson, & Berman, 2014) increase FAAH gene tran-
scription. Progesterone also increases FAAH expression in T lymphocytes
through the transcription factor, Ikaros (Maccarrone, Bari, Di Rienzo,
Finazzi-Agro, & Rossi, 2003). Glucocorticoid receptor-binding sites are
present in the FAAH promoter, and reporter studies demonstrate that glu-
cocorticoid receptors regulate FAAH expression in a negative manner
(Waleh et al., 2002). However, glucocorticoid administration in the drink-
ing water results in increased FAAH activity without any effect on mRINA
expression in brain (Bowles et al., 2012), suggesting that this process may not
occur in vivo.

In vitro treatment with endotoxin reduces FAAH expression at a tran-
scriptional level in human peripheral lymphocytes (Maccarrone et al.,
2001) and in peripheral blood monocytes of mice (Wolfson et al., 2013).
Recent data indicate that treatment of lymphocytes with IL6 results in
increased FAAH expression and that a cAMP-response element in the
FAAH promoter is likely involved in the regulatory mechanism (Gasperi
et al.,, 2014). Leptin receptors activate the FAAH promoter in
T lymphocytes through STAT3; perhaps also acting via a cAMP-responsive
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element (Maccarrone, Di Rienzo, Finazzi-Agro, & Rossi, 2003;
Maccarrone, Gasperi, Fezza, Finazzi-Agro, & Rossi, 2004).

A single-nucleotide polymorphism has been identified in the coding
region of the human FAAH gene that results in a missense mutation changing
a conserved proline residue to threonine (Sipe, Chiang, Gerber, Beutler, &
Cravatt, 2002). The amino acid change does not alter FAAH kinetics, but
results in reduced protein amounts, likely as a result of protein instability
(Chiang, Gerber, Sipe, & Cravatt, 2004). Recently, a transgenic mouse line
was established in which a nucleotide substitution homologous to the rare
allele in humans was introduced (Dincheva etal., 2015). The transgenic mice
exhibit reduced FAAH protein amounts and higher brain AEA contents.

FAAH '~ mice exhibit 10-fold increases in basal concentrations of AEA
and other NAEs in brain tissue (Cravatt et al., 2001), suggesting that FAAH
activity is essential for the regulation of NAE concentrations in brain.
FAAH '~ mice have been used in a large number of behavioral paradigms,
and changes are generally ascribed to increased AEA tone. However, the
other NAEs are increased to an even greater extent than AEA by FAAH
deletion and these lipids have non-CB1R targets, most significantly, the per-
oxisome proliferation-activating receptors (PPARs; Panlilio, Justinova, &
Goldberg, 2013). In addition, the N-acyl taurine family of lipids is very sig-
nificantly increased in FAAH ™'~ mice (Saghatelian & Cravatt, 2005) can
affect TRPV channel function (Saghatelian, McKinney, Bandell,
Patapoutian, & Cravatt, 2006).

There are several widely used pharmacological inhibitors of FAAH that
are very effective in vivo, including URB597 (Tarzia et al., 2003), PF-3845
(Ahn et al., 2009), and JNJ5003 (Hill et al., 2013). One FAAH inhibitor
(PF-04457845) is currently in phase 2 clinical trials for the treatment of
posttraumatic stress disorder (http://www.pfizer.com/sites/default/files/
product-pipeline/February_27_2015_Pipeline_Update_Final2.pdf).

2.3.2 NAE-Hydrolyzing Acid Amidase: A Peripheral AEA Hydrolase

A second amidohydrolase, N-acylethanolamine-hydrolyzing acid amidase
(NAAA), has been identified in peripheral tissues (Ueda, Yamanaka, &
Yamamoto, 2001). NAAA is present in lysosomes, active at acidic pH,
and prefers PEA as a substrate over AEA. Several inhibitors of NAAA have
been developed and shown to increase endogenous concentrations of PEA
(Rahman et al., 2014). There are no effects of NAAA inhibitors on AEA
concentrations and no overlap or substitution of NAAA for FAAH-
mediated hydrolysis of AEA in brain (Rahman et al., 2014).
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2.4 Mechanisms of 2-AG Biosynthesis

2.4.1 Diacylglycerol Lipase

2-AG is present in brain tissue and microdialysates at nanomolar concentra-
tions (Buczynski & Parsons, 2010). A well-supported mechanism for the
synthesis of 2-AG involves hydrolysis of the ester bond at the sn-1 position
of DAG by diacylglycerol lipase (DAGL; Fig. 2). Two isotypes of DAGL are
expressed in mammals, DAGLa and DAGL, that share a transmembrane
domain of four loops, coupled to a catalytic domain and regulatory loop
(Bisogno et al., 2003; Reisenberg, Singh, Williams, & Doherty, 2012).
DAGLa has an additional, large C-terminal tail. Both isotypes are expressed
in brain; however, DAGL is present in high density at perisynaptic regions
of dendrites in many brain regions (Katona et al., 2006; Matyas et al., 2008;
Uchigashima et al., 2007; Yoshida et al., 2006), which is consistent with a
prominent role for this isoform in ECS-mediated regulation of synaptic plas-
ticity (described below).

Mass spectrometry studies demonstrate that both isoforms of DAGL are
phosphorylated within the catalytic and regulatory domains; and identify
many phosphor residues in the C-terminal tail of DAGLa (Reisenberg
et al., 2012). There is some evidence that both PKA and protein kinase
C (PKC) can stimulate DAGL activity (Malcher-Lopes et al., 2006;
Rosenberger, Farooqui, & Horrocks, 2007; Vellani et al., 2008). DAGL«
is phosphorylated on two serines in the C-terminal region by calcium/
calmodulin-dependent kinase II; this phosphorylation inhibits DAGL
activity and thereby provides a mechanism by which calcium can produce
a feedback inhibition of 2-AG synthesis (Shonesy et al., 2013).

Proteomic analyses demonstrate that both DAGL isoforms can be
palmitoylated (Kang et al., 2008; Martin & Cravatt, 2009; Yang, Di
Vizio, Kirchner, Steen, & Freeman, 2010). Although both DAGLs are
membrane intrinsic proteins, palmitoylation could contribute to membrane
localization, particularly to specific membrane regions in which other
palmitoylated proteins are localized. However, no studies that specifically
explore the role of palmitoylation in localization or activity of DAGL have
been published.

The catalytic activities of DAGLa and DAGLp do not differ (Bisogno
et al., 2003), so the additional C-terminal domain of DAGL« is apparently
not important for enzymatic activity. In addition to being a target for phos-
phorylation, the DAGLa C-terminus contains a consensus motif for binding
to Homer proteins (Jung et al., 2007), which are a family of adaptor proteins
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that can tether synaptic proteins, such as metabotropic glutamate receptors
(mGluRs) to the postsynaptic density (Gao, Tronson, & Radulovic, 2013).
Although interaction between DAGLa and Homer proteins was found to be
important for DAGLa association with the plasma membrane in a cell line,
this interaction was not required for 2-AG synthesis (Jung et al., 2007). On
the other hand, several studies have demonstrated that Homer is required for
ECS-mediated changes in synaptic transmission (Fourgeaud et al., 2004;
Roloff, Anderson, Martemyanov, & Thayer, 2010; Won, Puhl, & Ikeda,
2009), suggesting that DAGLa location within the cell is regulated by
Homer proteins and that this process is required for efficient activation of
2-AG-mediated signaling.

Several DAGL inhibitors have been identified and used to implicate
2-AG synthesis in cellular and physiological function. Tetrahydrolipstatin
(THL; orlistat) is a high-affinity inhibitor of DAGL at concentrations that
are without effect on monoacylglycerol lipase (MAGL) or NAPE-PLD
(Bisogno et al., 2006; Lee, Kraemer, & Severson, 1995) and is a potent
inhibitor of 2-AG in vitro (Hashimotodani, Ohno-Shosaku, Maejima,
Fukami, & Kano, 2008; Won et al., 2009). However, THL inhibits a broad
range of gastric and pancreatic lipases and is irreversible (Guerciolini, 1997),
which limits its use in vivo. RHC 80267 is also a DAGL inhibitor, but it
interferes with the CB1R-mediated effects of exogenously administered
2-AG, suggesting direct effects on CB1R signaling (Hashimotodani et al.,
2008). OMDM-188, a THL analog (Ortar et al., 2008), is also a selective
and potent inhibitor of DAGL in vitro (Hashimotodani et al., 2013; Min
et al., 2010). LEI105 is a reversible inhibitor of both DAGLa and DAGLS,
is without effect on the known 2-AG catabolic enzymes or FAAH, and
reduces 2-AG but not AEA concentrations in Neuro2A cells (Baggelaar
etal., 2015). If OMDM-188 and LEI105 have in vivo efficacy and selectivity,
they will be important additions to the ECS pharmacological toolbox.

2.4.2 Mechanisms of DAG Synthesis

The DAG substrate for DAGL can be generated in multiple ways (Fig. 2).
The PLC family of enzymes, particularly PLCf and PLCy isoforms, act on
phosphatidylinositol 4,5-bisphosphate (PIP,) to produce DAG and inositol
triphosphate (IP3). This pathway links the regulation of 2-AG synthesis to
GPCRs, since the Gaq family of G proteins activates PLCP. The group
I mGluRs are Goaq coupled and their activation in brain slices has been
shown to increase 2-AG concentrations (Jung et al., 2005) through a mech-
anism that requires DAGLa (Jung et al., 2007). Other Gog-activating
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GPCRs that have been shown to elevate 2-AG include muscarinic
(Straiker & Mackie, 2007; Uchigashima et al., 2007), orexin 1 (Ho et al.,
2011), angiotensin (Turu et al., 2007), alpha-1 adrenergic (Turu et al.,
2009), vasopressin (Turu et al., 2009), bradykinin (Turu et al., 2009), and
neurotensin (Kortleven, Bruneau, & Trudeau, 2012) receptors. Studies in
the cerebellum demonstrate a close spatial relationship between PLCpI,
mGluRs, and DAGL in dendritic spines (Fukaya et al., 2008), supporting
the synthetic pathway outlined and specifically placing these components
together in the perisynaptic region.

Like PLCP, PLCy isoforms also act on PIP, and generate DAG, but are
downstream of tyrosine kinase linked, growth factor receptors, suggesting
that 2-AG synthesis can also be regulated by that receptor class. In support
of this notion, brain-derived neurotrophic factor induces 2-AG synthesis
through a trkB receptor/PLCy-requiring mechanism (Zhao & Levine,
2014). Thus, 2-AG synthesis can potentially be mediated by a wide variety
of receptor types, including GPCRs and growth factor receptors. The prox-
imity of DAGL determines whether 2-AG will be produced from DAG
when PLC-activating receptors are engaged.

There is evidence in N18TG2 cells that 2-AG synthesis can be evoked by
calcium without a requirement for PLC (Bisogno, Melck, De Petrocellis, &
Di Marzo, 1999). A combination of inhibitor studies and analysis of inter-
mediates indicates that calcium evokes production of DAG via a two-
enzyme pathway in this cellular model: PLD resulting in production of
PA, followed by removal of the phosphate group of PA via PA phosphatase
(Fig. 2).

2.5 Mechanisms of 2-AG Catabolism

2.5.1 Monoacylglycerol Lipase

2-AG is catabolized by hydrolysis of the ester bond between the AA back-
bone and glycerol through the actions of several enzymes (Fig. 2). MAGL is
responsible for more than 85% of 2-AG hydrolysis by brain homogenates
(Blankman, Simon, & Cravatt, 2007) and is considered the dominant mech-
anism for the inactivation of 2-AG in its role as CB1R agonist in neurons
(Murataeva, Straiker, & Mackie, 2014). MAGL is a serine hydrolase that
hydrolyzes both 1(3)- and 2-monoacylglycerols with little ability to hydro-
lyze triacylglycerol or DAG (Tornqvist & Belfrage, 1976). MAGL is ubig-
uitously distributed throughout the body, including brain. Interestingly,
mouse and rat brain MAGL (but not that of other tissues) appear as a doublet
on Western blot (one at the predicted molecular weight of 33 and a second
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that migrates at approximately 35 kDa; Dinh et al., 2002; Karlsson et al.,
2001). The reason for this is not known; it is possible that the proteins have
the same amino acid sequence but differ in posttranslational modification.
Alternatively, previous studies have shown that multiple mRNA species
are present for mouse MAGL that could give rise to proteins of varying
amino acid length (Karlsson et al., 2001). How this would occur in a
tissue-specific manner is not clear.

In situ hybridization has been used to assess the distribution of MAGL
mRNA expression in the brain, showing good agreement of brain regions
expressing the CB1R and MAGL (Dinh et al., 2002). MAGL is found in
presynaptic terminals (Gulyas et al., 2004; Horvath et al., 2014; Suarez
etal., 2008), and enzymatic activity is enriched in synaptosomal preparations
(Farooqui & Horrocks, 1997; Vyvoda & Rowe, 1973). A recent study pro-
vides evidence that MAGL is expressed in astrocytes as well as neurons; and
astrocytic MAGL contributes to overall regulation of brain 2-AG content
(Viader et al., 2015).

Although MAGL does not contain canonical transmembrane domains,
subcellular fractionation studies find MAGL enzymatic activity in particulate
(i.e., membrane) as well as cytosolic fractions (Bisogno et al., 1997; Di
Marzo et al., 1999; Goparaju, Ueda, Taniguchi, & Yamamoto, 1999;
Sakurada & Noma, 1981). Although there are no detectable differences
in catalytic activity between cytosolic- and membrane-associated MAGL
(Goparaju et al., 1999), recent studies using nanodisk models of phospho-
lipid bilayers demonstrate that interactions of MAGL with the bilayer hold
MAGL in a conformation that facilitates substrate access to the catalytic
region (Nasr et al., 2013). This, together with the likelihood that 2-AG will
partition to membranes rather than cytosol, provides evidence that MAGL
associated with the plasma membrane is more important for termination of
2-AG action at the CB1R than cytosolic MAGL. There are several studies
demonstrating compartment-selective changes in MAGL protein or activ-
ity. Cytosolic MAGL activity was found to be reduced by 50% in adipocytes
from fasted rats, while particulate MAGL activity was not changed
(Sakurada & Noma, 1981). Importantly for its function in regulating brain
ECS, chronic stress selectively reduced MAGL protein detected in mem-
brane but not cytosolic fractions of the basolateral amygdala (Sumislawski,
Ramikie, & Patel, 2011).

Several studies demonstrate decreased MAGL mRINA expression in tis-
sues that are inflamed (Engeli et al., 2014; Lappas, 2014; Mai et al., 2015).
Sustained elevation of neuregulin-1 increases MAGL expression in
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hippocampal slices, likely through activation of the ErbB4 receptor
(Du, Kwon, & Kim, 2013). The transcription factor and tumor suppressor
Prdmb is a repressor of MAGL expression and its loss acts synergistically with
WNT pathway activation to increase MAGL expression and to increase ade-
noma formation (Galli et al., 2014). Genetic deletion of PLCf1 results in
reduced MAGL expression, suggesting that its expression is regulated by
2-AG concentrations (Filis, Kind, & Spears, 2013). MAGL protein is
degraded in developing cholinergic neurons through a process that involves
nerve growth factor upregulation of the E3 ubiquitin ligase, BRCAI1
(Keimpema et al., 2013).

Although there are no studies to date examining the role of posttransla-
tional modifications in the regulation of MAGL activity, one study showing
rapid changes in MAGL activity during ischemia is consistent with phos-
phorylation or other short-term regulatory mechanisms (Strosznajder,
Singh, & Horrocks, 1984).

Several inhibitors of MAGL have been developed. URB602 is a rela-
tively weak inhibitor of recombinant MAGL in vitro (King et al., 2007).
URB602 increases 2-AG concentrations when injected into the per-
iaqueductal gray (Hohmann et al., 2005) and significantly increases
depolarization-induced increases in 2-AG in microdialysates of rat nucleus
accumbens (Wiskerke et al., 2012). JZL184 is a more potent inhibitor of
mouse MAGL (Long, Li, et al., 2009) but is not as an effective inhibitor
of rat MAGL (Long, Nomura, & Cravatt, 2009; Pan et al., 2009). Micro-
dialysis studies in nucleus accumbens of rat and mice confirm that JZL184
is effective at elevation of 2-AG in mice but not rats (Wiskerke et al.,
2012). Although these findings could suggest that JZL184 is not a good
indirect agonist of CB1R signaling in rat, it has been shown to increase
CB1R-mediated behavioral eftects in rats without affecting tissue 2-AG
concentrations (e.g., Woodhams et al., 2012). Since both URB602 and
JZ1.184 show evidence of being efficacious in vivo in spite of relatively poor
inhibition of MAGL in vitro, it is likely that even modest reductions of
MAGTL activity can significantly enhance 2-AG actions. There are several
recent reports of other MAGL inhibitors that have not been used as widely
as JZL184 and URB602 (Ignatowska-Jankowska et al., 2014; Kapanda et al.,
2012; Tuccinardi et al., 2014).

Although acute inhibition of MAGL activity potentiates CB1R signaling
(Pan et al., 2009), genetic deletion (Chanda et al., 2010), and chronic phar-
macological inhibition (Schlosburg et al., 2010) of MAGL both result in
functional reductions in CBI1R signaling rather than activation.
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Interestingly, the MAGL ™~ mice have increased tonic CB1R activity (Pan
et al.,, 2011) but exhibit region-specific desensitization of CB1R agonist-
induced activation of G proteins (Navia-Paldanius et al., 2015). Given that
both genetic deletion and chronic inhibition of MAGL produce very large
increases in brain 2-AG contents, these data are consistent with agonist (i.e.,
2-AG)-induced desensitization of CB1R signaling. The profound effects of
reduced MAGL activity on 2-AG suggest that 2-AG homeostasis is regulated
more by its degradation than synthesis. In support of this hypothesis, recent
data demonstrate that 2-AG is generated continuously at hippocampal
GABA synapses and that MAGL activity is critical for opposing this steady
stream of 2-AG to maintain the CBI1R in a low-ligand state (Lee
et al., 2015).

2.5.2 Other Enzymes that Hydrolyze 2-AG in the Brain
Abhd6 and Abhd12 were identified as potential 2-AG hydrolases using a
functional proteomic approach (Blankman et al., 2007). Subsequent studies
have demonstrated that Abhdé6 is expressed by neurons in postsynaptic com-
partments and its activity can regulate 2-AG-mediated activation of CB1R
(Marrs et al., 2010). Given the postsynaptic distribution, Abhd6 has been
proposed to regulate 2-AG concentrations at the site of synthesis
(Savinainen, Saario, & Laitinen, 2012), which complements the role of
MAGL to regulate 2-AG concentrations in the axon terminal. This function
of Abhd6 could play a very important role in basal CB1R activity by con-
trolling the amount of 2-AG that survives to exit the postsynaptic terminal.
Studies in brain homogenates suggest that Abhd12 accounts for approx-
imately 9% of brain 2-AG hydrolysis (Blankman et al., 2007). Abhd12 is
mutated in the human neurodegenerative disorder, PHARC (Blankman,
Long, Trauger, Siuzdak, & Cravatt, 2013). There is little information
regarding the role of Abhd12 in brain 2-AG homeostasis; however, its
mRNA is enriched in microglia, suggesting it may be important in the
termination of 2-AG-mediated CB2 receptor activation (Fiskerstrand
et al., 2010).

2.5.3 Contribution of 2-AG to AA Concentrations

Early studies in platelets demonstrated that free AA was increased by the
metabolism of DAG and 2-AG (Bell, Kennerly, Stanford, & Majerus,
1979; Prescott & Majerus, 1983). MAGL ™/~ mice exhibit significantly
lower brain tissue concentrations of AA in addition to elevated 2-AG
(Schlosburg et al., 2010). This finding, together with data that acute



CNS Endocannabinoid Signaling System 19

inhibition of MAGL abolishes endotoxin-induced increases in brain AA and
prostaglandin E; (Nomura et al., 2011), strongly indicates that 2-AG is a bio-
logically significant precursor for AA and that MAGL is a critical enzyme in
the provision of free AA for further metabolism. A recent study using cell-
specific MAGL deletion suggests that astrocyte MAGL is mainly responsible
for converting 2-AG to inflammatory prostaglandins in brain (Viader et al.,
2015). Similar roles for 2-AG and MAGL have been demonstrated in
hepatic injury (Cao et al., 2013) and for the synthesis of vasodilatory
arachidonates in coronary arteries (Gauthier et al., 2005). Studies carried
out using vascular tissue suggest that the AEA/FAAH pair can serve a parallel
function in the synthesis of vasoactive AA metabolites (Pratt, Hillard,
Edgemond, & Campbell, 1998).

These and other studies demonstrate integration and synergism between
the endocannabinoid and AA signaling systems. This conclusion is further
supported by the findings discussed immediately below that AEA and
2-AG can also serve as substrates for enzymes that metabolize AA.

2.6 Other Inactivation Mechanisms for AEA and 2-AG

2.6.1 Uptake, Accumulation, and Sequestration

The addition of labeled AEA to the outside of cells results in its cellular asso-
clation in a manner that is consistent with accumulation and in some cases,
intracellular sequestration (Hillard & Jarrahian, 2003). However, details of
the mechanisms involved in this “uptake” process remain unclear.
FAAH-mediated catabolism of AEA can maintain the concentration
gradient and thereby enhance AEA uptake into the cells by either passive
or facilitated diffusion, and many inhibitors of AEA uptake also inhibit
FAAH-mediated catabolism of AEA (Deutsch et al., 2001; Glaser et al.,
2003; Kaczocha, Hermann, Glaser, Bojesen, & Deutsch, 2006). However,
AEA is also accumulated by cells that express very low or no FAAH (Hillard,
Edgemond, Jarrahian, & Campbell, 1997; Hillard & Jarrahian, 2005;
Nicolussi, Chicca, et al., 2014), suggesting that other processes can contrib-
ute to accumulation. Indeed, other intracellular proteins have been identi-
fied that bind AEA and could thereby serve as sequestration sites. These
include fatty acid-binding proteins (Kaczocha, Glaser, & Deutsch, 2009),
heat-shock proteins (Oddi et al., 2009), and sterol carrier protein 2
(Liedhegner, Vogt, Sem, Cunningham, & Hillard, 2014). In addition,
AEA associates with membrane lipid rafts (McFarland et al., 2004;
McFarland, Terebova, & Barker, 2006), which could also serve as a
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sequestration site following uptake. Importantly, it is likely that AEA uptake
occurs via different processes in different cells (Hillard & Jarrahian, 2005).

There are several experiments that indirectly support a protein trans-
porter that can translocate AEA across the plasma membrane in a bidirec-
tional manner (Chicca, Marazzi, Nicolussi, & Gertsch, 2012; Hillard
et al., 1997; Ligresti et al., 2004; Ronesi, Gerdeman, & Lovinger, 2004).
These data suggest that an endocannabinoid transporter could participate
in both inactivation (as a first step in a cellular sequestration process) and
in the release of AEA. FLAT, a variant of FAAH that is without catalytic
activity, has been suggested as a putative AEA transport protein (Fu et al.,
2012). However, other studies dispute these findings (Leung, Elmes,
Glaser, Deutsch, & Kaczocha, 2013). Although fewer experiments have
been done, inhibitor studies suggest that 2-AG could also be subjected to
similar regulation by uptake and/or sequestration (Bisogno et al., 2001;
Nicolussi & Gertsch, 2015).

There are several inhibitors of the cellular accumulation of the endo-
cannabinoids, although the lack of complete understanding of the processes
involved has made it difficult to ascribe mechanisms to the inhibitors. Some
inhibitors of AEA uptake, including AM404, VDM11, AM1172, and
LY2183240, also inhibit or are substrates for FAAH (Alexander &
Cravatt, 2006; Fowler, Tiger, Ligresti, Lopez-Rodriguez, & Di Marzo,
2004; Glaser et al., 2003; Vandevoorde & Fowler, 2005) and can compete
with endocannabinoids for binding to intracellular proteins (Kaczocha,
Vivieca, Sun, Glaser, & Deutsch, 2012; Liedhegner et al., 2014). Recent
reports have identified the natural product, guineensine, as a potent inhibitor
of AEA uptake in several cell types (Nicolussi, Viveros-Paredes, et al., 2014)
and a series of N-alkylcarbamates as extremely potent inhibitors of both AEA
uptake and FAAH activity (Nicolussi, Chicca, et al., 2014). Characteristics
of the inhibitory effects of guineensine and the N-alkylcarbamates support
the notion that FAAH activity contributes to AEA uptake, but it is not suf-
ficient to explain all forms of uptake in all cell types. Development and study
of inhibitors with novel structures will undoubtedly improve our under-
standing of the mechanisms involved in AEA and 2-AG uptake.

In vivo treatment with uptake inhibitors AM404 and UCM?707 increases
brain tissue concentrations of AEA and, to a lesser extent, 2-AG (de Lago
et al.,, 2005; Di et al., 2005); however, AM404 only affects 2-AG, and
UCMY707 is ineftective at elevating either AEA or 2-AG in brain extracel-
lular space, measured using microdialysis (Wiskerke et al., 2012). Since
effective inhibitors of FAAH and MAGL have very significant effects on
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microdialysate AEA and 2-AG, respectively, these findings suggest that the
processes of endocannabinoid uptake and accumulation may contribute only
a small amount to their overall clearance. On the other hand, small changes
in clearance, particularly of 2-AG, could result in a significant increase in
CB1R activation and might even be a very useful approach because it should
avoid inducing receptor desensitization.

2.6.2 Oxygenation of the Arachidonate Backbone

The acyl chain of AA can be modified by cyclooxygenases, lipoxygenases,
and cytochrome P450s, resulting in the production of prostaglandins, leu-
kotrienes, and epoxyeicosatrienoic acids, respectively. Subtypes of each of
these enzyme classes can also utilize AEA and 2-AG as substrates, resulting
in the formation of ethanolamide and glycerol ester analogs of the
arachidonates (see Urquhart, Nicolaou, & Woodward, 2015 for an excellent
recent review). The result of these processes is a large number of lipid medi-
ators, some of which have been shown to have their own targets. On the
other hand, metabolism of AEA and 2-AG along any of these pathways is
likely to reduce affinity for CB1R, thus they are inactivation mechanisms
for the CB1R signaling roles of these lipids.

In particular, 2-AG is an excellent substrate for COX-2, having K, and
keac values that are very similar to those of AA (Rouzer & Marnett, 2011).
Based upon structure function studies showing that 2-AG and AA bind dif-
ferentially to COX-2, substrate-specific inhibitors of COX-2 that selec-
tively reduce 2-AG metabolism while preserving prostaglandin formation
have been designed (Hermanson, Gamble-George, Marnett, & Patel,
2014). The in vivo effects of these inhibitors support the hypothesis that
COX-2-mediated metabolism of 2-AG contributes in a significant manner
to the regulation of CB1R signaling (Hermanson et al., 2013).

3. ENDOCANNABINOID RECEPTORS
3.1 Introduction

The focus of this review is on the CB1R. However, other receptors have
been identified that can bind the endocannabinoids AEA and 2-AG, and
it is highly likely that these receptors contribute to the biological effects
of the lipids. Both AEA and 2-AG bind to CB2 cannabinoid receptors
(CB2R; Gonsiorek et al., 2000), which are GPCRs (Munro, Thomas, &
Abu-Shaar, 1993). Although 2-AG has the characteristics of a full CB2R
agonist, AEA does not induce CB2R-mediated GDP/GTP exchange
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(Gonsiorek et al., 2000; Hillard et al., 1999) and is likely a weak partial ago-
nist of the CB2R. CB2R are expressed in circulating immune cells
(Bouaboula et al., 1993), spleen (Galiegue et al., 1995), and tissue-resident
macrophage populations, including microglial cells (Carlisle, Marciano-
Cabral, Staab, Ludwick, & Cabral, 2002). CB2R are also expressed by some
neuronal populations, although the expression levels are far lower than
CB1R (Van Sickle et al., 2005; Zhang et al., 2014).

AEA is an agonist of the vanilloid type 1 receptor, also called TRPV1
(Kim et al., 2007; Ross et al., 2001; Saghatelian et al., 2006). TRPV1 is a
nonselective cation channel expressed widely in the CNS. Intracellular
AEA induces opening of the channel, and this function contributes to
many of the non-CB1-mediated effects of AEA. AEA and other NAEs
are agonists of PPARs, particularly PPAR o (Bouaboula et al., 2005; Fu
et al.,, 2003; Lo Verme et al., 2005). Recent data suggest that PPARa-
mediated changes could contribute to the effects of FAAH inhibition
(Panlilio et al., 2013).

3.2 CB1 Cannabinoid Receptors

CBI1R are heterogeneously expressed throughout the CNS (Hu & Mackie,
2015). CB1R are present at extremely high density in the cingulate gyrus,
frontal cortex, hippocampus, cerebellum, and the basal ganglia. Moderate
receptor densities are found in the basal forebrain, amygdala, nucleus
accumbens, periaqueductal gray, and hypothalamus; and low density is seen
in the midbrain, pons, and medulla. Relatively, little receptor is found in
primary motor cortex or thalamus. In the forebrain, CBIR mRNA is
expressed at very high density in a restricted number of neurons
(Marsicano & Lutz, 1999). These CB1R -expressing neurons project widely,
resulting in a dense network of CB1R -positive processes. Double-labeling
studies demonstrate that these highly expressing cells are GABAergic inter-
neurons that also express the neuropeptide cholecystokinin (CCK; Katona
etal., 1999). Other neurons express the CB1R at lower densities; these neu-
rons are more heterogenous and consist of both non-CCK, GABAergic
interneurons and glutamatergic neurons (Hu & Mackie, 2015).

The CB1R is also expressed by nonneuronal cells in the CNS, including
astrocytes (Navarrete & Araque, 2008; Salio, Doly, Fischer, Franzoni, &
Conrath, 2002), oligodendrocytes (Molina-Holgado et al., 2002); and by
endothelial (Golech et al., 2004) and smooth muscle cells (Gebremedhin,
Lange, Campbell, Hillard, & Harder, 1999) of the cerebral circulation.
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3.2.1 CB1R Signaling

Activation of the CB1R results in inhibition of adenylyl cyclase activity in
most tissues and cells via activation of Gai-mediated signaling (Howlett,
1985; Howlett & Fleming, 1984). As is the case for most GPCRs that couple
to Gai, CB1R also engage Gao-mediated signaling (Glass & Northup,
1999) which results in inhibition of the opening of voltage-dependent cal-
cium channels (VDCCs) through the release of associated Py subunits
(Caulfield & Brown, 1992; Mackie & Hille, 1992). This mechanism is likely
the primary process by which CB1R regulates short-term changes in neu-
rotransmitter release (described below). Signaling through Gai/o also results
in activation of inward-rectifying potassium channels (Henry & Chavkin,
1995). There is some evidence that CB1R agonists can exhibit bias toward
activation of specific G protein alpha subtypes (Turu & Hunyady, 2010),
suggesting that they can selectively engage inhibition of calcium influx ver-
sus adenylyl cyclase, for example. If Goi/o proteins are unavailable, CB1R
will couple to Gas and thereby enhance adenylyl cyclase activity (Glass &
Felder, 1997).

CB1R activation is coupled to activation of p42/p44 and p38 mitogen-
activated kinases and Jun N-terminal kinase through a variety of signaling
mechanisms, including G proteins (Turu & Hunyady, 2010) and B-arrestin
(Ahn, Mahmoud, & Kendall, 2012). CB1R activation has also been linked
to the activation of PLC (Lograno & Romano, 2004) and Akt signaling in
some cells (Gomez et al., 2011); through these pathways, CB1R activation
can influence intracellular calcium concentrations, protein kinase activities,
and other signaling cascades that regulate cell growth and differentiation.

There is evidence that the CB1R exhibits considerable constitutive
activity, meaning that it can activate signaling cascades in the absence of ago-
nist binding (Lee etal., 2015; Nie & Lewis, 2001; Savinainen, Saario, Niemi,
Jarvinen, & Laitinen, 2003).

3.2.2 CB1R Pharmacology

The endocannabinoids 2-AG and AEA are arachidonates that bind to the
CB1R with affinities in the mid- to high-nanomolar range. 2-AG acts as
afull agonist at the CB1R, atleast with respect to G protein activation, while
AEA is a partial agonist (Hillard, 2000). Ethanolamides of several other
long chain unsaturated fatty acids are also agonists of the CB1R, including
the ethanolamide of docosahexaenoic acid (Hillard & Campbell, 1997).
Two synthetic arachidonates, N-arachidonyl-2-chloroethylamide and
arachidonylcyclopropylamide that have 500-1000 times greater affinity
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for the CB1R than CB2R, have been developed (Hillard et al., 1999) and
are the only CB1R -selective ligands in wide use. Many other synthetic ago-
nists for the CB1R have been synthesized and characterized. These include
derivatives of THC, such as levo-nantradol, CP55940, and HU210, and the
aminoalkylindole, WIN55212-2 (Pertwee, 2008).

The identification of a CB1R antagonist occurred much later than the
synthesis of the agonists. The first antagonist discovered was SR141716A,
later named rimonabant (Rinaldi-Carmona et al., 1994). Rimonabant and
a structural analog, AM251, are both inverse agonists of the CBIR
(Bouaboula et al., 1997; Savinainen et al., 2003) so will reduce both consti-
tutive and endocannabinoid-activated CB1R signaling. Several neutral
antagonists have been designed that can be used to differentiate these pos-
sible mechanisms (Kirilly, Gonda, & Bagdy, 2012).

Recent studies have identified multiple allosteric ligands that interact
with the CB1R. ORG27569 was originally reported to function as a neg-
ative allosteric modulator of the CB1R (Price et al., 2005). Subsequent stud-
ies found that this compound is a biased allosteric modulator, inhibiting
CB1R agonist activation of G protein signaling (Baillie et al., 2013) while
increasing high-affinity orthosteric agonist-binding sites, P-arrestin 1
recruitment, and ERK activation (Ahn et al., 2012). OR G27569 attenuates
CB1R-mediated signaling in hippocampal neurons in culture (Straiker,
Mitjavila, Yin, Gibson, & Mackie, 2015), however, is not effective
in vivo, perhaps because of a poor pharmacokinetic profile (Gamage
et al., 2014).

PSNCBAM-1 is a negative allosteric modulator of CB1R-mediated
activation of G protein signaling (Horswill et al., 2007). This compound
exhibits in vivo efficacy to reduce body weight and feeding in a rat model,
findings that are consistent with reduced CB1R activation. Further in vitro
studies have demonstrated that PSNCBAM-1 reduces the effects of
CP55940 to modulate synaptic CB1R signaling, but not the eftects of
WIN55212-2  (Wang, Horswill, Whalley, &  Stephens, 2011).
PSNCBAM-1 inhibits endocannabinoid-mediated activation of CB1R in
cultured hippocampal neurons, suggesting that it negatively modulates
2-AG activation of CB1R signaling (Straiker et al., 2015).

Two endogenous compounds have been reported to function as CB1R
negative allosteric modulators: a family of hemopressin-related peptides,
particularly pepcan 12 (Bauer et al., 2012), which are widely expressed in
brain (Hofer et al., 2015), and the steroid, pregnenolone (Vallee et al.,
2014). While pepcan 12 is effective at reducing endogenous CB1R signaling
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in cultured hippocampal neurons, pregnenolone is not (Straiker et al., 2015).
However, pregnenolone might be more eftective at reducing the signaling
of THC and therefore could reduce its adverse effects (Vallee et al., 2014).

The phytocannabinoid, cannabidiol (CBD), was reported to act as a neg-
ative allosteric modulator for CB1R-mediated f-arrestin 2 recruitment and
ERK signaling (Laprairie, Bagher, Kelly, & Denovan-Wright, 2015). This is
an interesting observation, given that CBD can dampen many of the eftects
of THC, including its anxiogenic effects.

Two positive allosteric modulators of the CB1R have been described.
The first is the naturally occurring arachidonate, lipoxin A4 (Pamplona
et al., 2012) and the second is a synthetic, ZCZ011 (Ignatowska-
Jankowska et al., 2015). ZCZ011 potentiates binding of [?’H]CP55,940 to
the CBIR and increases AEA-stimulated [*°>S]GTPyS binding in mouse
brain membranes and f-arrestin recruitment and ERK phosphorylation in
CB1R-expressing cells. Lipoxin A4 also increases AEA signaling as well
as its affinity for the CB1R.

4. CB1R AND RETROGRADE REGULATION OF SYNAPTIC
ACTIVITY

4.1 The Basic Paradigms

4.1.1 Short-Term Depression of Synaptic Transmission

Three simultaneous reports in 2001 described endocannabinoid/CB1R sig-
naling as a mediator of retrograde inhibition of neurotransmitter release
(Kreitzer & Regehr, 2001; Ohno-Shosaku, Maejima, & Kano, 2001;
Wilson & Nicoll, 2001). Many studies in multiple brain regions carried
out since demonstrate that modulation of synaptic plasticity is a major mech-
anism by which CB1R signaling affects the brain (Freund, Katona, &
Piomelli, 2003; Kano, 2014; Patel & Hillard, 2009). In this mechanism,
endocannabinoids are mobilized from the postsynaptic neuron in response
to triggers, such as depolarization and activation of NMDA receptors which
increase calcium, and/or receptors that couple to an increase in PLC. These
triggers result in the synthesis of 2-AG which diftuses from the postsynaptic
neuron and binds to CB1R on the presynaptic terminal. The result of pre-
synaptic CB1R activation is inhibition of neurotransmitter release; in the
case of short-term modulation, the CB1R signaling mechanisms include
inhibition of the opening of VDCCs and perhaps, also increased activation
of potassium channels, resulting in hyperpolarization. In the case where
depolarization of the postsynaptic neuron is the trigger and CB1R activation
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inhibits GABA release, the plasticity is called depolarization-induced sup-
pression of inhibition (DSI). Evidence supporting the role of the CB1R
in DSI include data that DSI is both mimicked and occluded by a CB1R
agonist and that CB1R agonist and DSI increase the paired-pulse ratio
and decrease spontaneous, calcium dependent, miniature IPSPs, both indic-
ative of a reduction in presynaptic vesicular release probability.

Endocannabinoid/CB1R signaling also produces suppression of gluta-
mate release by a parallel mechanism. Specifically, depolarization of CA1
pyramidal neurons results in transient suppression of excitatory postsynaptic
potential amplitude that is dependent upon CBI1R activation (Ohno-
Shosaku et al., 2002). Depolarization-induced suppression of excitation
(DSE) is also dependent upon presynaptic CB1R availability and is the result
of activation of CB1R on glutamatergic terminals (Ohno-Shosaku et al.,
2002; Ruehle et al., 2013).

DSI is not affected by botulinum toxin applied to the postsynaptic neu-
ron, indicating that the retrograde messenger does not utilize a synaptic
release mechanism. This finding is consistent with an “on demand” synthesis
of the endocannabinoids (Freund et al., 2003). Further studies have demon-
strated that acute inhibition of DAGL suppresses (Hashimotodani et al.,
2013), while acute inhibition of MAGL prolongs (Pan et al., 2009) hippo-
campal DSI. DSI/DSE are completely absent in slices from hippocampus,
cerebellum, striatum, and prefrontal cortex mice in which DAGL has been
genetically deleted (Gao et al., 2010; Tanimura et al., 2010; Yoshino et al.,
2011). These findings, together with a lack of effect of FAAH inhibition on
DSI (Pan etal., 2009), indicate that 2-AG is the endocannabinoid subserving
this type of synaptic plasticity.

The primary triggers for the synthesis of endocannabinoid to produce
short-term plasticity are increased postsynaptic calcium and activation of
receptors that increase PLC activity (Kano, 2014). Receptor-driven,
endocannabinoid-mediated plasticity was first demonstrated for the group
I mGluRs (Maejima, Hashimoto, Yoshida, Aiba, & Kano, 2001), which
couple to Gaq proteins and therefore increase PLCP activity and generate
DAG as described above. Subsequent studies demonstrated that many recep-
tors that activate PLC can also evoke endocannabinoid-dependent short-
term suppression of neurotransmitter release. Endocannabinoid signaling
can be induced by strong Gag-linked receptor activation alone, or by a
combination of subthreshold Gaq activation with a simultaneous increase
in postsynaptic calcium (Kim, Isokawa, Ledent, & Alger, 2002). It is not
completely clear how increased postsynaptic calcium concentrations results
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in an increase in 2-AG; a two-enzyme pathway for DAG synthesis involving
PLD and PAP is calcium sensitive and could serve this function (Bisogno
etal., 1999). There is evidence that difterent DAGLx pools could be respon-
sible for 2-AG generation form DAG synthesized in response to calcium
versus PLC activation (Zhang, Wang, Bisogno, Di Marzo, & Alger, 2011).

4.1.2 Long-Term Depression of Transmission

The ECS has also been implicated in more persistent forms of synaptic plas-
ticity. Stimulation protocols which induce LTP of excitatory synapses onto
CA1 pyramidal neurons also produce long-term depression (LTD) of
GABAergic inputs to the same neurons; a phenomenon called iILTD
(Chevaleyre & Castillo, 2003). High-frequency stimulation (HFS) of inputs
to CA1 pyramidal neurons depresses GABAergic transmission onto these
neurons for almost 1 h, an effect that is presynaptic in nature, and requires
activation of mGluR and CB1R (Chevaleyre & Castillo, 2003). Induction
of iLTD is blocked by PLC and DAGL inhibition, supporting a role for
2-AG in the initiation of the plasticity (Edwards, Kim, & Alger, 20006).
HES of cortical afferents to the striatum induces LTD of glutamatergic trans-
mission, an effect absent in CB1R ™/~ mice and mice treated with CB1R
antagonist (Gerdeman, Ronesi, & Lovinger, 2002). Interestingly, CB1R
antagonist application 10 min after HFS does not block LTD, suggesting
that the ECS is required for the induction of LTD, but not its long-term
maintenance (Ronesi et al., 2004). LTD at this synapse is dependent upon
increases in postsynaptic intracellular calcium (Gerdeman et al., 2002).

The triggers for endocannabinoid-mediated LTD are the same as those
for short-term synaptic suppression; i.e., increased postsynaptic calcium and
increased PLC activity. What differentiates short- and long-term changes in
neurotransmitter release are the presynaptic signaling mechanisms evoked
by CB1R activation. For ECS-mediated LTD, inhibition of PKA is critical
(Castillo, Younts, Chavez, & Hashimotodani, 2012), and synergistic changes
in the presynaptic terminal are likely required, such as increased calcium
concentrations or coactivation of other GPCRs (Kano, 2014).

There is evidence that AEA can also produce changes in synaptic activity
at a more limited number of synapses and through TRPV1 signaling. For
example, AEA-mediated postsynaptic TRPV1 activation produces LTD
in the hippocampus (Chavez, Chiu, & Castillo, 2010), nucleus accumbens
(Grueter, Brasnjo, & Malenka, 2010), and extended amygdala (Puente et al.,
2011). These effects do not involve CB1R signaling.
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5. SUMMARY

The ECS is a beautiful and fascinating neuromodulatory system that
allows for moment-to-moment synapse-specific regulation of neurotrans-
mission. The basic building blocks of the proteins involved in endo-
cannabinoid synthesis and degradation together with the receptor targets
are utilized throughout the brain, but in very diverse ways depending
upon their relative locations and in relationship to other ongoing signal-
ing events. The ECS modulates the functions of the major excitatory and
inhibitory neurotransmitters, serving as a break on their release (described
above). CB1R can also inhibit the release of biogenic amines (Haring,
Guggenhuber, & Lutz, 2012) and neuropeptides (Hirasawa et al., 2004),
thereby modulating the modulators! The ECS is likely the mechanism by
which steroid hormones such as glucocorticoids (Di, Malcher-Lopes,
Halmos, & Tasker, 2003) and estrogen (Huang & Woolley, 2012) alter syn-
aptic plasticity. Recent evidence that a cycle of 2-AG — AA is tightly reg-
ulated by MAGL activity (discussed above) adds another layer of complexity
to the role of 2-AG homeostasis to brain function. It is not surprising that
increasing evidence indicates that dysregulation of ECS contributes to many
forms of brain dysfunction, including psychopathology, developmental
problems and plays a role in neurodegenerative diseases as well.
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Abstract

Adolescence is a period characterized by many distinct physical, behavioral, and neural
changes during the transition from child- to adulthood. In particular, adolescent neural
changes often confer greater plasticity and flexibility, yet with this comes the potential
for heightened vulnerability to external perturbations such as stress exposure or recre-
ational drug use. There is substantial evidence to suggest that factors such as adolescent
stress exposure have longer lasting and sometimes more deleterious effects on an
organism than stress exposure during adulthood. Moreover, the adolescent
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neuroendocrine response to stress exposure is different from that of adults, suggesting
that further maturation of the adolescent hypothalamic—pituitary—adrenal (HPA) axis is
required. The endocannabinoid (eCB) system is a potential candidate underlying these
age-dependent differences given that it is an important regulator of the adult HPA axis
and neuronal development. Therefore, this review will focus on (1) the functionality of
the adolescent HPA axis, (2) eCB regulation of the adult HPA axis, (3) dynamic changes in
eCB signaling during the adolescent period, (4) the effects of adolescent stress exposure
on the eCB system, and (5) modulation of HPA axis activity and emotional behavior by
adolescent cannabinoid treatment. Collectively, the emerging picture suggests that the
eCB system mediates interactions between HPA axis stress responsivity, emotionality,
and maturational stage. These findings may be particularly relevant to our understand-
ing of the development of affective disorders and the risks of adolescent cannabis con-
sumption on emotional health and stress responsivity.

Adolescence is often referred to as a “perfect storm,” given the numerous
physical, neural, and behavioral changes occurring simultaneously. Behav-
iorally, the adolescent is somewhat erratic with increased intensity of emo-
tional states, oppositional attitudes, and increased risk-taking behavior
coupled to a limited ability to engage in self-control in order to override
these emotions and behaviors (Casey, Jones, & Somerville, 2011; Walker,
Sabuwalla, & Huot, 2004). These behaviors eventually decline and stabilize
with the onset of young adulthood (Walker et al., 2004). However, in some
cases, behavioral or adjustment problems are precipitated during the onset of
puberty and lead to psychiatric disorders that persist in adulthood (Kim-
Cohen et al., 2003; Pine, Cohen, Gurley, Brook, & Ma, 1998; Walker
et al., 2004). In fact, more than 75% of adults with a fear/anxiety-related
disorder met diagnostic criteria as children or adolescents (Kim-Cohen
et al., 2003). Similarly, estimates indicate that one in five adolescents have
a mental illness that will persist into adulthood (Paus, Keshavan, & Giedd,
2008), and depression and anxiety disorders occur in as many as one in
10 adolescents (Costello, Egger, & Angold, 2005; Kessler et al., 2005).
Together, these findings support a sobering reality that the prevalence of
mental illness, particularly emotional, and anxiety disorders is specifically
heightened in adolescence.

Moreover, certain aspects of adolescent development appear nonlinear
and unique relative to younger children and adults. Underlying these dis-
tinctive adolescent behavioral characteristics, numerous maturational pro-
cesses such as synaptic pruning, reduction of gray matter, increased
myelination, and strengthening of connectivity between neural structures,
occur throughout the brain in a time-dependent and region-specific manner
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(Crews, He, & Hodge, 2007; Guerry & Hastings, 2011). For example,
human imaging studies indicate that adolescent neurodevelopment involves
maturation of motor and sensory cortices earlier than association areas that
govern higher order cognition and behavior (Gogtay et al., 2004). It has
been suggested that a transient developmental imbalance occurs between
the structural and functional maturity of neural circuitry involved in
emotional- and reward-based behavior and circuitry governing cognition
and impulse control, giving rise to adolescent-specific characteristics such
as heightened emotional reactivity and increased risk-taking behavior
(Somerville, Jones, & Casey, 2010). Moreover, it has been hypothesized that
exacerbation of this transient structural and functional imbalance by various
factors, such as stress exposure, contributes to risk for the development of
mental illness (Lee, Heimer, et al., 2014). However, the exact mechanisms
of action and conditions by which this kind of exacerbation can occur
remain to be determined.

The hypothalamic—pituitary—adrenal (HPA) axis provides the body’s
major neuroendocrine response to stress exposure, with activity rising to
promote processes (e.g., glucose mobilization) that meet the energy
demands associated with resolving the imminent perceived or real threat
(e.g., running away from the threat). In the short term, the HPA axis stress
response is adaptive; however, studies examining the impact of chronic stress
exposure indicate that prolonged glucocorticoid exposure is associated with
a number of detrimental consequences ranging from cardiac disease to
depression (Chrousos, 2009). Moreover, dysfunction of the adult HPA axis
has been associated with the same emotional disorders that are heightened in
adolescence, such as depression and anxiety disorders (Miller, Chen, &
Zhou, 2007). Numerous studies indicate that maturation of the HPA axis
also occurs during childhood/early life and adolescence before reaching
the full functionality observed in adulthood (see review, Eiland &
Romeo, 2013). Moreover, processes devoted to pubertal maturation coin-
cide with HPA axis maturation and sharp elevations in circulating gonadal
hormones are believed to modulate subsequent neural and HPA axis devel-
opment (e.g., Sisk & Zehr, 2005). Deviations from the normative develop-
mental trajectory induced by disruptions such as stress exposure appear to
elicit profound long-term deficits or impairments to adult HPA axis stress
reactivity and emotional behavior, providing confirmation that early life
and adolescence are windows of susceptibility to stress.

There are separate but compelling lines of evidence supporting the idea
that the endocannabinoid (eCB) system regulates both neurodevelopmental
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processes and adult HPA axis stress responsivity and emotional behavior.
Moreover, there is evidence reviewed in this chapter, suggesting that cor-
ticolimbic eCB signaling is an important mediator of interactions between
HPA axis stress responsivity and maturational stage (e.g., adolescence).
Therefore, this chapter will provide a review of (1) the functionality of
the adolescent HPA axis, (2) eCB regulation of the adult HPA axis, (3)
dynamic changes in eCB signaling during the adolescent period, (4) the
effects of adolescent stress exposure on the eCB system, and (5) modulation
of HPA axis activity and emotional behavior by adolescent cannabinoid
treatment. Taken together, the emerging picture suggests that the eCB sys-
tem can mediate interactions between HPA axis stress responsivity, emo-
tionality, and maturational stage and thus could also provide a substrate
by which stress or cannabinoid exposure can exert its often detrimental
effects.

1. ADOLESCENCE AND PUBERTAL MATURATION

Puberty is a key developmental process that occurs during the adoles-
cent period and includes behavioral and gonadal maturation that allows tran-
sition of an organism from a nonreproductive to a reproductive state (Sisk &
Foster, 2004). One of the biological signatures of pubertal maturation is the
dramatic rise in circulating gonadal hormones that are not only necessary for
achieving reproductive maturation but also trigger secondary sex character-
istics such as breast development or facial hair growth. The developing ado-
lescent brain is also exquisitely sensitive to elevated levels of gonadal
hormones, particularly in the remodeling of cortical and limbic circuits
(Guerry & Hastings, 2011; Johnson, Blum, & Giedd, 2009; Juraska,
Sisk, & DonCarlos, 2013; Rice & Barone, 2000) implicated in adult cogni-
tion and behavior. However, the pubertal rise in gonadal hormones and the
subsequent timing of maturational neural processes does vary by individual,
thus making the developmental trajectory of the adolescent brain unique to
each individual (Sisk & Zehr, 2005). For example, age of pubertal onset var-
ies among individuals and creates variability in the point at which gonadal
hormones act on the brain to modulate the developmental trajectory of neu-
ral and behavioral maturation (Sisk & Zehr, 2005). Timing of pubertal onset
is tied to an increased frequency of gonadotropin-releasing hormone
(GnRH) pulse secretions generated by the median eminence of the hypo-
thalamus. In order to support full gonadal and reproductive functioning,
GnRH pulses must have relatively short interpulse intervals, but the exact



Adolescent Endocannabinoid Signaling and the HPA Axis 53

mechanisms triggering increases in GnRH pulse secretions from a quiescent
state to initiate pubertal maturation remain to be determined (see review
Sisk & Zehr, 2005). The available literature suggests that these permissive
signals vary by species and sex but predominantly relate to energy
balance (Sisk & Zehr, 2005). Although the terms, “puberty” and
“adolescence” have often been used interchangeably, they do have distinct
definitions. “Puberty” refers specifically to developmental processes of the
hypothalamic—pituitary—gonadal axis that ensure gonadal maturation,
whereas “adolescence” may include pubertal processes as well as maturation
of neural, cognitive, social, and emotional processes (Sisk & Zehr, 2005).

Defining an individual’s maturational stage from infancy to adulthood
remains somewhat difficult, particularly when the criteria accompanying
each developmental category are not always agreed upon and individuals
mature at different rates (McCormick, Mathews, Thomas, & Waters,
2010). Moreover, considering maturational stage in the context of species
comparisons can further complicate one’s understanding of developmental
findings. Many developmental rodent studies adhere to specific age ranges
outlined in excellent reviews by Spear (2000) and Eiland and Romeo
(2013) as well as McCormick et al. (2010). In the rodent literature,
“juvenile” refers to the period spanning from the age of weaning (generally
postnatal day (PND) 21) to early adolescence or prepuberty (Eiland &
Romeo, 2013). Rodent “adolescence” is conservatively regarded as PNDs
28—42, although this period has been reported by some authors to extend
until PNDs 55-60 (Eiland & Romeo, 2013; Spear, 2000). Moreover, age
of pubertal onset is often used as an indicator of adolescence (Spear,
2000). In the male rodent, pubertal onset generally occurs around PND
42 and can be defined by balano-preputial separation in which the prepuce
exhibits complete retraction from the head of the penis (Lewis, Barnett,
Freshwater, Hoberman, & Christian, 2002). As in human females, pubertal
onset occurs earlier in female rodents with vaginal opening in the rat appe-
aring around PND 30 (Lewis et al., 2002). Although age ranges will vary by
individual and strain of rodent, the current work adheres to the terminology
described in previous work (i.e., McCormick et al., 2010; Spear, 2000) for
consistency.

2. THE NEUROBIOLOGY OF STRESS

Stress is considered a state of strain elicited by a real or perceived threat
to homeostatic functioning. The HPA axis is the major neuroendocrine axis
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responsible for the maintenance of homeostatic functioning in the face of
stress exposure (Ulrich-Lai & Herman, 2009) by promoting glucose mobi-
lization from muscle and liver to enhance cardiac function, and inhibit
growth, reproductive, and immune responses in an effort to divert all energy
stores toward dealing with the threat at hand (Tasker & Herman, 2011;
Ulrich-Lai & Herman, 2009). The typical adult neuroendocrine HPA axis
response to acute stress exposure involves hypothalamic activation of
corticotropin-releasing hormone (CRH) neurosecretory cells in the para-
ventricular nucleus (PVN), with CRH stimulating anterior pituitary gland
secretion of adrenocorticotropin-releasing hormone (ACTH) into the cir-
culatory system. Detection of ACTH in the blood stimulates the adrenal
cortex to release glucocorticoids, primarily corticosterone (CORT) in
rodents and cortisol in humans. Cessation of this neuroendocrine stress
response occurs via negative feedback with glucocorticoids crossing the
blood-brain barrier and binding to glucocorticoid receptors (GR) and min-
eralocorticoid receptors found in the PVN and extrahypothalamic sites such
as the amygdala, PFC, and hippocampus.

The brain also plays an important governing role in the regulation of the
HPA axis based in part on the stressor type (Herman et al., 2003). Cor-
ticolimbic structures of the forebrain assist in regulating psychological
stress-induced HPA axis responses; the PFC, amygdala, and hippocampus,
provide input to the hypothalamus mostly via the bed nucleus of the stria
terminalis (McEwen, 1992, 2005; Romeo & McEwen, 2006). The medial
PFC is subdivided into two regions with opposing contributions to the stress
response: the prelimbic region contributes to inhibition and termination of
HPA axis and autonomic responses to psychological stressors, while the
infralimbic region of the medial PFC is associated with initiating autonomic
and HPA axis responses (Figueiredo, Bruestle, Bodie, Dolgas, & Herman,
2003; Radley, Arias, & Sawchenko, 2006). In contrast, stimulation of the
hippocampus has an inhibitory effect on HPA axis activity (e.g., decreased
glucocorticoid secretion), and lesion studies have demonstrated that the hip-
pocampus contributes to termination of the stress response (Ulrich-Lai &
Herman, 2009). The amygdala is also functionally heterogeneous with
numerous downstream targets that modulate the HPA axis and autonomic
system. The central nucleus of the amygdala is activated by physiological
stressors and the integration of autonomic components to psychological
stressors, whereas the medial and basolateral amygdalar nuclei (BLA) are
activated by psychological stressors and do not appear to have a role in reg-
ulating autonomic responses (Ulrich-Lai & Herman, 2009).
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The brain plays an integral role in terminating the stress response by pro-
moting feedback inhibition of the HPA axis and restoring homeostasis. Neg-
ative feedback regulation is critical to normative HPA axis functioning since
it prevents hypothalamic and pituitary stress hormone depletion, allowing
for the mounting of successive stress responses, and prevents prolonged
exposure to high glucocorticoid levels (Sapolsky, Krey, & McEwen,
1984). Furthermore, under conditions of high-circulating glucocorticoid
levels such as those of chronic stress exposure, vasopressin (AVP), which
potentiates the stimulatory eftects of CRH on ACTH secretion, also con-
tributes to maintaining corticotroph responsiveness (Aguilera & Rabadan-
Diehl, 2000). While it is believed that in the short term, activation of the
neuroendocrine stress response is adaptive and beneficial, chronically ele-
vated levels of glucocorticoid hormones, whether resulting from impaired
negative feedback or chronic stress exposure, can lead to many long-term
harmful consequences (Chrousos, 2009). Chronic stress exposure can lead
to pathological disorders ranging from diabetes and cardiac failure to depres-
sion and anxiety disorders (McEwen, 2007). In addition to HPA axis neg-
ative feedback mechanisms that likely act to combat these detrimental
conditions from developing, an adaptive form of HPA axis plasticity emerges
in response to repeated exposure to the same stressor, termed the habituation
response. In this case, the organism learns that the stressor is no longer a
threat to survival with repeated exposure, resulting in a decrease in activation
of neural structures in the corticolimbic circuit as well as an inhibition of
glucocorticoid synthesis and release (Grissom & Bhatnagar, 2009; Jaferi &
Bhatnagar, 2006).

3. ADOLESCENT HPA AXIS DEVELOPMENT

The rat neonate has been reported to experience a “stress hypo-
responsive period,” whereby the HPA axis appears to exhibit compara-
tively low-basal CORT levels (PNDs 4—14) and stress exposure results
in little or no increase in those CORT levels (Schoenfeld, Leadhem, &
Rabii, 1980). Previous work demonstrates that maternal sensory stimula-
tion during nursing and grooming is responsible for maintaining these rel-
atively low CORT levels in pups (Stanton & Levine, 1990; Sullivan &
Holman, 2011). Following the stress hyporesponsive period, the juve-
nile/adolescent HPA axis maintains basal glucocorticoid levels comparable
to those of adults and the ability to launch a neuroendocrine response
to stress exposure (Pignatelli, Xiao, Gouveia, Ferreira, & Vinson, 2006;
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Romeo, 2010b; Romeo et al.,, 2006; Romeo & McEwen, 20006).
However, numerous studies demonstrate unique stress-induced HPA axis
functioning profiles between prepubertal/adolescent and adult rodents.
Acute restraint stress (Doremus-Fitzwater, Varlinskaya, & Spear, 2009;
Romeo, Lee, Chhua, McPherson, & McEwen, 2004; Romeo, Lee, &
McEwen, 2004), intermittent exposure to foot shock (Goldman,
Winget, Hollingshead, & Levine, 1973), or ether vapors (Vazquez &
Akil, 1993) elicit comparable basal and peak CORT levels in juvenile/ado-
lescent and adult rats. However, roughly twice as much time is required for
CORT and ACTH to recover back to basal levels relative to that of adults
under the same stress exposure. This effect is observed in both sexes
exposed to acute restraint, with females exhibiting higher basal and
stress-induced increases in CORT levels relative to males (Doremus-
Fitzwater et al., 2009; Romeo, 2010a, 2010b). In male rats, adult-like stress
responses develop between PNDs 30-40 and 40-50 for CORT and
ACTH, respectively (Foilb, Lui, & Romeo, 2011).

Foundational work by Vazquez and colleagues (see review Vazquez,
1998) indicate that chronic intermittent stress exposure in both the adult
and juvenile rodent (PND 25) yields elevated CORT levels; however,
the way in which this is achieved is vastly different. Whereas adults increase
the secretion of ACTH and reduce negative feedback at the pituitary gland
to stimulate elevations in CORT, the developing rat increases pro-
opiomelanocortin (the precursor of ACTH) processing to stimulate only
anominal increase in ACTH; however, the combination of reduced respon-
siveness to negative feedback and a more sensitive adrenal cortex renders the
prepubertal animal capable of responding to even small amounts of ACTH,
thus increasing CORT levels. At the same time, this combination also results
in longer exposure to circulating glucocorticoids, while the HPA axis, itself,
is undergoing maturation (Vazquez, 1998). Using acute restraint stress,
Romeo etal. (2014) complemented the work of Vazquez by demonstrating
that adrenal expression of the ACTH receptor, the melanocortin 2 receptor,
and the expression of melanocortin receptor accessory protein, which chap-
erones this receptor to the cell surface, is greater in prepubertal rats relative to
adults. Moreover, exogenous ACTH administration results in higher
CORT levels at lower doses of ACTH in prepubertal animals 60 min fol-
lowing injection, indicating that the protracted prepubertal stress response is
at least partly due to greater adrenal sensitivity to ACTH and also suggests
that prolonged exposure to ACTH, itself, leads to greater CORT res-
ponsivity (Romeo et al., 2014).
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Further evidence of age-dependent stress reactivity has been observed
using a repeated restraint stress paradigm (7 consecutive days of 30 min
restraint) in which adult rats exhibit habituated (blunted) peak CORT
levels, whereas adolescent rats exhibit high peak CORT levels during the
final restraint session, yet display accelerated recovery to basal levels
(Doremus-Fitzwater et al., 2009; Romeo, Lee, Chhua, et al.,, 2004;
Romeo, Lee, & McEwen, 2004). These hormonal observations are associ-
ated with region-specific patterns of neuronal activation in corticolimbic
circuitry and increased activation of CRH neurons in the PVN of prepuber-
tal, but not adult rats (Romeo et al., 2006). However, somewhat surpris-
ingly, these age-dependent effects are not dependent on differences in
hippocampal glucocorticoid mRNA or protein expression (Dziedzic, Ho,
Adabi, Foilb, & Romeo, 2014; Romeo et al., 2008). Using another stress
model, chronic variable stress exposure during early-, mid-, and late-
adolescence periods as well as adulthood revealed age-dependent effects
on HPA axis function and emotionality. Whereas the rats exposed to
chronic variable stress in late adolescence exhibited elevated basal CORT
and oxytocin levels, only the adult chronic variable stress group displayed
an increase in stress-coping behavior in the forced swim test (Jankord
et al.,, 2011). Collectively, these data generally indicate that adolescent
rodents produce a protracted HPA axis response to acute stress and a failure
to exhibit HPA axis habituation with repeated homotypic stress, both situ-
ations resulting in greater glucocorticoid exposure relative to that of the
adult rodent. Although, somewhat paradoxically, when an ecologically rel-
evant resident-intruder model of social stress is employed for 7 consecutive
days, basal- and stress-induced CORT levels in adolescent (PND 28) rats do
not differ from those of adults on the first day; however, by the final day of
this paradigm, adults continue to display comparable CORT levels to day 1,
whereas adolescent groups exhibited habituated CORT levels (Bingham
et al., 2011).

These observations that adolescent stress exposure results in extended
exposure to glucocorticoids have led to the theory that adolescence repre-
sents a period of heightened vulnerability to the negative effects of stress
exposure. Indeed, there is evidence that adolescent stress exposure experi-
ence has long term, negative effects on subsequent stress reactivity, and cor-
ticolimbic neurocircuitry. Rats housed in social isolation (PNDs 30-50)
were shown to exhibit long-term sex- and region-dependent consequences.
There was an increased stress response (i.e., elevated CORT and hypotha-
lamic AVP mRNA) to acute and repeated restraint as well as increased
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hippocampal brain-derived neurotrophic factor mRNA in females exposed
to adolescent social isolation, whereas males in the same condition exhibited
a reduced CORT response to acute restraint, reduced orexin (an arousal
and attention promoting neuropeptide) mRNA, and reduced anxiety-
like behavior in the elevated plus maze (Weintraub, Singaravelu, &
Bhatnagar, 2010). Adolescent chronic variable stress exposure also produces
decreases in hippocampal volume, downregulates basal GR expression,
elicits a protracted CORT response to a 15 min session in the open arm
of an elevated plus maze, as well as deficits in spatial learning in the Morris
water maze in adulthood (Isgor, Kabbaj, Akil, & Watson, 2004).

Together, the literature indicates that adolescent HPA axis stress res-
ponsivity functions distinctively from that of adults. Moreover, it is currently
thought that these age-dependent differences in HPA axis functionality con-
tribute to greater sensitivity to stress exposure, both in the immediate and
long term, in adolescents compared to adults. However, potential central
mechanisms subserving age-dependent differences in negative feedback
remain to be determined.

4. THE DEVELOPMENTAL INFLUENCE OF GONADAL
HORMONES ON THE HPA AXIS

‘While pubertal onset is considered a key developmental event signal-
ing maturation, the HPA axis also undergoes maturation during early ado-
lescence as demonstrated by adrenarche (i.e., increased production and
secretion of adrenal steroids). This process precedes increasing pulses of
GnRH that stimulate luteinizing and follicle-stimulating hormone release
from the pituitary gland to contribute to increases in gonadal steroid produc-
tion. The sharp and rapid elevations in gonadal hormones facilitate repro-
ductive maturation, physical growth, and development of secondary sex
characteristics in the adolescent. Rising gonadal hormone levels also facili-
tate organizational and activational effects on the developing adolescent
brain to influence the HPA axis, likely contributing to the emergence of
sex differences in HPA axis functionality.

From what is known, increasing cortisol reactivity to stressors occurs in
parallel with pubertal onset and similar to sex differences in the rodent,
human females typically begin gonadarche (i.e., the early stages of puberty)
1-2 years earlier than males (Marshall & Tanner, 1969, 1970). Interestingly,
stress-induced increases in cortisol are known to decrease as males progress
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through puberty (Di Luigi et al., 2006). As such, differences in age of
pubertal onset may also contribute to differing developmental trajectories
of the HPA axis and ultimately facilitate sex difterences in HPA stress res-
ponsivity. This is consistent with neuroanatomical maturational processes
occurring in adolescents. Cortical refinement is initiated earlier in females,
sex differences in brain volume emerge, and existing sex differences in lim-
bic volumes during childhood/early life are further amplified during ado-
lescent development (see review Ordaz & Luna, 2012).

While it is generally accepted that sex difterences in HPA axis activity
begin to emerge with pubertal onset, there is a considerable gap in our
understanding of the role of gonadal hormones on adolescent HPA axis
activity development. The existing literature suggests that pubertal matu-
ration, which is associated with rising levels of androgens, estradiol, and
other estrogens, sets in motion maturational processes that contribute to
the development of adult HPA axis stress responsivity. In support of this,
when exposed to acute restraint stress, gonadectomized prepubertal males
treated with testosterone continue to exhibit a protracted CORT response
to acute restraint stress exposure (Romeo, Lee, Chhua, et al., 2004),
suggesting that the effects of testosterone on HPA axis activity are func-
tional only after pubertal onset (Romeo, Lee, Chhua, et al., 2004). Sim-
ilarly, prepubertal females treated with estradiol and exposed to acute
restraint 5 days later display reduced ACTH and CORT responses to
restraint; however, adult females that were ovariectomized pre- or post-
puberty and then given the same estradiol treatment display increased
CORT levels to the same stressor, suggesting that estradiol differentially
affects female HPA axis stress responsivity based on pubertal status
(Evuarherhe, Leggett, Waite, Kershaw, & Lightman, 2009). Moreover,
ovariectomized prepubertal female rats produce a comparable protracted
stress-induced CORT response as intact prepubertal female rats, indicating
that the protracted nature of the prepubertal stress response is independent
of the influence of ovarian hormones (Romeo, Lee, & McEwen, 2004).
Pubertal maturation appears to be a key developmental process contribut-
ing to HPA axis development; however, given the complexity of acti-
vational and organizational influences of sex hormones, the numerous
brain regions involved, and the ever-changing nature of sex differences
across development, a greater understanding of the role of sex steroids
and their underlying mechanisms in the development of the HPA axis is
warranted.
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5. THE ENDOCANNABINOID SYSTEM

Cannabis consumption has been documented over centuries of
human civilization, commonly used for its therapeutic, mood-enhancing,
and stress-relieving properties. The main psychoactive component of can-
nabis, A-9-tetrahydrocannabinol (THC), was first discovered and character-
ized in 1964 (Gaoni & Mechoulam, 1964) and subsequently gave rise to the
discovery of the endogenous cannabinoid system. This, in turn, has sparked
an entire field of research devoted to understanding a myriad of cognitive,
behavioral, emotional, and physiological processes under the regulation of
the eCB system. This system includes two inhibitory G protein-coupled
receptors, the CB; and CB, receptors. CB; receptors (CB{Rs) are widely
expressed in the brain. CB, receptors have been detected in the central ner-
vous system relatively recently (Onaivi et al., 2006; Van Sickle et al., 2005),
although the majority of these reports localize their presence in microglia
rather than neurons (e.g., Cabral, Raborn, Griftin, Dennis, & Marciano-
Cabral, 2008). CBRs are found presynaptically on a number of neuronal
populations including glutamate, gamma-aminobutyric acid (GABA), and
monoamines (Haring, Guggenhuber, & Lutz, 2012). Moreover, they are
widely expressed throughout the brain, with high densities in the hippocam-
pus and neocortex, moderate densities within the amygdala and a relatively
lower distribution in the hypothalamus (Herkenham et al., 1991). The wide
distribution of CB4Rs across different neuronal subtypes and structures of
the brain make them ideally situated to exert regulation over a variety of
cognitive, behavioral, and physiological processes including HPA axis stress
responsivity and emotionality.

The eCB system also possesses two major endogenous
ligands, N-arachidonoylethanolamine (anandamide; AEA) and 2-
arachidonoylglycerol (2-AG), which are synthesized “on demand” and act
as retrograde messengers to regulate the release of other neurotransmitters
(Freund, Katona, & Piomelli, 2003; see review Jutras-Aswad, DiNieri,
Harkany, & Hurd, 2009) and contribute to both short- and long-term synap-
tic plasticity (Mackie, 2006). The synthesis of 2-AG is achieved by the con-
version of phosphatidylinositol by phospholipase C into diacylglycerol, then
converted to 2-AG by diacylglycerol lipase-a (DAGL-a; Hillard, 2000;
Sugiura, Kobayashi, Oka, & Waku, 2002). The biosynthetic pathways of
AEA are less clear, although it is known that synthesis begins with the con-
version of phospholipid precursors to N-acyl phosphatidylethanolamine
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(NAPE) via a calcium-dependent transacylase enzyme; however, there are
three known distinct and independent pathways of AEA production from
NAPE involving enzymes such as phospholipase A2, C, and D (Ahn,
McKinney, & Cravatt, 2008). AEA and 2-AG are synthesized following post-
synaptic membrane depolarization and are released into the synapse, traveling
retrogradely to activate presynaptic CBRs. Activation of these presynaptic
CBRs hyperpolarizes the membrane and reduces postsynaptic currents
thereby reducing subsequent neurotransmitter release (D1 Marzo, 2011). Both
ligands are subject to rapid intracellular degradation primarily by hydrolytic
enzymes, fatty acid amide hydrolase (FAAH) for AEA and monoacylglycerol
lipase (MAGL) for 2-AG (Di Marzo, 2011).

6. ENDOCANNABINOID SYSTEM REGULATION OF THE
HPA AXIS IN ADULTHOOD

The eCB system has been shown to regulate the HPA axis in the
maintenance of both basal- and stress-induced responses (e.g., Finn, 2010;
Hill, McLaughlin, et al., 2010; Hill, Patel, et al., 2010). eCB signaling exerts
inhibition on HPA axis activity, contributing to the maintenance of low glu-
cocorticoid levels during basal conditions and functioning to restrict HPA
axis activity in situations of acute stress (Gorzalka & Hill, 2009). In support
of this, genetic studies have revealed that CB;R-deficient mice have
increased basal levels of CRH mRNA in the PVN, as well as elevated
ACTH and CORT secretion (Cota et al., 2007; Finn, 2010; Steiner
et al., 2008). This is further supported by pharmacological studies demon-
strating that administration of the CB;{R antagonist, Rimonabant
(SR141716), results in elevated circulating CORT levels in rodents
(Patel, Roelke, Rademacher, Cullinan, & Hillard, 2004; Steiner et al.,
2008). In vitro evidence also indicates that eCB signaling negatively regulates
the HPA axis given that glucocorticoid application stimulates synthesis and
release of AEA and 2-AG in the PVN. This, in turn, activates CB;Rs on
presynaptic glutamatergic terminals to suppress excitatory inputs to postsyn-
aptic CRH neurons in the PVN, thus contributing to termination of the
stress-induced HPA axis response (Di, Malcher-Lopes, Halmos, &
Tasker, 2003; Evanson, Tasker, Hill, Hillard, & Herman, 2010; Malcher-
Lopes et al., 2006).

[t is currently thought that based on their separate biosynthetic/catabolic
pathways and pharmacodynamic properties, AEA contributes to a “tonic-
like” mechanism, whereas 2-AG promotes a “burst-like” mechanism in
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CB{R activation (Ahn et al., 2008; Gorzalka, Hill, & Hillard, 2008; Hill,
McLaughlin, et al., 2010). The diftering roles of 2-AG and AEA are evident
in the regulation of the HPA axis. On a functional level, acute stress
decreases tonic AEA levels by increasing FAAH-mediated hydrolysis in
the corticolimbic system (see review Hill & McEwen, 2009; Hill,
McLaughlin, et al., 2010), supporting the “gatekeeper” hypothesis which
posits that AEA contributes to maintaining basal levels of glucocorticoids
in an organism, while removal of this AEA tone facilitates activation of
the HPA axis and increases the frequency of emotional and anxiety-like
behaviors (Gray et al., 2015; Hill & McEwen, 2009; Hill et al., 2009;
Patel et al., 2004). In contrast, stress exposure generally elicits a delayed
increase in corticolimbic 2-AG (Hill et al., 2011; Hill & Tasker, 2012;
Wang et al., 2011).

There is compelling genetic, pharmacological, and electrophysiological
evidence that eCBs mediate fast-feedback inhibition actions within the
PVN to modulate the HPA axis (Hill & Tasker, 2012). Glucocorticoid
application to PVN slices results in a rapid suppression of glutamate-
mediated excitatory synaptic currents in CRH neurons, whereas this effect
is completely abolished with coapplication of a CB4R antagonist (D1 et al.,
2003; Malcher-Lopes et al., 2006; Wamsteeker, Kuzmiski, & Bains, 2010Db).
Furthermore, glucocorticoids increase AEA and 2-AG content in PVN
slices in vitro (Malcher-Lopes et al., 2006) as well as in whole tissue punches
of the hypothalamus in vivo (Hill, Karatsoreos, Hillard, & McEwen, 2010).
Moreover, 30 min exposure to acute restraint stress increases hypothalamic
2-AG content (Evanson et al., 2010). Lastly, genetic deletion of CB;Rs
results in elevated ACTH and CORT responses to acute stress, indicating
that the loss of these receptors diminishes negative feedback, thus yielding
an increase in HPA axis activity in response to acute stress exposure
(Barna, Zelena, Arszovszki, & Ledent, 2004; Haller, Bakos, Szirmay,
Ledent, & Freund, 2002; Hill et al., 2011).

Beyond the PVN, previous work from our laboratory has demonstrated
a clear role for eCB signaling in the PFC in the regulation of glucocorticoid-
mediated feedback inhibition of HPA axis activity. Acute stress exposure
elicits a glucocorticoid-dependent delayed increase in PFC 2-AG content
through genomic actions as the increase in 2-AG is blocked by administra-
tion of a GR antagonist (RU-486; Hill et al., 2011). Furthermore, local
administration of a CB{R antagonist in the PFC results in a protracted
CORT response, although the peak magnitude of the response is not
affected (Hill et al., 2011). PEC CBRs were found situated on GABAergic
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terminals that impinged on layer V pyramidal neurons and PFC slices
exposed to CORT exhibited a reduction in GABA release, which was
blocked with CB;R antagonist treatment (Hill et al., 2011). Collectively,
these results suggest that glucocorticoids increase PFC 2-AG content via
genomic mechanisms, which reduce inhibitory GABA tone, allowing
increased PFC outputs to contribute to termination of the stress response
and negative feedback (Hill et al., 2011).

There are also multiple lines of evidence indicating that amygdalar eCB
signaling (particularly in the BLA) is key in the regulation of basal- and stress-
induced HPA axis activity, functioning as a “gatekeeper” over the HPA axis
(Hill & Tasker, 2012). Acute stress consistently decreases AEA content of the
BLA by a rapid increase in FAAH activity (Hill et al., 2009; Patel, Roelke,
Rademacher, & Hillard, 2005; Rademacher et al., 2008). Furthermore, local
infusion of a FAAH inhibitor specifically into the BLA attenuates, while
infusion of a CB{R agonist suppresses stress-induced activation of the
HPA axis (Ganon-Elazar & Akirav, 2009; Hill et al., 2009). Thus, the
emerging picture indicates that BLA AEA tone gates excitatory gluta-
matergic inputs to principal neurons and when stress exposure disrupts this
tone, this increases principal neuron activity, activation of the HPA axis, and
subsequent release of glucocorticoid hormones into circulation (Hill &
Tasker, 2012).

Amygdalar eCB signaling has also been shown to be a critical regulator of
HPA axis stress habituation (Hill, McLaughlin, etal., 2010). Repeated expo-
sure to 9 consecutive days of 30 min sessions of restraint stress produces
reductions in corticolimbic AEA, contributing to a basal hypersecretion
of CORT (Hill, McLaughlin, et al., 2010), whereas a region-specific eleva-
tion of 2-AG in the amygdala facilitates habituation of the HPA axis (i.e.,
reduced circulating CORT levels; Hill, McLaughlin, et al., 2010; Patel,
Kingsley, Mackie, Marnett, & Winder, 2009; Patel et al., 2005). These find-
ings suggest that repeated exposure to the same stressor results in an
enhanced capacity to elevate amygdalar 2-AG content which acts to dampen
HPA axis activity (Hill, McLaughlin, et al., 2010; Patel & Hillard, 2008;
Patel et al., 2005). Given the previously discussed evidence indicating that
the BLA gates HPA axis activity by regulating excitatory inputs to principal
neurons in this structure, it is likely that repeated stress exposure induces
transient 2-AG increases to dampen these excitatory inputs, thus reducing
amygdalar principal neuron activity and resulting in HPA axis habituation
(Hill, McLaughlin, et al., 2010). This theory is corroborated by a study dem-
onstrating that CORT inhibits glutamatergic inputs to the BLA via an
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eCB-dependent mechanism, but only in rodents with a previous history of
stress exposure (Karst, Berger, Erdmann, Schiitz, & Joéls, 2010). In sum-
mary, the body of research discussed in this section indicates that adult cor-
ticolimbic eCB signaling exerts tight regulation over HPA activity and
negative feedback through temporal-, region-, and eCB ligand-dependent
mechanisms.

7. ONTOGENY OF THE ENDOCANNABINOID SYSTEM

Based on in vitro and in vivo studies employing pharmacological manip-
ulation of eCB signaling as well as human and rodent descriptive work char-
acterizing eCB system activity from prepuberty to adulthood (see Table 1),
activity of the eCB system appears reliant on developmental stage (Borcel
et al., 2004). On a cellular level, eCB signaling plays a multifaceted role
in structural and functional neurodevelopment (see review Harkany,
Keimpema, Barabas, & Mulder, 2008; Maccarrone, Guzman, Mackie,
Doherty, & Harkany, 2014), regulating proliferation of neural progenitors
and cell lineage commitment (Mulder et al., 2008), immature neuronal
migration and axonal path finding (Berghuis et al., 2005, 2007; Harkany
et al., 2008; Mulder et al., 2008), as well as initiation of synaptic communi-
cation of neural networks in perinatal rat tissue (Berghuis et al., 2007;
Bernard et al., 2005).

A functional eCB system is present in the rat central nervous system as
early as gestational days 11-14 as indicated by the presence of CBiRs
(Berrendero, Sepe, Ramos, Di Marzo, & Fernandez-Ruiz, 1999;
Rodriguez de Fonseca, Ramos, Bonnin, & Fernandez-Ruiz, 1993), AEA
and 2-AG (Berrendero et al.,, 1999; Harkany et al., 2008). In humans,
CBjRs are detected in fetal tissue as early as the 9th week of gestation
(Zurolo et al., 2010). These receptors are apparently functional in the rat
and human fetal brain in that application of the cannabinoid agonist,
WIN 55,212-2, stimulated [3SS]GTPyS binding (Berrendero et al., 1999;
Mato, Del Olmo, & Pazos, 2003). Moreover, examination of specific neural
structures reveals that high CB R expression is limited to the amygdala and
hippocampus, with low distributions in the striatum, thalamus, and cerebral
cortex during early to mid-gestation in the human fetus (gestational weeks
17—-22) and rat neonate (Rodriguez de Fonseca et al., 1993). These findings
contrast with reports of higher and wider density of these ubiquitous recep-
tors in the adult rat (Herkenham et al., 1991) and human brain (Jutras-
Aswad et al., 2009). The unequal distribution of CB{R expression



Table 1 Adolescent Corticolimbic Endocannabinoid System Development in the Rat

Endocannabinoid

Marker Sex/Strain Age Brain Region Developmental Trajectory Reference
CB;R binding Wistar PNDs 10-70 Limbic system T From PND 10 to PNDs 30—40, then | to Rodriguez de
2, PND 70 Fonseca et al.
(1993)
CB;R mRNA Sprague- PNDs 25, 40, PFC | From PNDs 25 to 70 Heng et al.
Dawley  and 70 (2011)
(o)
AEA Sprague- PNDs 5, 15, Hypothalamus AEA peaks immediately before pubertal ~ Wenger et al.
Dawley 25, ~30, and onset (vaginal opening) ~PND 30, then (2002)
2 250 decreases to adult levels
AEA, 2-AG, and Long PNDs 29, 38, PFC AEA T from PNDs 29 to 50; 2-AG | from Ellgren et al.
CB/R Evans and 50 PNDs 29 to 38, then | to PND 50; CB{R (2008)
() | from PNDs 29 to 50
AEA, FAAH Sprague- PNDs 25, 35, PFC, amygdala, AEA T from PNDs 25 to 35, | from PNDs Lee etal. (2013)
Dawley 45, and 70 hypothalamus, and 35 to 45, T from PNDs 45 to 70 with
(" hippocampus corresponding changes in FAAH activity
AEA, 2-AG, CB{R Sprague- PNDs 46, 60, PFC AEA T from PNDs 46 to 60, then | by  Rubino et al.
binding, Dawley  and 75 PND 75; CB{R binding T from PNDs  (2015)
FAAH/MAGL ) 46 to 60, then | by PND 75; no significant
activity changes in 2-AG, FAAH, and MAGL

activity

CBR, CB; receptor; AEA, anandamide; 2-AG, 2-arachidonoylglyercol; FAAH, fatty acid amide hydrolase; MAGL, monoacylglycerol lipase; PND, postnatal day; PFC,

prefrontal cortex.
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throughout the immature brain suggests a region-dependent role in ensuring
normative neurodevelopment (Campolongo, Trezza, Ratano, Palmery, &
Cuomo, 2011; Fride, Suris, Weidenfeld, & Mechoulam, 2005; Harkany
et al, 2008; Jutras-Aswad et al., 2009; Marco, Adriani, Llorente,
Laviola, & Viveros, 2009; Schneider, 2008).

There are growing reports indicating that adolescent eCB system activ-
ity in the brain changes in a highly temporal-specific, dynamic, and some-
times region-dependent manner. Adolescent CB{R binding in the rat
brain appears to be highest just prior to the onset of adolescence
(PNDs 25-29), followed by a general linear decline to adult levels within
limbic, striatal, and cortical structures (Rodriguez de Fonseca et al., 1993).
This is consistent with more recent findings that PFC CB{R expression
declines in pre- to early adolescence (PND 25; Ellgren et al., 2008;
Heng, Beverley, Steiner, & Tseng, 2011). More specific examination
between limbic/associative and sensorimotor cortical regions has revealed
differential rates at which these CB{R expression declines occur in the
PFC; declines in limbic/associative regions occur gradually throughout
adolescence, whereas major changes in sensorimotor regions are not
exhibited until mid- to late adolescence, with the functionality of these
receptors following the same developmental pattern (Heng et al., 2011).
In female rodents, CB{Rs have been reported to increase from mid
(PND 46) to late adolescence (PND 60) and decline by adulthood
(PND 75; Rubino et al., 2015).

Investigation of the maturational trajectory of the eCB ligands has revealed
somewhat divergent results that are likely influenced by strain and sex differ-
ences. Earlier reports suggest AEA concentrations in the male rodent PFC
exhibit a gradual and progressive increase (i.e., PNDs 29-50) to adult levels,
while 2-AG levels were highest very early in adolescence (PND 29), decreased
by PND 38, and increased again by late adolescence (PND 50; Ellgren et al.,
2008). In contrast, AEA concentration increases from PNDs 46 to 60 but
decreases from PNDs 60 to 75 in the PFC of female rats, with no differences
in 2-AG concentrations as well as FAAH and MAGL activity (Rubino et al.,
2015). Furthermore, hypothalamic AEA content in female rats is observed to
increase immediately preceding vaginal opening (as a physical marker of
pubertal onset; Wenger et al., 2002). We have also previously reported that
throughout the male rodent adolescent period (PNDs 25-70), corticolimbic
AEA concentrations fluctuate in a similar pattern across the amygdala, PFC,
hippocampus, and hypothalamus (Lee, Hill, Hillard, & Gorzalka, 2013).
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Moreover, two other related N-acylethanolamines hydrolyzed by FAAH,
oleoylethanolamine and palmitoylethanolamine, exhibit the same temporal-
specific pattern as AEA, indicating that the corticolimbic AEA fluctuations
are at least partly due to corresponding changes in FAAH activity (Lee
et al., 2013). Thus, the rodent literature indicates that corticolimbic eCB
ligand concentrations, particularly with respect to AEA, fluctuate throughout
adolescence, while CB{R expression peaks at the onset of adolescence before
declining to adult levels (Ellgren et al., 2008; Lee et al., 2013; Rubino et al.,
2015; Wenger et al., 2002).

In humans, CB{R expression is reported to increase gradually to adult
levels in postmortem brain tissue (Mato et al., 2003). In contrast, a more
recent study found that CB{R expression peaks during infancy (<1 year
old) to toddler age (1.5 to 4.5 years old), then gradually decreases to adult
levels in human PFC tissue samples (Long, Lind, Webster, & Weickert,
2012). Moreover, expression of enzymes that contribute to AEA synthesis
(i.e., NAPE-PLD) and degradation (i.e., FAAH) both increase from
infancy to adulthood, indicating greater AEA regulation in adulthood than
earlier in life (Long et al., 2012). In contrast, 2-AG and DAGL-a were
found to peak between school age and young adulthood, while MAGL
followed a similar pattern as CB{R expression (i.e., expression peaks
around toddler age; Long et al., 2012). Interestingly, although a similar
general pattern of CByR expression occurs in humans and rodents, the
maturational trajectories of these receptors exhibit a peak around toddler
age in humans, whereas this peak occurs closer to pubertal onset/early ado-
lescence in the rodent.

While the functional consequences of these fluctuations require further
investigation, it is possible that the dynamic changes in adolescent rodent
eCB signaling suggest a general instability compared to that of adults and
could underlie adolescent behavioral profiles that are regulated by cor-
ticolimbic circuits, such as relatively low anxiety, high responsivity to
reward, and reduced inhibitory control (Casey & Jones, 2010). Given that
adolescence is a period when this behavioral profile is maximal and is coin-
cident with these changes in AEA/CBR expression and activity, the eCB
system may represent a neural substrate of the adolescent phenotype. More-
over, the dynamic nature of adolescent eCB signaling could also be contrib-
uting to alterations in stress sensitivity, emotionality, and executive function,
serving as a nexus between developmental stage and HPA axis stress
responsivity.
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8. ADOLESCENT HPA AXIS FUNCTION: A REGULATORY
ROLE FOR THE ENDOCANNABINOID SYSTEM?

8.1 Adolescent Stress Exposure Modulates Corticolimbic
Endocannabinoid Signaling

To our knowledge, there are relatively few studies that directly explore
eCB-related mechanisms subserving interactions between adolescent devel-
opment and HPA responsivity, particularly in humans. The results of pre-
clinical studies suggest that stress exposure produces age-specific short-
and long-term effects on eCB signaling (e.g., Lee & Hill, 2013; Reich,
Mihalik, Iskander, Seckler, & Weiss, 2013; Wamsteeker, Kuzmiski, &
Bains, 2010b). Similarly, there is some human and rodent evidence that ado-
lescent cannabinoid use/exposure has the capacity to alter HPA axis stress
responses (Biscaia et al., 2003; Lee, Hill, Hillard, & Gorzalka, 2015; Lee,
Wainwright, Hill, Galea, & Gorzalka, 2014; van Leeuwen et al., 2011).
Together, these studies suggest that the adolescent eCB system exhibits a
greater general sensitivity to perturbations (e.g., stress exposure and canna-
binoid treatment) than adults, possibly due to greater instability in the reg-
ulation of eCBs during this age.

Age of stress exposure region dependently modulates CB{R binding in
the corticolimbic stress circuit, both in the short and long term. Specifically,
adolescent rats exposed to repeated restraint stress (10 days, 30 min/day)
exhibit no immediate effects in the hippocampus, whereas a downregulation
in CB{Rs is observed in adults. In the long term, however, stress exposure
produced an upregulation of hippocampal CB{Rs in adolescent and adult
rats (Lee & Hill, 2013). In contrast, a comparable upregulation of PFC
CBiRs 24 h following the last restraint session is observed in both age
groups; however, 40 days later, adolescent rats exposed to the repeated stress
exhibited a CB{R downregulation, whereas adult rats displayed normalized
CB;R-binding levels (Lee & Hill, 2013). These observations are in line with
the idea that adolescent eCB signaling is less stable or not as tightly regulated
as in adulthood, potentially leaving an organism more susceptible to the
long-term effects of stress exposure (Lee & Gorzalka, 2012). In further sup-
port of this, prepubertal male rats (PNDs 21-30) exhibit a transient loss of
depolarization-induced suppression of inhibition (DSI), in parvocellular
neuroendocrine cells of the PVIN immediately following 5 consecutive days
of 30 min restraint stress (Wamsteeker, Kuzmiski, & Bains, 2010a, 2010b).
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These effects are observed in prepubertal, but not adult rats exposed to
repeated restraint (Wamsteeker, Kuzmiski, & Bains, 2010a). The loss in
eCB signaling (as revealed by reduced DSI) was a result of stress-induced
CORT activating intracellular GR receptors to cause a downregulation
of presynaptic CB4R activity (Wamsteeker, Kuzmiski, & Bains, 2010Db).
Thus, this study provides early evidence of divergent age-dependent down-
regulation of CBRs in parvocellular neuroendocrine cells of the hypothal-
amus as a result of repeated stress exposure. Moreover, the fact that repeated
restraint exposure fails to produce the neuroendocrine habituation response
in adolescent rats (Romeo, 2010a) coupled with downregulation of hypo-
thalamic PVN CB{Rs (Wamsteeker, Kuzmiski, & Bains, 2010b), suggests
that CB{R signaling plays a significant role in launching this adaptive
response and indicates this mechanism is not fully functional in adolescence.
Much like repeated restraint exposure (Lee & Hill, 2013), chronic mild stress
exposure during adolescence produces a downregulation of CBRs in the
hippocampus (Reich, Taylor, & McCarthy, 2009) and has recently been
found to increase excitatory neurotransmission in the CA1 region of the hip-
pocampus through the sensitization of CB{Rs on GABAergic terminals
(Reich et al., 2013).

8.2 Adolescent Cannabinoid Exposure Modifies Adult Stress-
Induced HPA Axis Activity

Despite several investigations of the short- and long-term impact of adoles-
cent cannabinoid exposure on the adult brain and behavior of rodents, very
few have assessed HPA axis stress responsivity. From what is known, ado-
lescent cannabis users demonstrate lower HPA axis stress responses to the
Groningen Social Stress Task relative to nonusers (van Leeuwen et al.,
2011), and adolescent male cannabis users exhibit region-dependent alter-
ations in PFC thickness relative to healthy controls (Lopez-Larson et al.,
2011). Furthermore, preclinical studies of adolescent cannabinoid exposure
suggest that cannabinoids have the capacity to alter stress-induced HPA axis
activity in the long term, without affecting basal CORT levels. Adolescent
(PNDs 35—45) male and female rats were chronically administered the syn-
thetic THC analog, CP 55,940. This treatment reduced emotionality- and
anxiety-like behavior in the hole board, open-field tests, and elevated plus
maze, but had no long-term effect on CORT levels (Biscaia et al., 2003).
Subsequent studies investigating the long-term impact of adolescent
CB;R agonist, HU-210, and CB{R inverse agonist, AM-251, treatment
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(PNDs 35—44) are in line with previous findings that basal CORT and
ACTH levels are unaffected in the long term (Lee et al.,, 2015; Lee,
Wainwright, et al., 2014). However, adolescent HU-210 treatment pro-
duced greater overall CORT responses to acute restraint stress exposure
in adult male, and to a lesser extent, female rats (Lee, Wainwright, et al.,
2014). In contrast, adolescent AM-251 treatment failed to alter the acute
HPA axis stress response, but did elicit a relatively modest reduction in
the overall magnitude of the HPA axis habituation response, increased
risk-assessment behavior in the elevated plus maze and increased stress-
coping behavior in the forced swim test in male rats (Lee et al., 2015). These
moderate alterations in stress responsivity and emotional behavior were also
associated with an increase in PFC CBR binding, and a modest reduction
and increase in AEA within the amygdala and hypothalamus, respectively
(Lee et al., 2015).

Long-term compensatory alterations of HPA axis activity to perinatal
cannabinoid exposure are relatively well documented (see review
Campolongo et al., 2011), and there is a growing body of literature indi-
cating similar effects with adolescent cannabinoid exposure. Perinatal can-
nabinoid treatment produces a short-term surge in CORT levels and it is
believed that this stimulates long-term HPA axis hypoactivity in compen-
sation (Campolongo et al., 2011). This theory is partially supported by
findings that adult male rodents exposed to perinatal THC treatment
exhibit reductions in medial basal hypothalamic CRH and CORT levels,
while adult females exhibit increases in these markers (Rubio et al., 1995).
This theory is further supported by reports that male rats exposed to high
perinatal doses of HU-210 (CB;R agonist) exhibit elevated adult basal
CORT levels, but reduced responsivity to a subsequent HU-210 injection
challenge in adulthood, whereas males exposed to a low perinatal dose
exhibit smaller elevations in basal CORT levels with an elevated response
to acute HU-210 challenge (del Arco et al., 2000). We postulate that ado-
lescent cannabinoid exposure similarly provokes high or protracted expo-
sure to glucocorticoids in the short term, possibly leading to permanent
hypoactivity or dysregulation of HPA axis activity and reduced responsivity
to subsequent cannabinoid-induced HPA axis challenge. Furthermore, the
modulation of corticolimbic CB{R density and binding in response to ado-
lescent cannabinoid treatment could represent a long-term compensatory
mechanism of the eCB system. However, these hypotheses remain largely
unexplored.
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8.3 Long-Term Consequences of Adolescent Endocannabinoid
System Dysregulation on the Developing Brain and
Behavior

Multiple studies (Lee, Wainwright, et al., 2014; Rubino et al., 2008, 2015;

Table 2; Rubino, Realini, Braida, Alberio, et al., 2009; Rubino, Realini,

Braida, Guidi, et al., 2009; Zamberletti et al., 2014) have demonstrated that

chronic pharmacological enhancement of adolescent eCB signaling results

in long-term modulation of corticolimbic CB{R density and binding as well
as other long-term neural and behavioral changes similar to those produced

by chronic stress (via glucocorticoid hypersecretion; e.g., McEwen, 2005)

and prolonged glucocorticoid exposure (Hill et al., 2008). On a behavioral

level, this drug regimen reduces stress-coping behavior in the forced swim
test in female rats, impairs spatial working memory in males, and leads to
anhedonia in both males and females as measured by the sucrose preference
test (Rubino et al., 2008). Neural consequences include differential reduc-
tions in amygdalar and hippocampal CBR. expression and [°S]GTPyS
binding in males and females (Rubino et al., 2008), decreases in markers
of neuroplasticity such as synaptophysin and PSD 95 in the PFC of females

(Rubino, Realini, Braida, Alberio, et al., 2009), dendritic atrophy and

reduced number of spines in hippocampal neurons in males (Rubino,

Realini, Braida, Guidi, et al., 2009), and reductions in cell proliferation

(Realini etal., 2011) and survival (Lee, Wainwright, et al., 2014) in the den-

tate gyrus of the hippocampus. Research from the same laboratory also dem-

onstrated that chronic adolescent administration of the FAAH inhibitor,

URB-597, reduces hippocampal CB{R expression in male rats (Marco,

Rubino, etal., 2009) and reverses the THC-induced reduction in stress cop-

ing and increase in anxiety behaviors in female rats (Realini et al., 2011). In

contrast, adolescent administration of CP 55,940 (PNDs 28—43) has been
reported to increase CBR activity in the PFC of adult male, but not female

rats (Mateos et al., 2011).

Other studies employing cannabinoid agonists during adolescence report
long-term deficits in cognitive processes such as working memory and social
discrimination (e.g., Romero et al., 2002; Rubino, Realini, Braida, Guidi,
et al., 2009; Schneider & Koch, 2003), further supporting the conclusion
that adolescents are sensitive to the effects of cannabinoid exposure. More-
over, adolescence appears to be a period of particular susceptibility to the
effects of chronic cannabinoid exposure given that adult rats exposed to
the same treatments either do not exhibit these behavioral phenotypes or



Table 2 Effects of Adolescent Cannabinoid Exposure on Adult Neural and HPA Axis Functioning, the Endocannabinoid System, and Emotional Behavior in the Rodent

Age of Age of
Exposure Testing Neural and HPA Axis Function
(PND) Species/Sex Cannabinoid Treatment (PND) Effects Endocannabinoid System Emotional Behavior Reference
28 Albino Wistar  CP 55,940; PNDs 28-43; 70-76 — | CBjR activity in PFC of adult ~ No effect on anxiety behavior Mateos et al.
(2, 0.4 mg/kg ), but not £ (2011)
30and 56 Albino Wistar ~ Escalating CP 55,940; PNDs 70 and 96 — — | Social interaction with a O’Shea, Singh,
(Q) 30-50 or 56-76; 0.15, 0.20, novel conspecific in McGregor, and
and 0.30 mg/kg for 3, 8, and adolescents, but not adults Mallet (2004)
10 days
4, 30, Albino Wistar ~ Escalating CP 55,940; PNDs 59, 78, — - T Anxiety behavior regardless O’Shea et al.
and 56 () 4-24, 30-50, or 56-76; 0.15, and 104 of age of exposure (2006)
0.20, and 0.30 mg/kg for
7 days each
35 Albino Wistar  CP 55,940; PNDs 35-45; >75 No alterations to basal CORT — | Anxiety in A Biscaia et al. (2003)
(2,0 0.4 mg/kg levels
35 Sprague- Escalating THC twice a day;  >75 Low CREB activity in | CB4R and CB;/G protein No effect on anxiety, T Rubino et al.
Dawley (%,0") PNDs 35-45; 2.5, 5, and hippocampus and PFC of & coupling in amygdala, PFC, and anhedonia in &,07; | stress (2008)
10 mg/kg only hippocampus in 2,5 coping in ¢ only
35 Sprague- Escalating THC twice a day;  >75 Dendritic atrophy and | spines — No eftect on aversive memory; Rubino, Realini,
Dawley () PNDs 35-45; 2.5, 5, and in hippocampal neurons; | | spatial memory Braida, Guidi, etal.
10 mg/kg PSD95 and NMDA receptors (2009)
in hippocampus
35 Sprague- Escalating THC twice a day;  >75 | Synaptophysin and PSD95in  — No effect on aversive memory; Rubino, Realini,
Dawley %) PNDs 35-45; 2.5, 5, and PFC, but not hippocampus | spatial memory Braida, Alberio,
10 mg/kg et al. (2009)
35 Sprague- Escalating THC (Rubino, >75 THC | hippocampal - T Anhedonia, | stress coping, | Realini et al.
Dawley () R ealini, Braida, Alberio, et al., neurogenesis social interaction, | object (2011)
2009); URB 597; 3 injections recognition memory; URB-
between PNDs 75 and 105; 597 reversed these effects
0.3 mg/kg
35 Sprague- Escalating THC twice a day;  >75 | GAD67 in CCK and - - Zamberletti et al.
Dawley (%) PNDs 35-45; 2.5, 5, and parvalbumin interneurons and (2014)

10 mg/kg

basal GABA levels in PFC




Age of Age of
Exposure Testing Neural and HPA Axis Function
(PND) Species/Sex Cannabinoid Treatment (PND) Effects Endocannabinoid System Emotional Behavior Reference
35 Sprague- Escalating HU-210; PNDs >75 | Hippocampal neurogenesis  — — Lee, Wainwright,
Dawley (,0" 35-46; 25, 50, and 100 pg/kg and T acute stress response in et al. (2014)
& more so than &
35 C57BL/6 mice Escalating WIN 55,212-2 70-170 Deficient eCB- and | CBjR functionality in mPFC;  — Lovelace et al.
) twice a day; PNDs 35-45; 0.5, mGluR2/3-dependent long-  MAGL inhibition ameliorates (2015)
1, and 2 mg/kg term depression in the medial deficiency in long-term depression
PFC (mPFC)
35 Sprague- Escalating THC twice a day; 46, 60, THC T NMDA GIluN2B CB;R T PNDs 4660, | PNDs - Rubino et al.
Dawley %) PNDs 35-45; 2.5, 5, and and 75 subunits in adulthood, | PFC  60-75; no change in 2-AG, (2015)
10 mg/kg spine density FAAH, or MAGL activity; PEC
AEA T PNDs 46-60, | from PNDs
60 to 75. THC | PFC CB{R
binding and AEA
35 Sprague- AM-251; PNDs 35—45; >75 AM-251 treatment modified T PFC CB;R binding; AEA | in T Stress coping in FST; | risk- Lee et al. (2015)
Dawley () 5 mg/kg CORT habituation amygdala and T in hypothalamus  assessment behavior in EPM
38 Wistar (o) URB-597; PNDs 38-43; 0.1  >100 - 0.5 mg/kg dose | CBjR - Marco, Rubino,
or 0.5 mg/kg expression; no effect on PFC and et al. (2009)
amygdala
35, 40, Sprague- WIN 55,212-2; 5 days; 65-95 Only early cannabinoid — — Cass et al. (2014)
50, and  Dawley (") 2 mg/kg exposure (PNDs 35 and 40) |
75 PFC GABAergic transmission
40 Sprague- Acute injection of CP 55,940 40 No effect on dopamine - - Romero et al.
Dawley (o) at 0.1, 0.2, 0.4, or 0.6 mg/kg concentration in striatum or (2002)
limbic forebrain; Tactivated
CORT
40 and Wistar () WIN 55,212-2; 20 injections 41, 65, — - Immediate | social Schneider,
>80 in 25 days; 1.2 mg/kg and 70 discrimination at all ages, but ~ Schomig, and

persistent in adolescents on
final day and 15 days after
treatment

Leweke (2008)

CB;R, CBj receptor; AEA, anandamide; 2-AG, 2-arachidonoylglyercol; FAAH, fatty acid amide hydrolase; MAGL, monoacylglycerol lipase; PND, postnatal day; PFC, prefrontal cortex; CORT, corticosterone.
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do not appear to be as greatly affected in the long term (Bambico, Nguyen,
Katz, & Gobbi, 2010; Realini et al., 2011; Schneider & Koch, 2003). How-
ever, there are some contrasting reports that chronic adolescent exposure to
CP 55,940 either decreased or had no effect on anxiety-like behavior as
measured in the open-field test, elevated plus maze (Biscaia et al., 2003;
Wegener & Koch, 2009), and social interaction test (O’Shea,
McGregor, & Mallet, 2006). As others have suggested, this is likely a result
of differences in the type of cannabinoid agonist used, dose, strain, sex, and
administration schedule (Rubino & Parolaro, 2008; Schneider, 2008).
Recent work has identified that adolescent cannabinoid exposure dis-
rupts several processes in the rodent PFC, which may contribute to devel-
opment of psychopathological symptoms. Rubino et al. (2015) suggest that
the detrimental impact of adolescent cannabinoid exposure treatment is due,
at least in part, to disruption of normative adolescent eCB signaling that
regulates maturational processes, such as synaptic pruning, in the PFC. Fur-
thermore, in 2 mouse model of female adolescent cannabinoid exposure,
eCB-mediated presynaptic plasticity in glutamatergic synapses of the PFC
is impaired in adulthood (Lovelace, Corches, Vieira, Mackie, & Korzus,
2015). These findings indicate a loss in the ability to regulate neural network
homeostasis and neural adaptation to changing environments, possibly
resulting in vulnerability to psychopathological processes (Lovelace et al.,
2015). These findings may be particularly relevant to the development of
stress-related diseases given that eCB signaling plays critical roles in con-
straining HPA axis activity and facilitating HPA axis adaptation. Moreover,
a specific window of vulnerability to exogenous cannabinoids is especially
evident in early adolescent rats (i.e., PNDs 35—45). WIN 55,212-2 treat-
ment, during PNDs 35—40 and 40—45 but not in late adolescence (PNDs
50-55) or adulthood (PNDs 75—80), disrupts adult GABAergic transmission
via a CB{R-dependent mechanism in the PFC (Cass et al., 2014). Similarly,
early adolescent cannabinoid exposure (PNDs 35-40), but not late-
adolescent cannabinoid exposure, suppresses cortical oscillations through a
CBR-mediated mechanism in adult male mice (Raver & Keller, 2014).

9. CONCLUDING REMARKS

A review of the evidence supports the idea that adolescence is a period
of heightened susceptibility to disturbances such as stress as well as cannabi-
noid exposure. This is likely due, at least in part, to age-dependent difter-
ences in corticolimbic eCB signaling as well as HPA axis development
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and functionality. Adolescent neurodevelopment consists of maturational
processes that are both time dependent and region specific. This provides
the adolescent brain with remarkable plasticity yet may also confer vulner-
ability to developing mental illness as a result of biological, environmental,
and genetic disruptions that exacerbate transient imbalances occurring
between these region- and time-dependent maturational processes (Lee,
Heimer, etal., 2014). Given the ability of the eCB system to exert regulation
over HPA axis activity and neurodevelopment, it is reasonable to propose
that this system plays an important role in adolescent vulnerability to mental
illness. In this chapter, we presented evidence demonstrating how the eCB
system exerts tight regulation over adult HPA axis stress responsivity, that
corticolimbic eCB signaling changes dynamically during the adolescent
period, that adolescent stress exposure can alter eCB signaling both in the
immediate and long term and similarly, that adolescent cannabinoid expo-
sure generally results in behavioral and neural consequences reminiscent of
stress exposure. However, there is a significant gap in the literature investi-
gating the role of normative eCB signaling in the corticolimbic circuit and
regulation of stress responsivity in the adolescent HPA axis. Uncovering the
relationship between eCB mediation of HPA axis functioning and develop-
ment is of special importance in light of current health concerns that ado-
lescents frequently engage in recreational drug use coupled with the
considerable body of literature, indicating that adolescent cannabis con-
sumption can serve as a risk factor for the onset of psychiatric disease
(Hill, 2014; Rubino, Zamberletti, & Parolaro, 2012).
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Abstract

Endocannabinoids are important neuromodulators in the central nervous system. They
regulate central transmission through pre- and postsynaptic actions on neurons and
indirectly through effects on glial cells. Cannabinoids (CBs) also regulate neurotransmis-
sion in the enteric nervous system (ENS) of the gastrointestinal (Gl) tract. The ENS con-
sists of intrinsic primary afferent neurons, interneurons, and motor neurons arranged in
two ganglionated plexuses which control all the functions of the gut. Increasing evi-
dence suggests that endocannabinoids are potent neuromodulators in the ENS. In this
review, we will highlight key observations on the localization of CB receptors and mol-
ecules involved in the synthesis and degradation of endocannabinoids in the ENS. We
will discuss endocannabinoid signaling mechanisms, endocannabinoid tone and con-
cepts of CB receptor metaplasticity in the ENS. We will also touch on some examples of
enteric neural signaling in relation neuromuscular, secretomotor, and enteroendocrine
transmission in the ENS. Finally, we will briefly discuss some key future directions.

ABBREVIATIONS

2-AG 2-arachidonoylglycerol
5-HT serotonin

AEA anandamide

AH after hyperpolarization
CB cannabinoid

CBD cannabidiol

CCK cholecystokinin
ChAT choline acetyltransferase
CNS central nervous system
DAG diacylglycerol

ENS enteric nervous system

GI

gastrointestinal

GIP glucose-dependent insulinotropic peptide
GLP-2 glucagon-like peptide 2
GPCR G protein-coupled receptor

LPS lipopolysaccharide
MAGL monoacylglycerol
NAPE N-acyl phosphatidylethanolamine
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NAPE-PLD N-acyl phosphatidylethanolamine phospholipase D
NANC nonadrenergic noncholinergic

NF-kB nuclear factor kappa B

NO nitric oxide

NOS nitric oxide synthase

THC A°-tetrahydrocannabinol

THCV A°-tetrahydrocannabidivarin

TRPV1-4 transient receptor potential vanilloid 1—4 receptor
VIP vasoactive intestinal peptide

1. INTRODUCTION

Extracts of the hemp plant (Cannabis sativa) have been used for
millennia to relieve pain, as well as many other conditions including intes-
tinal cramping and diarrhea (Zuardi, 2006). Gaoni and Mechoulam (1964)
isolated and identified many of the components of Cannabis, including A°-
tetrahydrocannabinol (THC), the major psychoactive compound of the
plant. This discovery led to the subsequent identification of receptors
for THC; cannabinoid (CB) receptor 1 (CBy; Matsuda, Lolait,
Brownstein, Young, & Bonner, 1990) in the brain and cannabinoid recep-
tor 2 (CB,; Munro, Thomas, & Abu-Shaar, 1993) in the periphery. Shortly
after the discovery of the CB; receptor, endogenous ligands for these
receptors, anandamide (AEA) and 2-arachidonoylglycerol (2-AG),
together termed endocannabinoids, were isolated and found to be lipid
mediators derived from arachidonic acid (Devane et al.,, 1992;
Mechoulam et al., 1995).

The realization that there was a widely distributed “endocannabinoid
system” in the brain led investigators to focus on the role of these newly dis-
covered neurotransmitters. In 2001, three laboratories showed indepen-
dently that endocannabinoids were retrograde synaptic transmitters that
presynaptically inhibit neurotransmitter release (Kreitzer & Regehr, 2001;
Ohno-Shosaku, Maejima, & Kano, 2001; Wilson & Nicoll, 2001). Endo-
cannabinoids are one of the most widespread transmitter systems acting in
almost every region of the brain. More recently, postsynaptic actions of
endocannabinoids have been reported and endocannabinoids may also influ-
ence central transmission through actions involving glial cells in the brain
(Oliveira da Cruz, Robin, Drago, Marsicano, & Metna-Laurent, 2015;
Stella, 2010).
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CB receptors are very widely distributed throughout the body. They are
prominently expressed in the gastrointestinal (GI) tract, which explains some
of the therapeutic benefits of Cannabis in GI disorders. In early studies, THC
was shown to inhibit GI motility through CB; receptors (Pertwee, 2001;
Pinto, Capasso, Di Carlo, & Izzo, 2002). Endocannabinoids are also found
in the GI tract, in fact, 2-AG was originally isolated from the gut
(Mechoulam et al., 1995). CBs and endocannabinoids are able to regulate
key GI functions including motility and secretion, making the endo-
cannabinoid system an important regulatory element of the GI tract.

In this review, we will focus on how the endocannabinoid system serves
to regulate gut function through actions on the enteric nervous system
(ENS): the intrinsic nervous system of the GI tract. We will examine
how endocannabinoids influence the enteric neural control of GI physiol-
ogy. We will address endocannabinoid signaling mechanisms, ligands and
their receptors and focused aspects of the neural control of the GI tract with
an emphasis on the role of endocannabinoids. Interested readers are encour-
aged to also look at other recent reviews on this subject (Cani, 2012; Cluny,
Reimer, & Sharkey, 2012; Izzo & Sharkey, 2010; Maccarrone et al., 2015;
Nasser, Bashashati, & Andrews, 2014).

2. THE ENTERIC NERVOUS SYSTEM AND
THE BRAIN-GUT AXIS

The Gl tract is extensively innervated by the third division of the auto-
nomic nervous system, the ENS. The ENS is found throughout the wall of
the gut from the esophagus to the anus. It is essential for regulating motility
and secretion, and plays important roles in epithelial barrier, vasomotor and
immune functions in the gut (Furness, 2012). Though the ENS receives
sympathetic and parasympathetic input from the central nervous system
(CNYS), it is able to function autonomously. Thus the ENS is more
“brain-like” than other components of the autonomic nervous system
and is a complex, integrative neural network. The ENS consists of intrinsic
primary afferent, interneurons and motor neurons arranged in two gangli-
onated plexuses. The myenteric plexus lies between the longitudinal and cir-
cular muscle layers and the submucosal plexus in the submucosa, between
the circular muscle and mucosa. The submucosal plexus contains fewer neu-
rons than the myenteric plexus and is not found in the esophagus or stomach,
which only have a myenteric plexus. Both plexuses are found throughout the
rest of the length of the small and large intestines (Furness, 2006). The human
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ENS has around 200—400 million neurons, which is similar to the number of
neurons found in the spinal cord (Furness, 2012).

The ENS is an important component in the brain—gut axis. The brain—
gut axis is the system of central, autonomic and enteric nerves that provide
bidirectional communication between the gut and the brain. Interoceptive
and nociceptive signals from the gut relay critical information about the state
of digestion, the luminal environment, and mucosal defense to the brain. In
turn the brain, via the autonomic nervous system, can influence GI functions;
though the ENS operates autonomously in most circumstances. In health, we
are rarely aware of the state of our GI tract except for gastric fullness after a
large meal, hunger, the passage of gas and the regular episodes of rectal fullness
that precede defecation. In contrast, in GI disorders such as irritable bowel
syndrome, pain and bloating occur together with marked alterations in the
function of the gut, leading to constipation, diarrhea or both. Irritable bowel
syndrome is a disorder of the brain—gut axis, illustrating how alterations in the
sensory-motor neural control of the gut can profoundly affect intestinal
homeostasis (Furness, Callaghan, Rivera, & Cho, 2014).

Recently, considerable attention has been paid to the presence and func-
tion of the enteric microbiota (R hee, Pothoulakis, & Mayer, 2009). The gut
is host to a vast number of bacteria (~100 trillion) consisting of between 500
and 1000 commensal bacterial species (Mayer, Tillisch, & Gupta, 2015;
Rhee et al., 2009). These play a critical role in homeostasis, and digestion
and are now recognized to signal back and forth between themselves and
between their host. Microbial communication to the ENS influences gut
motor and secretory functions (Cryan & O’Mahony, 2011; Koboziev,
Reinoso Webb, Furr, & Grisham, 2014). Moreover, the composition of
the microbiome also alters CNS functions, including higher cognitive func-
tions such as emotion (Mayer et al., 2015). Thus, it is crucial to understand
the neural circuitry of the ENS as it not only has an impact on GI functions
but also on the communication between the brain and gut that can affect
higher brain functions.

2.1 The Structure of the ENS

The ENS consists of a dense neuropil consisting of the unmyelinated axons
and dendrites of enteric neurons and the processes of enteric glia,
astrocyte-like glial cells that surround enteric neurons (Furness, 2012;
Gulbransen & Sharkey, 2012). Enteric glia outnumber enteric neurons
and are involved in regulatory functions within the GI tract (Sharkey,
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2015). While it is recognized that different populations of enteric glia exist,
classifying enteric glia into subpopulations has been difficult (Gulbransen &
Sharkey, 2012). Enteric glia not only lie within the ENS but also are found in
the mucosa lying beneath the epithelium. These cells have been suggested to
be important for regulating barrier function as the ablation of enteric glia
in vivo induces fulminant jejuno-ileitis due to disruption of the epithelial bar-
rier (Neunlist et al., 2013). Consistent with this idea, it was shown in a
coculture model, that enteric glia cells increase barrier resistance and thus
reduce barrier permeability (Savidge et al., 2007). Enteric glia also play a role
in modulating neurotransmission in the ENS (Gulbransen & Sharkey, 2012).
Enteric glia, like astrocytes, are able to regulate several important factors of
neurotransmission such as the availability, degradation, and sequestering of
neurotransmitters.

The ENS receives autonomic input from sympathetic and parasympa-
thetic nerves that arise from abdominal prevertebral ganglia and the
brainstem and spinal cord, respectively (Furness, 2006, 2012) There is a
direct sympathetic innervation to the enteric ganglia that is involved in con-
trolling neurotransmission and also to blood vessels, regulating blood flow
through vasoconstriction. Parasympathetic nerves innervate the enteric
ganglia and modulate the enteric neural programs that control motility
and secretion.

Enteric nerves in the mucosa do not penetrate the epithelium lying
below it. Hence luminal signaling to the ENS is indirect and is accomplished
through the various populations of enteroendocrine cells that lie in the epi-
thelium along the length of the GI tract. These cells sense the luminal envi-
ronment within the intestine and relay information to the ENS
(Bohorquez & Liddle, 2015). The largest population of enteroendocrine
cells contain serotonin (5-HT) and are called enterochromaffin cells
(Gershon, 2013). 5-HT is an important mediator of peristalsis and other
motor and secretory reflexes (Smith, Park, & Hennig, 2014). Other
populations of enteroendocrine cells sense luminal nutrients, the products
of digestion and bacteria and release peptides that serve as paracrine medi-
ators or hormones. Paracrine mediators include somatostatin, neurotensin,
glucagon-like peptide 2 (GLP-2) and cholecystokinin (CCK) (Kairupan
etal., 2015; Rehfeld, 2014). CCK is also a hormone and acts alongside such
molecules peptide Y'Y, glucose-dependent insulinotropic peptide (GIP),
and GLP-1 to regulate glucose homeostasis, food intake, and energy balance
(Ellis, Chambers, Gwynne, & Bornstein, 2013; Psichas, Reimann, &
Gribble, 2015; Spreckley & Murphy, 2015).
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For the rest of this review, we will consider the endocannabinoid system
and how endocannabinoids impact the neural control of enteric reflex cir-
cuits and the brain—gut axis. This is an emerging area of research and com-
pared to our understanding of the role of endocannabinoids in the brain,
relatively little is known about the role of endocannabinoids in the neural
control of the GI tract.

3. THE ENDOCANNABINOID SYSTEM

The endocannabinoid system 1s comprised of two CB receptors (CB;
and CB,), their endogenous ligands, 2-AG (Devane et al., 1992), and
N-arachidonoylethanolamine (AEA; Mechoulam et al., 1995), and a variety
of enzymes required for the synthesis and degradation of these ligands. The
endocannabinoid system is unique as its ligands are synthesized “on
demand” and typically act as retrograde messengers binding to CB receptors
on presynaptic terminal (Katona & Freund, 2012; Piomelli, 2003). More
recent evidence also supports postsynaptic actions of endocannabinoids in
the CNS and actions mediated by glial cells (Navarrete, Diez, &
Araque, 2014).

3.1 Cannabinoid Receptors and Their Ligands

CB receptors are G protein-coupled receptors (GPCRs) that primarily cou-
ple to G;/, proteins to inhibit adenylate cyclase and promote mitogen-
activated protein kinase signaling (Howlett, 2005; Pertwee, 2006;
Pertwee et al., 2010). Furthermore, they inhibit N- and P/Q-type calcium
channels and couple positively to activate A-type outward potassium chan-
nels. Together these actions prevent calcium influx into the cell, block
depolarization, and inhibit the release of neurotransmitters into the synaptic
cleft (Howlett, 2005).

In the ENS, the primary fast excitatory neurotransmitter is acetylcholine,
but unlike in the CNS, there are no fast inhibitory neurotransmitters
(Furness, 2006). The effect of activation of CB; receptors is to inhibit ace-
tylcholine release from presynaptic terminals (Coutts & Pertwee, 1997;
Pertwee, Fernando, Nash, & Coutts, 1996). There have not been detailed
studies examining the molecular mechanism of CB; receptor activation in
the ENS.

There are several endogenous, exogenous, and synthetic ligands that act
as agonists of the CB receptors. Ligands that act as CB agonists are grouped
into four classes based on their chemical structures: (i) classic CBs, otherwise,
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exogenous CBs that are plant derived such as THC (ii) nonclassic CBs such
as CP55,940, (ii1) Eicosanoids, the endogenously produced CBs AEA,
2-AG, and (iv) aminoalkylindoles (WIN55,212-2) (Hudson, Hebert, &
Kelly, 2010a; Pertwee et al., 2010). Furthermore, there are several inverse
agonists and antagonists that act on these receptors, most of which are syn-
thetically produced. Virodhamine, is the only known endogenous antago-
nist but only when it binds to the CB; receptor (Porter et al., 2002).

CB, and CB; exhibit only 44% sequence homology between each other
allowing room for functional differences between the receptors. For exam-
ple, virodhamine acts as a full agonist on the CB, receptor rather than an
antagonist (Porter et al., 2002). Also, there is some evidence suggesting that
in the adult hippocampus and brainstem, CB, is located postsynaptically
rather than presynaptically like CB; (Brusco, Tagliaferro, Saez, & Onaivi,
2008; Van Sickle et al., 2005). Unlike CB1, the CB, receptor also appears
to be inducible and whereas CB; is implicated in control under physiological
conditions, CB; is thought to be of more importance under inflammatory
conditions (Basu & Dittel, 2011; Benito et al., 2008; Patel, Davison,
Pittman, & Sharkey, 2010). This idea will be discussed later in the review.

3.2 Cannabinoid Receptors in the ENS

CB; receptors were the first CB receptors localized in the ENS. In early
studies, CB; mRNA was shown in the embryonic rat to be localized to both
the myenteric and submucosal plexuses and in the adult guinea pig in the
myenteric plexus (Buckley, Hansson, Harta, & Mezey, 1998; Griffin
et al., 1997). Griftin et al. (1997) were not able to detect CB, mRNA in
the guinea pig myenteric plexus, but they were able to show it in whole
gut extracts. Using immunohistochemistry, Kulkarni-Narla and Brown
showed that CB; receptor immunoreactivity colocalized with choline
acetyltransferase (ChAT), the biosynthetic enzyme for acetylcholine in
the ENS of the porcine ileum and colon (Kulkarni-Narla & Brown,
2000), which was consistent with the functional evidence described above
showing CB; receptor activation inhibited acetylcholine release. In this
study, however, no CB; immunoreactivity was seen in either substance
P, vasoactive intestinal peptide (VIP) or nitric oxide synthase (NOS) con-
taining myenteric or submucosal neurons. The former are excitatory motor
and secretomotor neurons and so this result was somewhat surprising, par-
ticularly since substance P and ChAT colocalized to a great extent. That
CBj receptors were not found on NOS neurons suggested that CB; does
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not influence these inhibitory motor neurons and similarly for VIP, which
1s a marker of inhibitory motor neurons and secretomotor neurons.

Coutts et al. performed an extensive evaluation of the neuronal subpop-
ulations of myenteric neurons in the guinea pig and rat ileum that expressed
CB; receptor (Coutts, Irving, Mackie, Pertwee, & Anavi-Gofter, 2002).
They determined that CB; receptors are located not only on motor neurons
but also on intrinsic primary afferent neurons and interneurons within the
myenteric ganglia, both of which are also cholinergic in nature. Storr and
colleagues confirmed that CB; receptor was not colocalized with NOS in
the mouse colon (Storr et al., 2004), Abalo et al. showed the majority of
myenteric neurons expressed CB; receptor in the guinea pig ileum
(Abalo, Rivera, Vera, Suardiaz, & Martin, 2005) and Adami and colleagues
showed that CB receptor was extensively expressed in the gastric myenteric
plexus of the rat, colocalized in cholinergic neurons (Adami et al., 2002).

While one study determined that CBy receptors did not colocalize VIP
in the porcine ileum or colon (Kulkarni-Narla & Brown, 2000) another
found that CB; receptor colocalized with VIP in the submucosal plexus
of the guinea pig ileum (MacNaughton et al., 2004). It should be noted that
this difference may be species-specific or due to the different antibodies used
in each study. This study also showed that CB; was found on some neuro-
peptide Y-containing neurons (which are a cholinergic secretomotor pop-
ulation) and extrinsic primary afterent fibers that express TRPV1 in the
submucosal plexus (MacNaughton et al., 2004).

While CBy receptor localization has been well investigated in the ENS,
CB, receptor localization has only been investigated to a limited extent. CB,
receptors are primarily found on immune cells, such as macrophages and
neutrophils within the periphery (Galiegue et al.,, 1995). In the ENS,
CB, receptors were localized using immunohistochemistry on myenteric
neurons, but not on enteric glia of the rat ileum (Duncan, Mouihate,
et al., 2008). Similarly to CB, CB; receptors were not found on NOS neu-
rons. These data were supported by RT-PCR and Western blot and the
antibody specificity using CB, receptor knockout mice. The expression
of CB, receptors in the submucosal plexus has not been assessed to date.
While this expression was shown under physiological conditions, the evi-
dence for functional CB, receptors under these conditions is quite limited
(see below), suggesting these receptors, if present, are not coupled to second
messengers or are somehow not in an active conformation.

Thus, while studies have been conducted on the localization of both CB;
and CB, receptors in some enteric neuronal populations, there is an
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incomplete understanding of the neuronal subpopulations that express these
receptors throughout the length of the gut. To date, there have been no
investigations into the ultrastructural localization of CB receptors in the
ENS; however, the immunohistochemical data potentially supports both
pre- and postsynaptic localization. Hons and colleagues showed that CB;4
receptor was colocalized with a presynaptic protein, synaptotagmin and
was found on cholinergic vesicles as it colocalized with the vesicular acetyl-
choline transporter (Hons et al., 2012). However, CB; receptor was also
observed at other cellular sites which could potentially be postsynaptic.
The finding that CB; was found on intrinsic primary afterent neurons while
apparently robust, is interesting in the light of a pharmacological study that
showed that WIN55,212-2 had no effects on this neuronal population
(Lopez-Redondo, Lees, & Pertwee, 1997). However, further studies are
needed to confirm these observations.

Taken together, there is clearly a need for further research that examines
the expression of the CB receptors in the ENS, especially in pathophysio-
logical states.

3.3 Endocannabinoid Synthesis

The “on demand” synthesis of endocannabinoids is dependent on an
increase of intracellular calcium via an influx of calcium into the cell or a
release of calcium from internal stores or a combination of the two
(Cascio & Marini, 2015; Di Marzo & Izzo, 2006; Ohno-Shosaku,
Hashimotodani, Maejima, & Kano, 2005). Thus, the endocannabinoid sys-
tem is unique as it is an activity-dependent signaling mechanism since it
depends on the depolarization of neurons or activation of other GPCRs
such as metabotropic glutamate receptors in order to be produced
(Leung, Saghatelian, Simon, & Cravatt, 2006). In general, calcium levels
must be in the micromolar range in order to produce endocannabinoids
(Ohno-Shosaku et al., 2005). 2-AG and AEA synthesis can occur through
multiple pathways, all of which are calcium dependent. However, it may be
that different synthesis pathways are activated depending on whether the cal-
cium is released through internal store or through an influx of calcium
(Ohno-Shosaku et al., 2005). In Purkinje cells, a calcium concentration
of 15 pM is required to mediate the release of endocannabinoids from neu-
rons (Brenowitz & Regehr, 2003). In the ENS, the required calcium con-
centrations in order to activate the production of endocannabinoids have
not been investigated, but are assumed to also be high. Once released into
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the synapse, endocannabinoids are limited to specific regions as they are
quickly degraded (Cascio & Marini, 2015).

3.4 2-AG Synthesis and Degradation

There are three main pathways for the synthesis of 2-AG. Arachidonic acid-
containing diacylglycerol (DAG) is the precursor in the primary 2-AG syn-
thesis pathway and is dependent on the activity of PLC-. In this pathway,
DAG is hydrolyzed to 2-AG by DAG lipase (either DAGLa or DAGL)
(Stella, Schweitzer, & Piomelli, 1997). A second pathway involves the
hydrolysis reaction of 2-arachidonoyl-lysophosphatidylinositol to 2-AG
via the enzyme lyso-PLC (Higgs & Glomset, 1994). Lastly, Nakane et al.
(2002) determined a third pathway to synthesize 2-AG in rat brain. This
involves the dephosphorylation of arachidonoyl-lysophosphatidic acid to
2-AG via a LPA phosphatase.

It is generally accepted that the primary pathway for 2-AG synthesis in
the brain occurs through DAG lipase but these other two pathways are also
involved, as DAGLo inhibitors do not completely prevent 2-AG production
(Bisogno et al., 2003; Zhang, Wang, Bisogno, Di Marzo, & Alger, 2011).
The DAG pathway was assumed to occur in the gut because of the high con-
tent of 2-AG, however, the presence of the biosynthetic enzymes was not
shown until recently. DAGLa, but not DAGL, involved in the hydrolysis
of DAG to 2-AG, was shown to localize primarily to cholinergic neurons in
the ileum and colon of the GI tract (Bashashati et al., 2015). However, DAGL«
had minimal colocalization to NOS and substance P immunoreactive neurons
in the ileum and colon. In another study, DAGLa immunoreactivity was seen
in the plasma cells within the lamina propria, the muscularis mucosae, and
externa and around ganglion cells within the myenteric plexus of the human
colon (Marquez et al., 2009). DAGLa was shown to increase in the colon dur-
ing conditions of pancolitis in human samples, potentially supporting a protec-
tive role of endocannabinoids in conditions of intestinal inflammation.

DAGTL is functional in the ENS of the mouse intestine. In normal mice,
under baseline conditions inhibition of DAGL has no effect on motility or
contractility. DAGL inhibitors did not alter evoked contractility or 2-AG
levels under basal conditions in either the ileum or colon in vitro and whole
gut transit or fecal output in vivo in healthy mice. This observation suggests
that basal endocannabinoid tone to inhibit gut contractility is instead
largely under the control of AEA, as previously suggested by Pinto
et al., (2002), and Capasso et al. (2005). When intestinal contractility was
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pharmacologically reduced with the muscarinic antagonist scopolamine or
the p-opioid receptor agonist loperamide, DAGL inhibitors could partly
or fully reverse the effects in both the ileum and colon. DAGL inhibitors
can also reverse the pharmacologically induced prolongation of whole gut
transit. These data suggest that 2-AG synthesis contributes to the control
of GI motility. The effects of DAGL inhibition are via CB; receptor acti-
vation as CBj receptor antagonists reverse it and it is not present in CB;
knockout mice. These findings suggest that either at the neuromuscular
junction and/or in the myenteric plexus, 2-AG biosynthesis can be
upregulated over basal levels via GPCRs (including cholinergic muscarinic
and p-opioid receptors) and contribute to constipation by inhibition of cho-
linergic transmission following CB; receptor activation. When 2-AG bio-
synthesis is inhibited, these mechanisms are also inhibited and motility is
increased (Bashashati et al., 2015). The other two 2-AG synthesis pathways
have not been examined within the ENS and therefore their presence and
involvement in the synthesis of endocannabinoids is unknown at this time.

The degradation of 2-AG is relatively complex. The canonical degrada-
tion of 2-AG produces arachidonic acid and glycerol products (Freund,
Katona, & Piomelli, 2003). The primary pathway for degradation is mono-
acylglycerol lipase (MAGL), however, other enzymes such as fatty acid
amide hydrolase (FAAH), and the serine hydrolases a-f-hydrolase domain
6 and 12 (ABHD6 and ABHD12) are also involved in 2-AG degradation,
but to a lesser extent a cyclooxygenase pathway can alter the molecular com-
position of 2-AG and AEA (Yu, Ives, & Ramesha, 1997) to produce pros-
taglandin glyceryl esters and ethanolamides rather than arachidonic acid and
glycerol (Kozak et al., 2002). These products are able to mediate effects
through signaling pathways such as extracellular signal regulated kinases,
p38, inositol triphosphate, and nuclear factor kappa B (NF-kB) rather than
through CB; and CB, (Sang, Zhang, & Chen, 2007). 2-AG is also metabo-
lized to prostaglandin glyceryl esters and ethanolamides by cyclooxygenase 2
(Yang, Zhang, Andreasson, & Chen, 2008).

Similarly to its synthesis, 2-AG degradation and metabolism have not
been thoroughly studied within the ENS. 2-AG inhibits motility through
CB; receptors if its normally rapid degradation is prevented (Bashashati
et al., 2015), strongly suggesting that MAGL is present and functionally
active in the ENS.

MAGL was shown using immunohistochemistry to be present in the
intestinal epithelium and enteric neurons within the GI tract (Duncan,
Thomas, et al., 2008). Furthermore, MAGL levels were increased in the
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distal colon relative to the duodenum, which coincides with decreased levels
of 2-AG in the colon relative to the ileum. In patients with ulcerative colitis,
MAGTL expression is increased (Marquez et al., 2009). Interestingly, MAGL
inhibitors, such as JZL184 are able to protect against gastric damage caused
by the administration of nonsteroidal anti-inflammatory drugs. The mech-
anism of action appears to be due to the reduction in proinflammatory cyto-
kines, and the effects are mediated through CB; but not CB, receptors
(Kinsey et al., 2011).

Overall, the primary pathways involved in the synthesis and degradation
of 2-AG in the brain have been found in the ENS. Considerable further
research is required, especially establishing the cellular sources of 2-AG in
the gut, and into the presence and localization of the second and tertiary
pathways for its biosynthesis and alternative pathways for its degradation.

3.5 Anandamide Synthesis and Degradation

AEA synthesis begins with N-acyl phosphatidylethanolamine (NAPE) as the
precursor. There are three different pathways from which AEA can be pro-
duced from NAPE. The first pathway, considered to be the primary path-
way, is the conversion of NAPE to AEA catalyzed by phospholipase
D (NAPE-PLD) (Di Marzo etal., 1994). Secondly, ABHD4 can deacetylate
NAPE and then cleave glycerophosphate to yield AEA (Simon & Cravatt,
2006, 2010). Lastly, Phospholipase C can hydrolyze NAPE to produce pho-
sphoanadamide that becomes dephosphorylated by phosphatases to yield
AEA (Liu et al., 2006). In NAPE-PLD"’ ™) mice AEA levels in the brain
were unaltered providing further evidence that other pathways are involved
in the synthesis of AEA (Leung et al., 2006). These pathways have not been
studied in the GI tract.

AEA is primarily degraded by FAAH, producing ethanolamine and
arachidonic acid (Di Marzo & Izzo, 2006). FAAH is considered to be the
major enzyme involved in the degradation of AEA, as large increases in
AEA are observed in the brain when FAAH is inhibited or genetically
knocked out (Cravatt et al., 2001; Di Marzo & Izzo, 2006). Therefore, while
other mechanisms may exist, FAAH appears to have the greatest influence
on the concentration AEA thus making FAAH a key regulator of AEA
levels.

Similarly to the pathways involved in 2-AG synthesis and degradation,
AEA pathways have not been thoroughly studied within the GI tract.
Immunohistochemistry has been used to examine the presence of FAAH
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in the myenteric plexus, but it is still not known which subtypes of enteric
neurons express this enzyme (Duncan, Davison, & Sharkey, 2005). FAAH
inhibitors increase AEA levels in the GI tract (Capasso et al., 2008). NAPE-
PLD has been found in enteric nerves in the human colonic myenteric
plexus, but the neurochemical nature of these nerves was not established
(Marquez et al., 2009; Suarez et al., 2012).

In summary, research of the synthesis and degradation pathways of AEA
in the ENS is well behind research in the brain where enzymes such as
FAAH have been localized to the postsynaptic terminals (Di Marzo,
2011). Furthermore, NAPE-PLD has been localized both pre- and postsyn-
aptically in Purkinje neurons. However, the localization of NAPE-PLD has
not been confirmed in the ENS and thus is an important step to be able to
fully understand how the endocannabinoid signaling works within the ENS
(D1 Marzo, 2011).

4. ENDOCANNABINOID SIGNALING MECHANISMS
4.1 Endocannabinoid Transport Mechanisms

As mentioned above, endocannabinoids are produced postsynaptically,
where they bind to the CB receptors on the presynaptic terminal
(Katona & Freund, 2012). What is not known is how endocannabinoids
are able to pass through the cell membrane to inhibit neurotransmitter
release on the presynaptic cell. Mechanisms of transport such as traveling
against particular concentration gradients, as well as ATP-dependent trans-
port have largely been excluded (Nicolussi & Gertsch, 2015). Models of cel-
lular uptake and transport of AEA and 2-AG have been proposed (Hermann,
Kaczocha, & Deutsch, 2006; Nicolussi & Gertsch, 2015).

The most likely player is an endocannabinoid-mediated transporter; how-
ever, its identity is still unknown. Studies show that an endocannabinoid-
mediated transporter may exist as specific properties of known membrane
transporters are similar to the electrophysiological properties of neurons upon
stimulation to produce AEA (Nicolussi & Gertsch, 2015). However, studies
have not examined any of these properties in the ENS.

Similarly, the mechanism by which endocannabinoids are transported to
their appropriate degradative enzymes are not yet fully resolved (Kaczocha
et al., 2014). Fatty acid binding proteins FABP5 and FABP7 act as lipid
transport proteins and are able to transport AEA to FAAH controlling the
degradation of the endocannabinoid. Fatty acid binding proteins have been
found in the monkey cerebellum and hippocampus as well as dorsal root
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ganglia of the rat and mouse (Boneva et al., 2010, 2011; De Leon et al.,
1996). Intestinal-type and liver-type fatty acid binding proteins have been
found in the ileum and jejunum of newborn rats and following necrotizing
enterocolitis are significantly reduced (Goncalves et al., 2015). A better
understanding of these proteins under normal and inflammatory conditions
in the GI tract is obviously required. Also, an understanding of the impact it
has on endocannabinoid levels will give further insight into how the endo-
cannabinoid signaling system is regulated. The transport of 2-AG to its deg-
radative enzymes is not known and requires further investigation.

Other than the transport of endocannabinoids across a lipid membrane
and to appropriate degradative enzymes, research into the signaling mech-
anism has been well studied in the brain. CB receptors are located in several
regions of the CNS including the hippocampus, cerebellum, basal ganglia,
and amygdala. When activated, they suppress the release of neurotransmit-
ters including both glutamate and gamma-aminobutryic acid in various
brain regions (Katona et al., 2001; Schlicker & Kathmann, 2001). Recently,
endocannabinoids have been shown to induce both long-term depression
and long-term potentiation in the same cell within the striatum. This was
dependent on spike timing and shows that endocannabinoids not only medi-
ate long-term depression but also influence potentiation in cells (Cui et al.,
2015). The mechanism by which this occurs is through the inactivation of
voltage-gated calcium channels, activation of potassium channels, and neg-
ative coupling to adenylyl cyclase (Howlett et al., 2002).

In the ENS, activation of CB; receptors has been shown to lead to a
reduction of fast and slow excitatory postsynaptic potentials in myenteric
neurons, as the release of acetylcholine and other (not determined) slow
excitatory neurotransmitters is inhibited (Hons et al., 2012; Lopez-
Redondo et al., 1997). Recently, the activity of the myenteric plexus was
studied in CB; receptor knockout mice (Hons et al., 2012). The increased
spontaneous and fast excitatory postsynaptic potentials evoked by prolonged
presynaptic stimulation in CB; receptor knockout mice combined with the
CB-mediated depression of fast excitatory postsynaptic potentials and
paired-pulse facilitation in wild-type mice, implicate a presynaptic site of
action of endocannabinoids. Boesmans, Ameloot, van den Abbeel, Tack,
and Vanden Berghe (2009) demonstrated in enteric neurons that CBy recep-
tor antagonism increased the percentage of neurons with spontaneous Ca*"
waves within the soma. This result is consistent with an increased percentage
of myenteric neurons receiving spontaneous fast excitatory postsynaptic
potentials in CBiknockout mice (Hons et al., 2012). It seems most likely
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that the CB; receptor-mediated inhibition of synaptic transmission is due to
changes in Ca”" influx to presynaptic neurons in the ENS. As a result, there
is a functional decrease in motility within the GI tract. While it is clear that
CB receptors inhibit the release of acetylcholine throughout the ENS, there
is some evidence that CB; may modulate inhibitory transmission in the
mouse colon (Storr et al., 2004). This effect was demonstrated using
WIN55,212-2, a potent, synthetic agonist for CB; and not with the endog-
enous ligand, AEA, but this might have been due to the rapid degradation of
AEA. However, since CB receptors are not localized on inhibitory neurons
that release NO, the physiology of endocannabinoid-mediated effects on
inhibitory neurotransmission remain to be fully understood.

More recently, it has been suggested that the CB, receptor may be impli-
cated in modulating an increased release of VIP, an important inhibitory
neurotransmitter (Grider & Rivier, 1990). With the addition either CB;
agonist, AEA or WIN55,212-2, there was an increase in VIP release that
was prevented using a CB, antagonist (Kurjak, Hamel, Allescher,
Schusdziarra, & Storr, 2008). Both AEA and WIN55,212-2 also increased
NOS activity in synaptosomal membrane preparations of the intestine,
which was not blocked by either a CB; or CB, antagonist (Kurjak
et al., 2008).

While it is widely accepted that CBy prevents the release of acetylcholine
throughout the GI tract, its involvement in the prevention of inhibitory
neurons within the GI tract still requires further investigation. CB, may have
arole regulating VIP and thus modulating inhibitory neurotransmission, but
the conditions under which this occurs requires further investigation. Lastly,
the mechanism by which WIN55,212-2 and AEA increase NOS activity
requires research as it is not mediated by CB; or CB, but perhaps by another
receptor that is able to bind the two ligands. In summary, endocannabinoid
signaling in the brain is far ahead of research into the GI tract. The role that
CB; plays in the inhibition of excitatory neurotransmission has been well
established. However, the control of endocannabinoids in modulating
inhibitory neurotransmission is not well understood.

5. OTHER RECEPTORS, AGONISTS, AND ANTAGONISTS
5.1 Phytocannabinoids

Over 70 plant-derived CBs, “phytocannabinoids,” have been identified
from C. sativa (Elsohly & Slade, 2005). The most common, THC, is a highly
abundant psychoactive CB, but others have been investigated and we will
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discuss some examples of those that have been studied in relation to the ENS
of the GI tract.

Cannabidiol (CBD) is a phytocannabinoid that has been reported to have
medicinal benefits, notably by reducing inflaimmation and neuronal excit-
ability (Izzo, Borrelli, Capasso, Di Marzo, & Mechoulam, 2009). Rats
treated with 2,4,6-trinitrobenzene sulphonic acid, a chemical used to induce
acute colitis and then treated with either CBD, THC, or both showed
reductions in the degree of inflaimmation and intestinal damage and
improvement of colitis. THC was more efficacious than CBD, but lower
doses of THC combined with CBD were highly effective at reducing colitis
(Jamontt, Molleman, Pertwee, & Parsons, 2010). Associated with the colitis
was a marked reduction in neurally evoked contraction and relaxation of
colonic segments studies in vitro. Both CBs also improved the degree of con-
tractility and enhanced the extent of relaxation, presumably by reducing the
degree of inflammation (Jamontt et al., 2010). However, there may also be
direct actions on the ENS itself. De Filippis and colleagues reported that
CBD was able to reduce the degree of inflammation in mice treated with
lipopolysaccharide (LPS) (De Filippis et al., 2011). This model of intestinal
inflammation was associated with gliosis of the enteric glia, as demonstrated
by elevated levels of S-100B expression (a glial-specific protein). CBD was
able to also reverse this change as well as reduce TNF-a and inducible NOS
expression. They also studied rectal biopsy samples from patients with ulcer-
ative colitis in vitro, and again CBD was able to reduce the LPS + interferon
y-stimulated samples. The mechanism of action of CBD in these processes is
unclear but suspected to be via PPAR activation.

De Petrocellis and colleagues studied 12 different CBs and their effect on
different transient receptor potential vanilloid (TRPV) channels in a model
of ileal inflammation induced with croton oil (De Petrocellis et al., 2012).
Some of these include the degradation product of THC, cannabinol (CBN),
and a propyl homolog of THC, A”-tetrahydrocannabidivarin (THCV) and a
structural analog cannabichromene (CBC) among several others. In this
study, the response of HEK-293 cells with various TRP channels was mea-
sured via a calcium response when a particular agonist was given. Depending
on the specific channel, different CBs would elicit a response while others
would not. For example, only CBD and THCYV elicited a response on the
four TRPV channels under study, one of which was TRPV2, the only chan-
nel that THC is able to activate. Furthermore, CBC reduced the expression
of TRPV1, TRPV3, and TRPV4 mRNA in the jejunum, and TRPV3 and
TRPV4 mRNA in the ileum of croton oil-treated mice. TRPV1 and
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TRPV4 channels in particular have been implicated in pain sensation from
the gut and TRPV4 also in the control of motility through actions in the
ENS (Akbar et al.,, 2010; Fichna et al., 2015; Lapointe et al., 2015;
Vergnolle, 2014). This study illustrates that phytocannabinoids may help
relieve symptoms of GI disorders such as inflaimmatory bowel disease
through actions at the level of the ENS. It also points to the importance
of a deeper understanding of the entire CB system in control of intestinal
functions through actions on the ENS.

5.2 Peptide Endocannabinoids

The CB receptor ligands were always thought to be of a lipid nature. How-
ever, recently, it has been found that peptide endocannabinoids, coined
“pepcans” (Hofer et al., 2015) are also able to interact with the CB receptor
(Heimann et al., 2007). Bauer et al. (2012) determined that pepcans are able
to bind with high affinity to the CB; receptor and Hofer et al. (2015)
showed that the brainstem and adrenal glands produce pepcans. However,
the physiological relevance of pepcans are unknown and still require further
investigation in both the CNS and ENS.

5.3 Transient Receptor Potential Vanilloid 1

For over a decade, there has been evidence that AEA is an agonist of the
transient receptor potential vanilloid receptor 1 (TRPV1), and thus modu-
lates the receptor’s activation (Ross, 2003). Mang and colleagues studied the
release of acetylcholine from the myenteric plexus of the guinea pig ileum.
In their preparations which were studied under basal conditions and stimu-
lated at very low frequency (0.1 Hz), AEA facilitated acetylcholine release
under basal conditions but inhibited it when the enteric nerves were stim-
ulated. Both were due to nervous mechanisms as they were sensitive to
tetrodotoxin. The basal facilitation was shown to be due to TRPV1 receptor
activation, but not involve CB; or CB, receptors, whereas the action on
evoked release, as expected was CB; receptor mediated (Mang,
Erbelding, & Kilbinger, 2001). TRPV1 receptors in the ENS are located
on both enteric neurons and extrinsic primary afferent nerve (Buckinx
et al., 2013). This facilitatory role of AEA was suggested to be mediated
by extrinsic primary afferent nerves which are sensitive to TRPV1 blockade
and release substance P, because the effect of AEA under baseline conditions
was also attenuated by neurokinin antagonists (Mang et al., 2001). This is
interesting because AEA is also thought to contribute to endocannabinoid



Endocannabinoids Regulate the Neural Circuitry of the Gut 103

“tone” in the ENS, but this is CB; mediated and is likely due to an action on
enteric neurons. These data possibly suggest a dual site and mode of action of
AEA in the ENS when it is in a resting state, something that requires
further study.

5.4 Virodhamine, an Endogenous CB, Antagonist

Virodhamine is an endocannabinoid that acts as an antagonist at the CBy
receptor and a full agonist at the CB, receptor (Porter et al., 2002).
Virodhamine has not been study profoundly in either the CNS or ENS.
However, one study looked at pain-related responses to colorectal disten-
sions (Brusberg et al., 2009). Colorectal distensions were used to induce vis-
ceral pain in mice. Different groups of mice had different CB ligands
including WIN55,212-2, AEA, and virodhamine. While WIN55,212-2
had analgesic effects that were blocked by a CB; antagonist, virodhamine
did not. However, the authors of this study considered virodhamine as an
agonist of CBj rather than an antagonist and found that it had no effect
on pain-related responses, results which are hard to interpret given the
nature of this endocannabinoid.

5.5 G Protein-Coupled Receptor 55

G protein-coupled receptor 55 (GPR55) is an orphan GPCR that binds many
CB and endocannabinoid ligands, including agonists and antagonists (Gasperi,
Dainese, Oddi, Sabatucci, & Maccarrone, 2013; Ryberg et al., 2007). Because
it is not structurally related to the other CB receptors it is not currently con-
sidered a CB receptor, but nevertheless is a potential target of endo-
cannabinoids in the GI tract. The localization of the receptor in the GI
tract is still under debate as Li et al. (2013) report GPR55 immunoreactivity
to be more abundant in the mouse colon myenteric plexus over the ileum
whereas Lin et al. (2011) reports the highest mRINA expression in the mouse
ileum. Nevertheless, it seems that GPR55 is strongly expressed in the ENS.

In mice, similar to CBy, GPR55 agonists are able to inhibit neurogenic
contractions in the ileum and colon elicited in vitro largely through a pre-
junctional site of action (Li et al., 2013; Ross, Lichtman, Dewey, &
Akbarali, 2012). The GPR55 agonist O-1602 concentration-dependently
reduced evoked contractions in muscle strips from the colon (~60%) and
weakly (~25%) from the ileum. O-1602 also slowed whole gut transit
and colonic bead expulsion; effects that were not present in GPR55
knockout mice.
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Under inflammatory conditions, GPR55 protein and gene levels were
upregulated (Lin et al., 2011), an occurrence that is also seen with CB;
and CB, receptors as well (Izzo et al., 2001). Using two models of colitis,
Schicho et al. showed that administration of O-1602 reduced the degree
of inflammation, probably by inhibiting neutrophil infiltration (Schicho
et al., 2011). Using an LPS model of sepsis, CBD, a GPR55 agonist, was
found to attenuate the hypomotility seen under these conditions (Lin
etal., 2011). The function of GPR55 in the ENS requires considerable fur-
ther investigation as little is known about which neurons it is expressed in
and what its endogenous ligand is.

5.6 Oleoylethanolamide and Palmitoylethanolamide

Two other fatty acid ethanolamides, oleoylethanolamide (OEA), and pal-
mitoylethanolamide (PEA) are substrates for FAAH and are found in the
GI tract. Though structurally similar to AEA these two compounds are
unable to bind to CB; and CB, receptors. However, there is evidence that
PEA may directly or indirectly stimulate CB, receptors (Re, Barbero,
Miolo, & Di Marzo, 2007). There is some evidence that PEA may also
bind to CB; receptors but this has yet to be confirmed (Lin, Lu, Wu,
Huang, & Wang, 2015). PEA and OEA exert their effects through the
proliferator-activated receptor alpha (PPARa) or GPR119 (Hansen &
Artmann, 2008).

OEA inhibits gastric emptying and intestinal motility, but its mechanism
of action is not yet determined (Aviello et al., 2008; Capasso et al., 2005;
Cluny, Keenan, Lutz, Piomelli, & Sharkey, 2009). PPAR o immunoreactiv-
ity was found to be present throughout the ENS, in neurons in the
myenteric and submucosal plexuses along the length of the GI tract. How-
ever, OEA-inhibited upper GI transit was still present in PPARa, CBy, and
CB; knockout mice and in the presence of the PPAR o antagonist GW6471,
the TRPV 1 antagonist SB366791 and the GLP-1 antagonist exendin-3
(9-39) amide, suggesting neither PPARa nor the CBs and other likely
receptors are involved in mediating the effects of OEA (Cluny et al., 2009).

Recently, PEA has gained considerable interest because of its anti-
inflammatory and antinociceptive actions (Re et al., 2007). Exogenous
PEA inhibited the inflaimmation-induced increases in intestinal transit and
tended to increase AEA levels in the gut (Capasso et al., 2014). Inhibition
of transit by PEA was blocked by the CB; receptor antagonist rimonabant,
but not a CB, receptor antagonist. Interestingly, motility was further
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increased by 5'-iodoresiniferatoxin, a TRPV1 antagonist, but was not
significantly altered one way or another by the PPAR® antagonist
GWo6471. Whether this is a direct CB receptor-mediated eftect or is indi-
rect, occurring at the level of the ENS remains to be determined. Further
support for an action of PEA on the ENS was recently presented when it
was shown to improve colitis through an effect on enteric glia (Esposito
et al., 2014). Using mouse models of colitis, colonic biopsies from patients
with ulcerative colitis and primary cultures of mouse and human enteric glial
cells, the effects of PEA, alone or in the presence of specific PPAR or
PPARY antagonists were studied. PEA treatment was shown to improve
all macroscopic signs of colitis in mice and reduce proinflammatory cyto-
kines. The effects of PEA were mediated by PPAR«, but not PPARY,
through the selective targeting of the S-100B/toll-like receptor 4 on enteric
glia that limited the downstream inhibition of NF-kB-dependent inflamma-
tion (Esposito et al., 2014). These exciting results also reveal the complexity
of this system, since PEA, like AEA, appears to act on various targets in the
ENS—both glial and neuronal—and via different receptors on each cell
type. Further detailed investigations are required since to date, PPAR«
has not been directly demonstrated on enteric glial cells.

6. ENDOCANNABINOID TONE

The concept of endocannabinoid tone comes from observations that
CB; receptor antagonists either applied to preparations in vitro or adminis-
tered in vivo enhance contractility of the gut or accelerate transit and that
CBj receptor knockout mice have accelerated transit compared to wild-type
controls (Storr et al., 2010). There are two explanations for these observa-
tions. The first relates to the receptor itself. When inverse agonists, such as
rimonabant, bind to the CB; receptor they lower the receptors basal activity
by inactivating it (Howlett et al., 2011). This can reduce second messenger
coupling and so reduce the effect of this constitutive receptor activity. The
second is that there is ongoing release of endocannabinoids in the tissue
which is never “at rest” even under basal conditions. Storr et al. have exam-
ined this problem using a combination of inverse agonists/antagonists and
neutral antagonists which have no activity at the receptor in their own right
(Storr et al., 2010). They showed that rimonabant enhanced electrically
stimulated contractility in a concentration-dependent manner, with its
greatest effect at a stimulation frequency of 4 Hz. In contrast, the inverse
agonist/antagonist AM251 had no effect on contractility over the same
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concentration range, and neither did the neutral antagonist AM4113 (Storr
etal., 2010). As all the compounds were completely effective at reversing the
actions of WIN55,212-2, it suggests that their ability to act as antagonists is
separable from other actions and that while there may be constitutive recep-
tor activity it does not completely explain the effects of CB receptor antag-
onism in the ENS, which is thus presumably due to endocannabinoid
production. These observations were extended by studying AM251 and
AM4113 on upper GI transit in vivo. Both compounds increased upper
GI transit in a dose-dependent manner. As the effect of the neutral antagonist
AM4113 cannot be explained by inverse agonist activity and it mirrors what
is observed in the CB; receptor knockout mice and the in vitro studies, these
results strongly support the idea that under physiological conditions in vivo
endogenous CB tone is importantly involved in the regulation of upper GI
transit through the production of endocannabinoids (Storr et al., 2010).
Endocannabinoid production is also supported by other work (Boesmans
et al., 2009; Hons et al., 2012; Pertwee, 2001; Pinto, Capasso, et al.,
2002; Pinto, Izzo, et al., 2002).

Endocannabinoid tone is relevant in patients with altered intestinal
motility. Patients with slow transit constipation have decreased FAAH activ-
ity in the colon and therefore an increased endocannabinoid tone (Zhang,
Wang, Su, Jiang, & Yuan, 2014). In contrast, in patients with diarrhea pre-
dominant irritable bowel syndrome, a specific FAAH CA/AA genotype was
associated with the condition (Camilleri et al., 2008). Camilleri et al. (2008)
suggest that the reduced expression of FAAH prevents the release of inhib-
itory neurotransmitters and thus enhanced motility.

Interestingly, Russo (2008) reviewed the previously mentioned concept
of a clinical endocannabinoid deficiency. This concept relies on the fact that
an endocannabinoid tone exists in normal patients, and that in patients with
irritable bowel syndrome, for example, this tone is altered. In the CNS,
researchers found that AEA levels are able to predict stress-induced anxiety
in mice (Bluett et al., 2014). Mice that were given a FAAH inhibitor after
the stress were observed to reverse their anxiety-like behavior. Interestingly,
the FAAH inhibitor had no eftect on control mice that were in nonstressed
conditions. In the CNS, these results support the notion that endocannabinoid
deficiencies could possibly play a role in disorders such as anxiety and poten-
tially irritable bowel syndrome. Considering endocannabinoids are able to
influence GI motility, and irritable bowel syndrome is characterized by diar-
rhea and constipation, this prediction is quite likely. Of course, clinical trials
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need to be conducted in order to confirm the theory that individuals with
irritable bowel syndrome may have an endocannabinoid deficiency, and if
so, whether it is a particular endocannabinoid such as 2-AG or AEA, or if
it is the combination of the two.

7. CANNABINOID RECEPTOR METAPLASTICITY IN
THE ENS

Endocannabinoid receptor metaplasticity in the gut was first described
by Hons et al. (2012) who found that retrogradely released endo-
cannabinoids are not only able to regulate the synaptic strength of cholin-
ergic neurotransmission in the ENS but that they do so together with a
retrogradely released purinergic transmitter. In the absence of the inhibitory
influence of the CB; receptor potent activity-dependent purinergic facilita-
tion of fast EPSPs was observed (Hons et al., 2012). These data indicate that
retrograde endocannabinoid and purinergic transmitters interact to regulate
vesicle release probability and control synaptic communication in the
myenteric plexus. Removal of endocannabinoid signaling in CB; receptor
knockout mice results in unopposed purinergic synaptic facilitation and
increased vesicle release, ultimately culminating in the increased excitatory
neurotransmission in the ENS and this may lead to the accelerated GI tran-
sit seen in these animals (Hons et al., 2012). In the absence of endo-
cannabinoid modulation a purinergic signal is revealed and is involved
in synaptic regulation by facilitating transmitter release in an activity-
dependent manner. These observations are consistent with other studies
that show CB regulation of ATP in the control of ileal contractility
(Baldassano, Zizzo, Serio, & Mule, 2009). Taken together, these findings
suggest a novel form of metaplasticity through the balance of endo-
cannabinoid and purinergic signaling at the enteric synapse and have
potentially important implications for our understanding of enteric
neurophysiology.

8. CANNABINOID RECEPTOR PROPERTIES

8.1 Selective Coupling of GPCRs

The GPCRs, CBy and CB,, are primarily coupled to GPCR. G;,,, however,
in some cases the G protein coupling is altered. One example is through ago-
nist trafficking where the agonist is able to promote the receptor to couple to
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one G protein versus another, even within the same G protein subtype
(Mukhopadhyay & Howlett, 2005). Mukhopadhyay and Howlett (2001)
determined that diftferent loop regions within the CB; receptor configura-
tion would change the G protein subtype coupling. This suggests that dif-
ferent agonists could direct G protein signaling depending where they bind
to the CB receptor. Furthermore, it has been shown that ligands can direct
signaling of multiple G proteins. For example, WIN55,2-212 is able to act as
an agonist and activate all G protein pathways (Hudson et al., 2010a). Much
of these signaling pathway studies have been conducted in either cell lines or
in the brain but none of which have yet been confirmed in the ENS. This is
an area open to further investigation.

8.2 Dimerization of CB Receptors and Interactions with Other
Receptors

Some GPCR proteins are capable of forming stable dimers but the func-
tional role of this remains uncertain (Gurevich & Gurevich, 2008). In
2002, studies that examined whether the CB; receptor was able to dimerize
indicated this was the case as two molecular weight forms of the CB; recep-
tor were identified by Western blot, a fast migrating form at 53—64 kDa and
a much slower form between 160 and 200 kDa. This higher molecular
weight suggested the potential for the CBy receptor to dimerize (Wager-
Miller, Westenbroek, & Mackie, 2002). Since then, CB; has been shown
to exist as a dimer with the dopamine D, receptors in cell lines. The presence
of'a CB{-D; heterodimer causes a change in the G protein preference from
G; to G, (Pertwee et al., 2010). In the presence of a CB; agonist, such as
CP55940, an increase in the Kpp value of the D, receptors was observed
in rat striatal membranes (Marcellino et al., 2008). CB; receptors also dimer-
ize with the P2-adrenergic receptor (Hudson, Hebert, & Kelly, 2010Db).
When CB and B2-adrenergic receptor were coexpressed in HEK 293 cells,
CB; localization was primarily on the cell surface whereas, when CB; is
expressed alone, the receptor is internalized. This suggests a physical inter-
action between the receptors. Hudson et al. (2010b) also found that the
B2- adrenergic receptor attenuated constituent activity of the CBy receptor
suggesting an important interaction between the two GPCRs.

CBy receptors have also been shown to form heterodimers with p opioid
receptors in HEK-293 cells using bioluminescence resonance energy trans-
fer assays (Rios, Gomes, & Devi, 2006). Fluorescence resonance energy
transfer analysis further confirms the formation of this heterodimer in baby
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hamster kidney cells (Hojo et al., 2008). Rios et al. (2006) showed that both
the CB; and the p-opioid receptor can modulate the other upon ligand
binding in both cell lines and endogenous tissue. In cells expressing both
receptors DAMGO and CP55940 elicited calcium responses thus showing
that these receptors act through G5 coupled protein signaling (Hojo et al.,
2008). This study also confirmed that the receptors function on the plasma
membrane to transmit these signals through the Ggs pathway and not
G proteins expressed in oocytes. Functionally, it was determined that
coactivation of these receptors attenuates the response of a neuritogenesis
relative to the activation of either receptor alone in Neuro-2A cells (Rios
et al., 2006). The functional relevance of this interaction has yet to be deter-
mined. Similarly, the formation of CB; receptor heterodimers in the ENS
has yet to be discovered. However, a potential interaction between k-opioid
receptors and CB receptors has been found in the ileum of the mouse GI
tract, though the formation of a heterodimer has not been confirmed
(Capasso et al., 2008).

Opverall, the understanding of the interactions between CB; and other
receptors is becoming better understood, but research needs to be conducted
to see if this occurs in vivo and ultimately to determine if this happens in the
ENS and if so, what implications it may have on the control of the GI tract.

8.3 Desensitization of Cannabinoid Receptors

GPCRs are able to be internalized into endosomes upon activation leading
to their desensitization (Kennedy & Marchese, 2015). One of the earliest
reports of CB; desensitization and internalization was in 1999 where it
was found that GPCR kinase and B-arrestin would cause internalization
of the CBj receptor in Xenopus oocytes (Jin et al., 1999). More importantly,
distal C terminal residues 418—439 of the CB receptor was found to be an
important site for desensitization as mutations in the residues S426 or S430
would eliminate receptor desensitization but not internalization. In 2012, a
similar study was conducted where the CB receptors were expressed in hip-
pocampal CB; knockout neurons (Straiker, Wager-Miller, & Mackie,
2012). As such, a similar result was seen where residues in the distal
C terminus were important for desensitization caused by WIN55,212-2
treatment. Whether this is important in the ENS remains to be determined
but it may form part of the mechanism of tolerance to CB agonists that has
been previously described (reviewed in Izzo & Sharkey, 2010).
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9. ENTERIC GLIA

In the canonical CB signaling mechanism, astrocytes were not
thought to play a role. However, their function and participation in endo-
cannabinoid signaling is becoming better understood. Astrocytes have been
shown to respond to neurotransmitters by an increased calcium concentra-
tion and subsequently release of gliotransmitters (Navarrete et al., 2014).
Thus, glia are able to modulate the synaptic signaling between neurons.
Importantly, Navarrete and Araque (2008) showed that the CB; receptor
is localized on astrocytes and that with the application of CB; receptor ago-
nist, WIN55,212-2 there is an elevated intracellular calcium concentration.
This was caused by the mobilization of calcium from intracellular stores, thus
activating the G4/11 pathway. Importantly, the increase of intracellular cal-
cium led to the subsequent release of glutamate from astrocytes allowing the
glutamate to act at the level of the neurons.

In the ENS, enteric glia and their potential involvement in the control of
synaptic signaling have not been fully evaluated (Gulbransen & Sharkey,
2012). It is unknown whether CB receptors localize to enteric glia as they
do on astrocytes in the CNS. However, Duncan, Mouihate, et al. (2008)
showed that CBs do have an effect on enteric glia, as well as enteric neurons,
by demonstrating that in LPS-induced inflammation Fos expression in
enteric glia, is significantly reduced by a CB, receptor antagonist. Thus,
implicating the role of CB, receptors on enteric glia (and neurons) in reg-
ulating cellular activity. Functionally, the addition of a CB, agonist reverses
the increased intestinal transit associated with LPS. This implies that at the
very least, an indirect pathway exists where endocannabinoids can alter the
activity of enteric glia. In this particular circumstance, the CB; receptor was
implicated in mediating the functional response through either a direct or
indirect pathway on enteric glia and neurons.

10. NEUROTRANSMISSION IN THE ENS AND GI TRACT
10.1 Neuromuscular Transmission

The regulation of neuromuscular transmission by endocannabinoids in the
GI tract is important for the control of GI motility. The control of peristalsis
by the myenteric plexus has been extensively studied and CB receptors are
involved in signaling involving intrinsic primary afferents, ascending excit-
atory pathways and descending inhibitory pathways. In the rat colon, Grider
and colleagues examined the effect of CBs on the peristaltic reflex using a
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three-compartment preparation that allows separation of ascending contrac-
tion, descending relaxation, and the sensory components of the reflex
(Grider et al., 2009). They showed that AEA decreased and that AM251
increased ascending contractions and the release of substance P orally. Sim-
ilarly, AEA reduced descending relaxation and the release of VIP. In the
central sensory compartment, AEA increased both ascending contraction
and SP release orally and descending relaxation and VIP release caudally,
suggesting a role for CB; receptors in modulation of primary afferent trans-
mission in the myenteric plexus. This was further supported by the obser-
vation that calcitonin gene-related peptide (CGRP) release was inhibited by
AEA in a CB; dependent manner (Grider et al., 2009). CGRP is a peptide
found in intrinsic primary afferent neurons of the ENS (Furness, 2006).
These findings are largely consistent with work discussed above, but it is
of interest to note that using electrophysiological approaches Lopez-
Redondo et al. were unable to record any effects of a CB; agonist
(WIN55,212-2) on myenteric after hyperpolarization (AH) neurons in
the guinea pig ileum (Lopez-Redondo et al., 1997). AH neurons in the
guinea pig illeum are CGR P immunoreactive intrinsic primary afferent neu-
rons. There are many reasons why there might be a difference between these
studies comparing the effects on intrinsic primary afferents in rat colon and
guinea pig ileum. However, the work by Grider and colleagues is supported
by the immunohistochemical localization studies described above.

The effects of AEA have also been investigated in segments of rat ileum
in which contractions of the circular smooth muscle and the ascending
myenteric component of the peristaltic reflex was studied (Sibaev et al.,
2014). AEA significantly reduced cholinergic twitch contractions of ileal
smooth muscle and as expected this was CBy receptor mediated. AEA also
reduced the ascending peristaltic contraction by affecting ganglionic and
neuromuscular neurotransmission in the rat ileum, as it is in the guinea
pig ileum (Heinemann, Shahbazian, & Holzer, 1999). AEA reduced excit-
atory and inhibitory junction potentials, whereas intestinal slow waves were
not affected, suggesting an action on both acetylcholine and NO release
(Sibaev et al., 2014). The latter remains puzzling in the light of observations
on the localization of CB receptors (discussed above), but is somewhat con-
sistent with observations made using synaptosomal preparations (Kurjak
et al., 2008). However, in this case the stimulatory effect of AEA on NO
synthase was not antagonized by CB4, CB,, or TRPV1 antagonists.

The effects of endocannabinoids on nonadrenergic noncholinergic
(NANC) excitatory and inhibitory neurotransmission have been examined
in the mouse colon (Mule, Amato, Baldassano, & Serio, 2007). Under
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NANC conditions, electrically evoked responses are characterized by a
nitrergic relaxation followed by a tachykinergic contraction. WIN55,212-2
and AEA produced concentration-dependent CB, receptor-mediated reduc-
tions of the NANC contractile responses, without affecting the NANC relax-
ation. Interestingly, the FAAH inhibitor URB597 was without any effect on
the NANC evoked responses, perhaps suggesting that endogenous ligands do
not tonically regulate NANC transmission in the mouse colon.

Taken together these data suggest that endocannabinoids acting at CB;4
receptors regulate the intestinal peristaltic reflex and these actions involve
intrinsic primary afferent neurons, interneurons and motor neurons. There
is limited understanding of the role of endogenously released endo-
cannabinoids, but AEA when exogenously administered mediates these
effects by activation of CB; receptors.

There have also been some investigations in other regions of the GI
tract. In the rat gastric fundus, AEA and WIN55,212-2 do not affect the
baseline tone of muscle contraction (Storr, Gaffal, Saur, Schusdziarra, &
Allescher, 2002). However, AEA and WIN55,212-2 reduced electrically
stimulated twitch contractions. The effect of AEA was partially reversed by
the CB, receptor antagonist AM630, which did not have an eftect on
twitch contractions alone. This result is surprising given the overwhelming
evidence that CB, receptors are not involved elsewhere in the gut under
baseline conditions and is worthy of further investigation. Storr et al.
(2002) found that endocannabinoids can also regulate electrically stimu-
lated relaxations. Similarly to their effect on contractions, AEA and
WIN55,212-2 suppressed the gastric fundic relaxations. However, this
time, AM630 caused an increase in induced relaxations whereas it had
no effect on the induced contractions.

Overall, along the length of the GI tract, endocannabinoids reduce con-
tractility and propulsive motility through inhibition of acetylcholine release
and that of other neurotransmitters through actions on myenteric neurons.
This eftect is largely mediated by CB; receptors however, there is evidence
that the GPR55 receptor also inhibits colonic muscle contraction, similar to
CB; (Ross et al., 2012).

10.2 Secretomotor Transmission

There have been few studies that examine the control of epithelial secretions
by endocannabinoids. Storr et al. (2010) studied the effects of a variety of
CB; receptor antagonists to ascertain if endogenous CB ligands were
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involved. They assessed the response to electrical stimulation by measuring
short-circuit current in vitro using Ussing chambers and assessing stool fluid
content in vivo in mouse colon. Interestingly, neither the CB; receptor
inverse agonists/antagonist AM251 nor the neutral CB; receptor antagonist
AM4113 had any effect on fecal stool water content, suggesting that the
increased whole gut transit in animals treated with AM251 is a motor and
not a secretomotor effect. To address whether there may be a physiological
regulation of secretomotor function a variety of stimuli, including electrical
field stimulation, carbachol and forskolin, which stimulate secretion indi-
rectly via the ENS and directly at the epithelium were used (Storr et al.,
2010). However, no effects of the CB; receptor antagonists on ion transport,
tissue conductance or mucosal permeability were seen. However, in other
studies a role of CB receptors has been observed in the control of ion trans-
port in the guinea pig ileum and in the control of intestinal barrier function.

MacNaughton and colleagues studied preparations of the submucosa and
mucosa of the guinea pig ileum in vitro where short-circuit current was mea-
sured as an indicator of net electrogenic ion transport in Ussing chambers
(MacNaughton et al., 2004). They stimulated extrinsic primary afferent
nerves with capsaicin and enteric nerves with electrical field stimulation.
The responses to capsaicin and EFS were reduced by 47%=+12% and
30% 4 14%, respectively, by the CB; receptor agonist WIN55,212-2.
The inhibitory eftect of WIN55,212-2 on electrically evoked secretion
was not observed in extrinsically denervated segments of ileum which taken
together, show that CBy receptors on extrinsic primary afferent nerves, are
capable of inhibiting the release of transmitters that act on cholinergic
secretomotor pathways in the submucosal plexus and so regulating secretion.
These data were supported by immunohistochemical findings of CB local-
ization in this region of the ENS (MacNaughton et al., 2004). These data
once again point to the potential specificity of CB actions in the ENS,
and highlight the need for further studies on the submucosal plexus in other
species and other regions of the gut.

The control of barrier function is critical to homeostasis. The first report
showing that CB; receptors controlled barrier function suggested that they
played a detrimental role, i.e., that blocking CB; receptors reduced perme-
ability of the gut, and that there was a unique crosstalk between endo-
cannabinoids, and the gut microbiota that controlled aspects of
metabolism (Muccioli et al., 2010). Here, it was thought that CB; receptors
on the epithelium were mediating these effects. Recently, however, using
CB; receptor knockout mice, Zoppi and colleagues showed that these
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animals had a degree of colonic barrier dysfunction including a significantly
lower IgA secretion, higher paracellular permeability and a greater degree of
bacterial translocation, both under basal conditions and after a period of psy-
chological stress (Zoppi et al., 2012). Some of these effects were also
observed after pharmacological antagonism with rimonabant. They con-
cluded that in the colon at least, CB; receptors exert a protective role
through the regulation of intestinal secretion of IgA and paracellular perme-
ability. It remains to be determined whether this is due to epithelial or
enteric neural receptors in the colon.

10.3 Enteroendocrine Cells

As noted above, the initiation of GI reflexes occurs by the release of peptides
and 5-HT from enteroendocrine cells. Enteroendocrine cells lie in the epi-
thelium of the GI tract and secrete varying hormones that are able to either
act locally or enter into the bloodstream (Sternini, Anselmi, & Rozengurt,
2008). Specialized endocrine cells, I-cells, which release CCK contain
mRNA for CB; receptor suggesting that if the protein is expressed they
may be able to respond to endocannabinoid signals (Sykaras, Demenis,
Case, McLaughlin, & Smith, 2012). CB; receptor expression on vagal affer-
ent neurons of the nodose ganglion is regulated by CCK (Burdyga et al.,
2004). This is part of the mechanism of peripheral control of energy balance
and hence the possibility exists that this may be an autocrine control mech-
anism used to regulate secretion in response to nutrients, but further work is
required to test this notion.

Another population of enteroendocrine cells called K cells release GIP to
control insulin secretion. These cells also express a functional CB receptor
that inhibits GIP release, however, the physiological role of endo-
cannabinoid regulation of GIP has yet to be determined (Moss et al.,
2012). Clearly, much more work is required in this area and especially to
understand if peristaltic and other GI reflexes are regulated by the endo-
cannabinoid system at the level of their transduction.

11. BRAIN-GUT AXIS

Though the ENS is able to function independently from the CNS,
there is extensive bidirectional communication as described above. The
endocannabinoid system of the GI tract is able to regulate satiety and energy
balance, dependent on the brain—gut axis (Cluny et al., 2012; DiPatrizio &
Piomelli, 2015; Dockray, 2014). Further discussion of this interesting topic
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is beyond the scope of the current review, but it is worth noting the impor-
tant role of the endocannabinoid system and the GI tract in terms of the
development of obesity.

In animal models of obesity, endocannabinoid tone is upregulated due to
an increase in CB; expression and intestinal barrier permeability is increased
(Muccioli et al., 2010). This provides a mechanisms for the GI tract play a
role in the development of obesity, particularly involving the translocation
of commensal bacteria or bacterial products.

The impact that the gut microbiota has on the brain is currently a very
active area of research (Cryan & O’Mahony, 2011; Mayer, 2011; Mayer
et al., 2015). Gut microbiota are able to influence central neurotransmitters
and act on the brain—gut axis to modulate energy balance and food intake,
thus playing an important role in obesity (Manco, 2012; Rhee et al., 2009).
Interestingly, individuals with obesity have a different microbiota than those
who are not obese and that an alteration of gut microbiota of obese mice can
alter the endocannabinoid tone in that subject (Cani, Geurts, Matamoros,
Plovier, & Duparc, 2014). When the gut microbiota of mice were changed
to those of lean animals, the levels of both AEA and CB; receptor were
reduced in adipose tissues. This suggests a profound link between gut micro-
biota and the endocannabinoid signaling systems in the body. In addition to
the gut microbiota changing endocannabinoid tone, it has also been shown
that the microbiota is able to change the expression of antiobesity and pro-
obesity peptides which can act on the gut—brain axis (Schele et al., 2013).
Together, this shows that the brain—gut axis and endocannabinoid system
are critically linked to the development of obesity and further research
linking this to the ENS control of gut function is warranted.

12. THE ENDOCANNABINOID SYSTEM OF THE ENS IN Gl
INFLAMMATION

In pathophysiological states, both CB1 and CB2 receptor activation
reduces enhanced GI motility, with CB2 receptor activation normalizing
motility and serving as a braking mechanism to limit abnormal motility
(Duncan, Mouihate, et al., 2008; Mathison, Ho, Pittman, Davison, &
Sharkey, 2004). Interestingly, inhibition of FAAH, which elevates the levels
of endocannabinoids, also normalizes accelerated GI motility in pathophys-
iological states, but not in normal animals (Bashashati et al., 2012). Studies
of the ENS in intestinal inflammation have focused on neural control
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mechanisms (Hons et al., 2012), but to date the functional role of the endo-
cannabinoid system has not been evaluated in any detail.

13. SUMMARY AND FUTURE DIRECTIONS

The ENS of the GI tract is the only part of the peripheral nervous able
to function autonomously without any input from the CNS (Furness, 2012).
The eftect of marijuana on the GI tract has been reported for centuries, but
the mechanisms of how these effects are exerted remain to be fully under-
stood. CB; and CB, receptors expressed on enteric nerves and throughout
the intestinal mucosa including on enteroendocrine cells (CB;) and on epi-
thelial cells (CB; and CB,). Under physiological conditions, the dominant
receptor controlling the ENS is CB;, but in pathophysiological conditions
CB, receptors play a role. However, how these receptors interact, under
what conditions and whether they are functionally linked remains to be
determined.

The production of endocannabinoids in the ENS has only recently been
investigated as have the degradative enzyme systems for endocannabinoids.
Interesting results described above suggest that these enzymes are valuable
targets that can be utilized to control the ENS in pathophysiological condi-
tions, potentially conferring benefits to patients with GI motor disorders.
Increasing our understanding of these enzymes systems is also a key priority
for future research.

Though endocannabinoids have been implicated in relation to motor
and secretomotor control, further research need so to be conducted to deter-
mine the downstream signaling pathways of CBs and what processes lead to
the coupling of a preferred G protein. In the GI tract specifically, a better
understanding of the localization of CB receptors will lead to knowledge
of how the endocannabinoid system is able to interact with other receptor
systems such as opioid receptors, 5-HT receptors and muscarinic and nico-
tinic cholinergic receptors that are widely distributed in the ENS. Empbhasis
has been placed on the CB; receptor as it appears to play the more dominant
role under normal conditions; however, more focus needs to be placed on
the CB, receptor as it becomes extremely important under inflammatory
conditions which would aid in understanding the etiology common GI dis-
eases such as inflammatory bowel disease and irritable bowel syndrome.
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Abstract

One of the first recognized medical uses of A%-tetrahydrocannabinol was treatment
of chemotherapy-induced nausea and vomiting. Although vomiting is well controlled
with the currently available non-cannabinoid antiemetics, nausea continues to be
a distressing side effect of chemotherapy and other disorders. Indeed, when nausea
becomes conditionally elicited by the cues associated with chemotherapy
treatment, known as anticipatory nausea (AN), currently available antiemetics are
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largely ineffective. Considerable evidence demonstrates that the endocannabinoid
system regulates nausea in humans and other animals. In this review, we describe
recent evidence suggesting that cannabinoids and manipulations that enhance the
functioning of the natural endocannabinoid system are promising treatments for
both acute nausea and AN.

For several centuries, cannabis has been used for therapeutic purposes
(Mechoulam, 2005), including the attenuation of nausea and vomiting. Inef-
fective treatment of chemotherapy-induced nausea and vomiting (CINV)
prompted oncologists to examine the antiemetic properties of cannabinoids
in the late 1970s and early 1980s. The first cannabinoid agonist, nabilone
(Cesamet), which is a synthetic analog of A’-tetrahydrocannabinol
(THC) was specifically licensed for the treatment of CINV in cancer
patients. As well, synthetic THC, dronabinol, entered the clinic as Marinol
in 1985 as an antiemetic (Pertwee, 2009).

A major discovery in the control of acute vomiting in chemo-
therapy treatment came in the late 1980s with the development of 5-
hydroxytryptamine 3 (5-HT}3) receptor antagonists, such as ondansetron
(e.g., Costall et al., 1986; Miner & Sanger, 1986). However, as the use
of these 5-HT; antagonists in the clinic progressed, it became clear that
they were much more effective in reducing vomiting than they were in
suppressing nausea (see Hickok et al., 2003). Indeed, in the case of antic-
ipatory nausea (AN) experienced as a conditioned response, when the
patient returns to the clinic in which the treatment occurred, the
5-HT; antagonists are completely ineftective (see Morrow & Dobkin,
1987). Therefore, more effective antinausea treatments are still required.
Recent evidence based upon the development of new animal models for
preclinical evaluation of novel treatments suggests that cannabinoids may
offer therapeutic potential in reducing both acute nausea and AN. Here
we review this evidence, first for cannabinoid suppression of acute nausea
and, second, for the potential of cannabinoids to reduce AN. A list of
treatments/manipulations and their efficacy in humans and animal
models is presented in Table 1. The neurocircuitry and proposed mech-
anism by which the endocannabinoid system regulates nausea is presented
in Fig. 1.
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Table 1 Efficacy of Various Cannabinoid Compounds to Alleviate Acute Nausea in
Humans or in Animal Models

Efficacy in Animals Models of
Compound Efficacy in Human Acute Nausea Acute Nausea

Cannabinoid treatments

Dronabinol Effective compared to placebo  Not evaluated

(Marinol) (Chang et al., 1979; Frytak et al.,
1979; Orr, McKernan, &
Bloome, 1980; Sallan,
Zinberg, & Frei, 1975; Sweet,
Miller, Weddington, Senay, &
Sushelsky, 1981)
Effective compared to D2
antagonists
(Ekert, Waters, Jurk, Mobilia, &
Loughnan, 1979; Orr &
McKernan, 1981)
Ineftective compared to D2
antagonists
(Carey, Burish, & Brenner,
1983; Crawford & Buckman,
1986; Frytak etal., 1979; Tramer
et al., 2001; Ungerleider,
Andrysiak, Fairbanks, Tesler, &
Parker, 1984)
Equally effective as a 5-HT3
antagonist for nausea; greater
reduction in nausea intensity
(Meiri et al., 2007)

Nabilone Effective compared to D2 Not evaluated
(Cesamet) antagonists

(Ahmedzai, Carlyle, Calder, &

Moran, 1983; Dalzell, Bartlett, &

Lilleyman, 1986; Herman et al.,

1979; Pomeroy, Fennelly, &

Towers, 1986)

Sativex (1:1 Ineffective compared to placebo Not evaluated
THC:CBD) (Duran et al., 2010) when added
to standard emetic treatment

Continued
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Table 1 Efficacy of Various Cannabinoid Compounds to Alleviate Acute Nausea in
Humans or in Animal Models—cont'd

Compound

Efficacy in Human Acute Nausea

Efficacy in Animals Models of
Acute Nausea

WIN55212-2

Not evaluated

Ineftective for chronic
cisplatin-induced pica (Vera
et al., 2007)

THC

Not evaluated

Reduced cyclophosphamide
(Limebeer & Parker, 1999)
and LiCl-induced (Parker &
Mechoulam, 2003; Parker
et al., 2003) gaping in rats

THCA

Not evaluated

Reduced LiCl-induced gaping
in rats (Rock, Kopstick,
Limebeer, & Parker, 2013)

HU-210

Not evaluated

Reduced LiCl-induced gaping
in rats (Parker et al., 2003)

CBD

Not evaluated

Reduced LiCl-induced gaping
in rats (Parker et al., 2002;
Rock et al., 2012)

CBDA

Not evaluated

Reduced LiCl-induced
gaping in rats (Bolognini et al.,
2013)

Endocannabinoid manipulations

Anandamide

Not evaluated

Reduced LiCl-induced
aversive reactions in rats
when combined with a FAAH
inhibitor; ineffective alone
(Cross-Mellor, Ossenkopp,
Piomelli, & Parker, 2007)
Intra-VIC administration
reduced LiCl-induced

gaping in rats when combined
with an FAAH inhibitor
(Sticht et al., submitted);
ineffective alone when
delivered into VIC (Sticht,
Limebeer, Rafla, & Parker,
2015)
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Table 1 Efficacy of Various Cannabinoid Compounds to Alleviate Acute Nausea in

Humans or in Animal Models—cont'd

Compound

Efficacy in Human Acute Nausea

Efficacy in Animals Models of
Acute Nausea

2-AG

Not evaluated

Reduced LiCl-induced gaping
in rats (Sticht et al., 2012)
Intra-VIC administration
reduced LiCl-induced gaping
in rats (Sticht et al., 2015)

FAAH
inhibition

Not evaluated

PF3845 reduced LiCl-induced
gaping in rats (Rock et al.,
2015); but ineffective when
administered into the VIC in
rats (Sticht et al., submitted)
URB597 attenuated LiCl-
induced aversive reactions in
rats; greater effect when
combined with exogenous
anandamide (Cross-Mellor

et al., 2007)

URB597 reduced LiCl-
induced gaping in rats when
administered into the VIC
with exogenous AEA; intra-
VIC URB597 ineftective
alone (Sticht et al., submitted)

MAGL
inhibition

Not evaluated

JZ1.184 reduced LiCl-induced
gaping in rats when combined
with exogenous 2-AG;
ineftective alone (Sticht et al.,
2012)

MJN110 reduced LiCl-
induced gaping in rats (Parker,
Rock, Sticht, Wills, &
Limebeer, 2015); also effective
when delivered into the VIC
(Sticht et al., submitted)

Dual
FAAH/MAGL
inhibition

Not evaluated

JZ1L195 reduced LiCl-induced
gaping in rats when
administered into the VIC
(Sticht et al., submitted)
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Figure 1 Brain neurocircuitry involved in nausea. The circuits and projections involved
in nausea are shown, including the proposed mechanism by which the endo-
cannabinoid system modulates nausea sensation in the insular cortex. lliness-inducing
(emetic) stimuli activate key components of the gut—brain axis to elicit the sensation of
nausea and vomiting (in emetic-capable species). Toxins or pharmacological treatments
are detected in the gastrointestinal tract and relayed to the brain through vagal affer-
ents terminating in the nucleus of the solitary tract (NTS); alternatively, emetogens
(toxins) also gain access to the CNS through the area postrema (AP). Ultimately, nausea
processing occurs in the visceral insular cortex, which receives visceral information from
the brainstem dorsal vagal complex (DVC; and parabrachial nucleus) and is relayed
through the ventroposterolateral parvicellular (VPLpc) thalamic nucleus before reaching
the posterior granular layer of the IC. Within the VIC, activation of postsynaptic 5-HT;
receptors produces nausea, resulting in biosynthesis of the endocannabinoid,
2-arachidonoylglycerol (2-AG), which reduces its sensation. We hypothesize that the
‘on-demand’ synthesis of 2-AG in the VIC functions to reduce subsequent 5-HT release

via inhibitory presynaptic CB, signaling, thereby reducing nausea. Coronal sections were
adapted from Paxinos and Watson (2007).

1. ENDOCANNABINOIDS IN ACUTE NAUSEA

1.1 Cannabinoids and Chemotherapy-Induced Nausea
in Humans

Early studies in humans investigating the potential for cannabinoid com-

pounds to reduce nausea were focused on assessing the effects of marihuana

to alleviate CINV (Cotter, 2009). The most well-studied phytocannabinoid
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has been THC (Gaoni & Mechoulam, 1964), which is the major psychoac-
tive constituent in cannabis (Gaoni & Mechoulam, 1964; Mechoulam,
Shani, Edery, & Grunfeld, 1970). THC i1s a high-affinity agonist for
both Cannabinoid 1 (CB) and Cannabinoid 2 (CB,) receptors; thus, these
studies provided early insights into the important role played by the endo-
cannabinoid system in regulating nausea. As presented in Table 1, an orally
administered form of THC, known as dronabinol (Marinol), has been
shown to effectively alleviate chemotherapy-induced nausea (and vomiting)
when compared to a placebo control (Chang et al., 1979; Frytak etal., 1979;
Orr et al., 1980; Sallan et al., 1975; Sweet et al., 1981), or compared to com-
mon dopamine 2 (D,) receptor antagonists prescribed at the time (Ekert
et al., 1979; Orr & McKernan, 1981). In some cases, however, dronabinol
was no more effective than the D, antagonist in alleviating these symptoms
of chemotherapy treatment (Carey et al., 1983; Crawford & Buckman,
1986; Frytak et al., 1979; Tramer et al., 2001; Ungerleider et al., 1984).
More recently, Meiri and colleagues compared the antinausea potential
of dronabinol with the currently prescribed antiemetic, ondansetron
(a 5-HTj3 antagonist), and found that either treatment was effective in allevi-
ating both nausea and vomiting (Meiri et al., 2007); however, when assessing
nausea severity, treatment with dronabinol resulted in a greater reduction of
nausea intensity compared to ondansetron (Meiri et al., 2007). In this case, it
appears that dronabinol may have had greater effect in reducing nausea inten-
sity resulting from mild to moderately severe emetogenic treatment, but not
highly emetogenic treatments (Meiri et al., 2007).

Another orally active and synthetic analog of THC, nabilone (Cesamet),
was licensed for treatment-resistant nausea and vomiting in 1985, but only
after conventional treatments were deemed ineffective. Although nabilone
has only been assessed in comparison with dopamine (D,) antagonists (as with
Dronabinol), chemotherapy patients reported fewer episodes of nausea when
receiving the cannabinoid (Ahmedzai et al., 1983; Dalzell et al., 1986; Herman
et al., 1979; Pomeroy et al., 1986). Although Pomeroy and colleagues (1986)
reported that nabilone produced a marginal decrease in nausea when patients
received highly emetogenic chemotherapy, others have found nabilone to be
no more effective than a D, antagonist (Crawford & Buckman, 1986); thus, as
with dronabinol, nabilone may be no more effective in reducing nausea when
receiving a highly emetogenic drug than conventional antiemetics.

Recently, an oromucosal cannabis-based medicine, Sativex (1:1 THC:
cannabidiol (CBD)) has been evaluated in phase II clinical trials for its poten-
tial to reduce CINV (Duran et al., 2010). In this case, Sativex or placebo was
administered to patients receiving concomitant treatment with standard
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antiemetic drugs including a 5-HT; antagonist and a corticosteroid. Duran
and colleagues (2010) found that Sativex was eftective at relieving delayed
nausea (and vomiting) among patients receiving moderately emetogenic
cancer chemotherapy. In particular, approximately half (57%) of the
Sativex-treated patients experienced no delayed nausea and an even greater
number (71%) experienced no delayed emesis compared to patients receiv-
ing placebo (Duran et al., 2010). However, given the known antinausea/
antiemetic effects of CBD demonstrated in animal models (Parker et al.,
2015; Sharkey, Darmani, & Parker, 2014), it is unclear how much of the
antinausea effects of Sativex are attributable to either THC or CBD; none-
theless, this study demonstrates the therapeutic potential of combining these
cannabinoids in treating delayed CINV.

Despite the overwhelming evidence for the antinausea potential of
cannabinoids in humans, it is worthwhile to note that chronic marithuana
use has also been reported to produce the sensation of nausea (and vomiting).
This paradoxical effect of marihuana, known as cannabinoid hypere-
mesis syndrome (Sullivan, 2010), has been documented in numerous case
reports in recent years (Allen, de Moore, Heddle, & Twartz, 2004;
Roca-Pallin, Lopez-Pelayo, Sugranyes, & Balcells-Oliverd, 2013;
Simonetto, Oxentenko, Herman, & Szostek, 2012). Although the cause
of hyperemesis is not known, it can be speculated that changes in CBy recep-
tor expression and relative concentrations of THC (and other marijuana
constituents) may play a role in this paradoxical effect. Further research is
undoubtedly needed to fully understand the mechanism(s) underlying this
peculiar effect of cannabinoids that may lead to increases in nausea in
vomiting following chronic marihuana consumption. Nevertheless, these
cases highlight the dynamic nature played by the endocannabinoid system
in regulating nausea and suggest a possible consequence of endocannabinoid
system dysregulation, which may lead to undesirable results such as an
increased sensation of nausea and emesis.

1.2 Endocannabinoid Levels During the Experience of Nausea
in Humans
Endogenous, or endocannabinoids, are lipid messengers that bind to either
of the metabotropic cannabinoid receptors (CB; or CB,). Synthesized in an
activity-dependent manner from membrane phospholipids, these endoge-
nous ligands consist of N-arachidonoylethanolamide (anandamide) and
2-arachidonoylglycerol (2-AG). Following release, anandamide and 2-AG
are hydrolysed primarily by fatty acid amide hydrolase (FAAH) and
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monoacylglycerol lipase (MAGL), respectively. Both of these enzymes are
targets of pharmacological manipulations in which blockade of FAAH
and MAGL results in respective increases in anandamide and 2-AG levels.
This approach is widely used to explore the role of the endocannabinoid
system in physiology and behavior (Blankman & Cravatt, 2013) and offers
tremendous therapeutic potential in alleviating nausea as discussed through-
out this chapter. Moreover, given that endocannabinoids are synthesized
on-demand, manipulations that target endocannabinoid hydrolysis result
in a much more localized increase in levels of 2-AG and anandamide com-
pared to administration of endocannabinoids or cannabinoid receptor ago-
nists. Therefore, a focused increase in endocannabinoid levels is less likely to
produce unwanted side effects attributable to a global effect and is, thus,
preferable for selectively reducing nausea.

Although at present there have not been any investigations assessing the
potential for pro-endocannabinoid drugs to reduce nausea—that is, manip-
ulations that directly increase the biological action(s) of anandamide and
2-AG—studies have assessed endocannabinoid levels in response to
nausea-inducing manipulations. These investigations have provided impor-
tant insight into the role of the endocannabinoid system, through the actions
of anandamide and 2-AG, to modulate the experience of nausea. To this
end, Schelling and colleagues (2006) investigated the effects of general anes-
thesia on anandamide levels using the volatile inhalant, sevoflurane, or the
intravenously administered anesthetic, propofol. Although anandamide
levels were found to remain unchanged among patients receiving propofol,
Schelling et al. (2006) reported that sevoflurane administration resulted in a
significant decrease in anandamide levels from the point of induction until
40 min after intubation (measurements taken at 0, 10, 20, and 40 min post-
intubation). This pattern of findings is consistent with reports that anesthesia
with propofol, a drug that inhibits FAAH and increases anandamide levels in
rodents (Patel et al., 2003), results in less postoperative nausea compared to
sevoflurane (Kumar, Stendall, Mistry, Gurusamy, & Walker, 2014) and may
be the result of increased anandamide signaling; although, increases in other
CB-inactive FAAH substrates such as oleoylethanolamide (OEA) and pal-
mitoylethanolamide (PEA) should also be considered, and thus it is not clear
whether other fatty acid ethanolamides mediate some of the effects of prop-
ofol, as well. Nonetheless, recent findings by Jarzimski and colleagues are in
contrast to those previously reported, such that both sevoflurane and prop-
ofol decreased plasma anandamide levels similarly (Jarzimski et al., 2012).
Further research is necessary to clarify the effects of anesthetics on
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endocannabinoid levels and the particular effects of propofol on ananda-
mide, in particular. At the very least, however, propofol appears to avoid
the undesirable side effect of nausea following general anesthesia, and, thus,
may be a more advantageous anesthetic treatment.

A recent study by Sadhasivam et al. (2015) also investigated the role
of anandamide in postoperative nausea and vomiting (PONV) by assessing
the extent to which common genetic variants of FAAH, or FAAH polymor-
phisms, are associated with PONV occurrence. Such FAAH polymorphisms
have previously been studied with respect to psychiatric disorders and
these genetic changes likely contribute to endocannabinoid dysfunction
underlying addiction, depression, and other behaviors (Hillard,
Weinlander, & Stuhr, 2012). It is not surprising, therefore, that FAAH poly-
morphisms, which ultimately modify endocannabinoid system function,
may also play a role in the experience of nausea. Specifically, Sadhasivam
and colleagues (2015) found five specific FAAH single nucleotide polymor-
phisms that were associated with an increased risk for PONV among child-
patients undergoing a common surgical procedure, tonsillectomy. Because
these patients were anesthetized with a combination of drugs including mor-
phine, which often leads to unwanted side effects of respiratory depression
and PONV, it is no surprise that some patients experienced both of these
symptoms; however, it appears that differences in anandamide signaling
among individuals with different FAAH polymorphisms underlies the
extent to which patients experienced PONV and respiratory depression
symptoms. As mentioned before, it is important to consider the possibility
that other FAAH substrates (e.g., PEA/OEA) may also be involved given
that, like anandamide, they are regulated by FAAH. Nonetheless, it appears
that genetic variants of FAAH may underlie similar postoperative outcomes
of respiratory depression and PONV in children (Sadhasivam et al., 2015).
The extent to which these FAAH polymorphisms play a role in PONV and
respiratory depression among adult patients remains unknown and should be
an aim of future research.

The modulatory role of the endocannabinoid system in humans has also
been demonstrated in a model of motion-induced nausea. Schelling and col-
leagues (Chouker et al., 2010) analyzed endocannabinoid levels from partic-
ipants undergoing parabolic flight maneuvers (PFs) and this revealed that
blood anandamide and 2-AG levels were lower among those who experi-
enced motion sickness. Moreover, while blood concentrations of ananda-
mide dropped among participants experiencing motion sickness, it was
found to increase in volunteers who did not report nausea. Another
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noticeable difterence between volunteers was that levels of 2-AG increased
following the end of PFs among those that did not experience nausea,
whereas blood 2-AG concentrations remained steady (but lower) through-
out the entire test for those that reported nausea. Thus, blood endo-
cannabinoid levels were higher among individuals that were less
susceptible to motion-induced nausea, albeit with changes in endo-
cannabinoid levels occurring at different time points during an experience
of nausea. Interestingly, it was also found that CB; receptor mRNA, an
index of CB; receptor expression, in isolated leukocytes found in blood
was significantly decreased following PFs among participants that experi-
enced motion sickness, whereas there was no change in expression levels
for CB; among those that did not report nausea. On the other hand,
CB; expression did not change regardless of whether participants experience
nausea or not. Taken together, therefore, this study suggests that the expe-
rience of motion-induced nausea is associated with reduced endo-
cannabinoid signaling, which is evident through a reduction in
anandamide and 2-AG levels, as well as reduced CB; receptor expression
(Chouker et al., 2010).

1.3 Animal Models of Nausea

Animal models of nausea are indispensible preclinical tools to evaluate
potential pharmacological treatments for this distressing symptom. More-
over, such models provide an opportunity to explore the neurobiological
mechanisms of nausea, which ultimately leads to the development of more
effective therapies.

1.3.1 Pica

One established measure of nausea in rodents is the consumption of non-
nutritive kaolin clay, a behavior known as pica. The eating of a nonfood
substance serves a functional purpose in alleviating gastrointestinal malaise
to prevent toxin digestion, and this is particularly important among non-
emetic species such as rats and mice. Emetic drugs such as lithium chloride
(LiCl) or the chemotherapy drug, cyclophosphamide, result in kaolin con-
sumption in a dose-dependent manner (Mitchell et al., 1976), and this can be
blocked with conventional antiemetic treatments (Rudd, Yamamoto,
Yamatodani, & Takeda, 2002). Thus, it has been argued that pica is analo-
gous to vomiting in emetic subjects (Takeda, Hasegawa, Morita, &
Matsunaga, 1993), albeit it is often measured in species that are incapable
of this behavior. Although pica may be a useful unconditioned measure of
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nausea (in contrast to models of conditioned nausea discussed later in this
chapter), it is important to note, however, that pica occurs in response to
manipulations that do not necessarily produce nausea such as stress
(Burchfield, Elich, & Woods, 1977). Moreover, pica is absent in the emetic
shrew species, Suncus murinus, following treatment with emetogenic com-
pounds, despite the fact that such drugs produce vomiting in this species
(Yamamoto, Ngan, Takeda, Yamatodani, & Rudd, 2004). Therefore, pica
is neither selectively produced by nausea-inducing manipulations nor is it
observed in all species. Nonetheless, Vera and colleagues (2007) assessed
whether the synthetic cannabinoid, WIN55212-2, would affect pica in
response to chronic cisplatin administration and found that kaolin ingestion
was not modified by cannabinoid treatment. To date, there have not been
any investigations of endocannabinoid manipulations on pica.

1.3.2 Conditioned Taste Avoidance

In addition to the measures of nausea just described, rodents also display sev-
eral conditioned behaviors to stimuli that are present at the time of illness.
Although rats are not capable of producing an emetic reaction in response to
nausea-inducing stimuli, they come to reject a taste or flavor that has been
associated with its occurrence following consumption. This phenomenon,
known as conditioned taste avoidance (aversion), was initially investigated
by Garcia and colleagues (Garcia, Hankins, & Rusiniak 1974), who
described a type of associative learning in which a particular taste comes
to predict toxin-induced illness following conditioning. As this associative
learning is directly related to regulation of the internal homeostatic environ-
ment, Garcia and colleagues (1974) argued that the palatability of a taste is
modified by internal effects subsequent to consumption. This type of learn-
ing is particularly critical for nonemetic species such as rats, which are
neophobic and generally consume only small amounts of novel food upon
initial exposure; hence, taste aversion learning is so prevalent that it results
after a single taste—illness pairing following any change in homeostatic state.
Interestingly, even rewarding drugs—those that are self~administered by rats
in operant conditioning paradigms—produce taste avoidance (Parker,
1995). Moreover, antiemetic treatments do not prevent the establishment
of conditioned taste avoidance, either. Therefore, these findings suggest that
nausea is not a requirement for conditioned taste avoidance, and, thus, it is
not surprising that cannabinoids (and pro-endocannabinoid manipulations)
do not prevent its establishment.
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1.3.3 Nausea-Induced Conditioned Gaping

Rats not only avoid consuming any food associated with illness but also dis-
play conditioned disgust (rejection) reactions when reexposed to the
illness-paired taste. This finding was initially reported by Garcia et al.
(1974) but was subsequently replicated by Grill and Norgren using the
taste-reactivity test, a measure that assesses palatability of intraorally infused
taste solutions (Grill & Norgren, 1978). In the event that a palatable solution
such as sucrose was delivered intraorally, rats were observed to display inges-
tive reactions such as tongue protrusions; alternatively, bitter quinine solu-
tion elicited disgust reactions in the form of gaping, as well as a series of body
responses (e.g., chin rubs, pawtreads) all of which were considered to be
indicative of an aversion to the taste. Interestingly, upon reexposure to a
sweet solution that was previously paired with a nauseating drug such as
LiCl, the same disgust responses were observed, of which gaping is the most
reliable aversive reaction (Breslin, Spector, & Grill, 1992). In fact, electro-
myographic analysis in rats revealed a similarity between the facial muscu-
lature involved in gaping and those involved in vomiting responses among
emetic species (Travers & Norgren, 1986), indicating that gaping reactions
may represent an incomplete emetic response.

Numerous studies have since demonstrated that only emetic drugs
(including withdrawal from morphine (McDonald, Parker, & Siegel,
1997) or cocaine (Wheeler et al., 2008, 2011) result in conditioned gaping
behavior in rats, the establishment of which is subsequently blocked by anti-
emetic treatments including cannabinoids. For example, THC reduced the
establishment of acute nausea-induced conditioned gaping to the chemo-
therapy drug, cyclophosphamide (Limebeer & Parker, 1999) and LiCl
(Parker & Mechoulam, 2003; Parker et al., 2003), and the antinausea effects
were reversed following concomitant pretreatment with a CB; receptor
antagonist/inverse agonist (AM-251 or rimonabant). Similarly, the acidic
precursor of THC (tetrahydrocannabinolic acid—THCA) has also been
shown to reduce conditioned gaping, and with greater potency than
THC (Rock et al., 2013). Also, the synthetic cannabinoid agonist,
HU-210, was found to exert antinausea eftects through a CB; receptor-
dependent mechanism of action, as well (Parker et al., 2003). Thus, CB;
agonism leads to antinausea effects in the conditioned gaping model.

It is worthwhile to mention that, although CB; antagonists/inverse ago-
nists reverse the antiemetic effects of the aforementioned cannabinoid drugs,
high doses of these compounds alone are sufficient to produce nausea-
induced gaping. For example, McLaughlin et al. (2005) demonstrated that
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AM-251 not only reduced the consumption of palatable food, but it also
resulted in conditioned gaping and taste avoidance when paired with an
infusion of intraoral saccharin (McLaughlin et al., 2005). Lower doses of
AM-251 have also been found to potentiate LiCl-induced conditioned gap-
ing (Limebeer et al., 2010) and a similar effect was also demonstrated with
rimonabant (Parker & Mechoulam, 2003). It is important to note that the
mere blockade of CB; receptors is not sufficient to produce nausea on
its own, however, as the neutral antagonist, AM4113, did not produce con-
ditioned gaping when paired with intraoral saccharin (Sink et al., 2008).
Likewise, the respective centrally and peripherally active CB; neutral
antagonists, AM6527 and AM6545, were also ineffective in potentiating
LiCl-induced gaping, as well (Limebeer et al., 2010). Therefore, whereas
CB; antagonism alone does not produce conditioned gaping in rats, inverse
agonism of CB; receptors leads to the sensation of nausea.

Although THC has received much interest for its therapeutic potential in
alleviating nausea, another well-studied constituent of cannabis, CBD, has
also been shown to reduce nausea-induced conditioned gaping (Parker &
Mechoulam, 2003). However, this nonpsychoactive cannabinoid does
not bind to CBy or CB, receptors, but rather exerts antinausea effects
through activation of somatodendritic 5-HT autoreceptors of the dorsal
raphe nucleus (Rock et al., 2012), thereby limiting 5-HT release in terminal
forebrain regions underlying the experience of nausea. Furthermore, the car-
boxylic precursor of CBD, cannabidiolic acid (CBDA), exhibits even greater
potency compared to CBD 1in its ability to reduce LiCl-induced conditioned
gaping in rats (Bolognini et al., 2013). Taken together, cannabis constituents
suppress nausea through cannabinoid receptor-dependent and independent
mechanisms, and the acid precursors of these compounds may have an even
greater therapeutic potential in alleviating the sensation of nausea.

1.4 Endocannabinoids Reduce Acute Nausea-Induced
Conditioned Gaping

Early evidence that the endocannabinoid system is involved in the regula-
tion of nausea was largely the result of experiments assessing the effects of
THC, and animal studies were instrumental in demonstrating the ability
of CB; antagonists to modify these antinausea eftects. Therefore, these stud-
ies demonstrated the importance of CBj signaling in modulating the expe-
rience of nausea. As such, it should come as no surprise that recent studies
have focused on the role of endogenous ligands for CB; receptors and their
ability to modify nausea. With the development of compounds that increase
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levels of endogenously released anandamide and 2-AG (via inhibition of
FAAH and MAGL), these studies have provided important insights into
endocannabinoid regulation of nausea.

Inhibition of anandamide hydrolysis with the FAAH inhibitor,
URB597, has been shown to attenuate LiCl-induced aversive reactions
(but not gaping specifically) in the taste-reactivity test, with an even greater
suppressive effect following concomitant pretreatment with exogenous
anandamide (Cross-Mellor et al., 2007). More recently, the novel FAAH
inhibitor, PF3845, has also been shown to be considerably more effective
than URB597 in reducing acute nausea-induced conditioned gaping
(Rock et al., 2015). However, rimonabant only reversed the suppressive
effects of URB597 on aversive taste reactivity (Cross-Mellor et al., 2007),
whereas the peroxisome proliferator-activated receptor-o (PPAR)
antagonist, MK886, blocked the antinausea effect of PF3845 (Rock et al.,
2015). The fatty acid ethanolamides, PEA and OEA, although structurally
related to anandamide, do not bind to cannabinoid receptors; instead, these
lipids are known to activate a particular subtype of nuclear transcription fac-
tors known as PPARs (Issemann & Green, 1990). Specifically, OEA
(Fu et al., 2003) and PEA (Verme et al., 2005) bind to the PPARa subtype
to exert much of their biological eftects. In the case of nausea, the suppressive
effects of these lipids, indeed, appear to be through PPARa, and this finding
is consistent with the robust increases in OEA and PEA following PF3845
administration (Ahn et al., 2009).

Manipulations that increase levels of 2-AG have also been shown to
reduce acute nausea in rats. For example, administration of exogenous
2-AG (which is rapidly deactivated by MAGL) has been found to reduce
LiCl-induced conditioned gaping (Sticht et al., 2012), and inhibition of
MAGL-mediated hydrolysis of 2-AG for up to 24 h with the selective inhib-
itor, MJN110, has also been shown to reduce LiCl-induced conditioned
gaping (Parker et al., 2014). The antinausea eftects of MJN110 were blocked
following CB; antagonism, however, the suppressive eftects of 2-AG were
not attenuated following administration of a CB; or CB, antagonist, likely
because it had been metabolized by MAGL (Parker et al., 2014; Sticht et al.,
2012). In the latter case, administration of the cyclooxygenase (COX) inhib-
itor, indomethacin, blocked the ability of 2-AG to reduce nausea-induced
conditioned gaping, as well as its metabolic product, arachidonic acid (Sticht
et al., 2012). This finding suggests that downstream COX-derived metab-
olites of 2-AG (or arachidonic acid) may also play a role in reducing nausea,
as well (Sticht et al., 2012, 2015). Taken together, these findings
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demonstrated that various mechanisms underlie endocannabinoid suppres-
sion of nausea in rats; however, the particular brain structures that mediate
these actions remain less clear.

1.5 Brainstem Circuitry Involved in Nausea

[lness-inducing (emetic) stimuli activate key components of the gut—brain
axis to elicit the sensation of nausea and vomiting (in emetic-capable spe-
cies). Specifically, ingested toxins or pharmacological treatments stimulate
the release of serotonin from enterochromaftin cells of the gastrointestinal
tract (Andrews & Bhandari, 1993), which in turn activates 5-HTj3 or
5-HT, receptors located on vagal afferents (Nemoto et al., 2001) terminat-
ing in the dorsal vagal complex (DVC) of the brainstem (Andrews & Horn,
2006; Horn, 2014; Hornby, 2001). Alternatively, emetogens (toxins)
also gain access to the CNS through the area postrema (AP), a circum-
ventricular organ lying outside the blood brain barrier that functions as an
important chemoreceptor for circulating toxins in the blood and cerebrospi-
nal fluid (Miller & Leslie, 1994). In either case, these signals activate neurons
in the DVC circuit (Leslie, 1985), and wvisceral information is relayed
from the nucleus of the solitary tract to the insular cortex (IC) via the para-
brachial nucleus and thalamus (Cechetto & Saper, 1987). Although endo-
cannabinoids have not been assessed for their potential to regulate nausea
through a direct action in the DVC, cannabinoid compounds have been
shown to reduce toxin-induced vomiting in ferrets through CB; (Van
Sickle et al., 2001, 2003) and CB, (Van Sickle et al., 2005) receptors in this
region; therefore, it is likely that endocannabinoids could exert antinausea
effects through similar mechanisms in the DVC and, thereby, inhibit the
relay of visceral malaise information to the forebrain.

1.6 Insular Cortex: A Critical Forebrain Area for Nausea

The earliest reports that the IC may be involved in nausea were from the
study of patients undergoing treatment for temporal lobe epilepsy. Upon
stimulation of the IC, visceral sensory phenomena were reported by patients
as the feeling of nausea and nausea-like gastric sensations (Penfield & Faulk,
1955). These findings have been reported in more recent studies in which
patients underwent a similar procedure that included stimulation of the IC
(Catenoix et al.,, 2008; Isnard, Guénot, Sindou, & Mauguicre, 2004;
Ostrowsky et al., 2000). Recently, the brain circuitry underlying nausea
has been explored in functional neuroimaging studies in humans
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(Napadow et al., 2013; Sclocco et al., 2014), revealing an important role for
the IC. Specifically, Napadow et al. (2013) demonstrated that a strong sen-
sation of nausea resulted in sustained activation of the interoceptive insula, as
well as limbic and subcortical regions. Importantly, autonomic activation,
which is essential for nausea perception (LaCount et al., 2011), appears to
be modulated by the IC (Sclocco et al., 2014). The IC also plays a central
role in the processing of disgust-related facial expressions (see Calder,
Lawrence, & Young, 2001) and the experience of disgust in response to nau-
seating stimuli (Calder et al., 2007). Therefore, these studies demonstrate the
importance of the IC in several aspects of nausea and disgust. In rats, the IC
likely plays a similar role, because ablation of this entire region has been
shown to selectively interfere with the establishment of LiCl-induced con-
ditioned gaping, but not taste avoidance (Kiefer & Orr, 1992).

The rat IC is composed of three distinct cellular layers along the rostro-
caudal axis (Krieg, 1946), extending from a ventral agranular layer through
dysgranular and granular layers located more dorsally (Cechetto & Saper,
1987; Krieg, 1946). These cortical layers correspond to rostrally located
taste-responsive neurons contained in the agranular and dysgranular layers,
while general visceral stimulation comprises the neurons in the granular
layer known as the visceral insular cortex (VIC) (Cechetto & Saper,
1987). In the case of the VIC, this subregion receives visceral information
from the brainstem DVC (and parabrachial nucleus) and is relayed through
the ventroposterolateral parvicellular (VPLpc) thalamic nucleus before
reaching the posterior granular layer of the IC (Cechetto & Saper, 1987).
This area appears to be critically involved in the sensation of nausea as deter-
mined using a number of different approaches and techniques. Contreras et al.
(2007) demonstrated that temporary inactivation of this area attenuated LiCI-
induced lying-on-belly behavior. Moreover, LiCl administration results in
VIC Fos immunoreactivity (Contreras et al., 2007; Sticht et al., submitted),
an index of neural activation during an episode of nausea. Recently, a
5-HT; agonist, mCPBG, was found to elicit conditioned gaping when deliv-
ered directly to the VIC (Tuerke, Limebeer, Fletcher, & Parker, 2012), while
the conventional 5-HT; antagonist, ondansetron or the synthetic cannabi-
noid, HU-210, reduced nausea-induced conditioned gaping (Limebeer,
Rock, Mechoulam, & Parker, 2012; Tuerke et al., 2012). Thus, activation
of the VIC by serotonin appears to underlie an experience of nausea in rats
and inactivation of this region via CB1-signaling serves to reduce its sensation.

Recently, the role of the VIC endocannabinoid system has been further
investigated in which the effects of exogenous anandamide and 2-AG were
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assessed following localized administration. Specifically, intra-VIC 2-AG,
but not anandamide, effectively suppressed conditioned gaping; however,
intra-VIC-treated rats still displayed conditioned taste avoidance to LiCl-
paired saccharin regardless of the endocannabinoid treatment (Sticht
et al., 2015). Most likely because of rapid metabolism by MAGL, the anti-
nausea effects of 2-AG within the VIC were not reversed following CB;4
antagonism, but were blocked with the COX inhibitor, indomethacin
(Sticht et al., 2015). This pattern was observed in a previous study with sys-
temic administration of 2-AG, in which its antinausea effects were also
reversed following COX enzyme inhibition (Sticht et al., 2012).

In a separate study, inhibition of endocannabinoid catabolic enzymes
within the VIC was also found to reduce conditioned gaping, as well. Con-
sistent with the effects of systemic MAGL inhibition, intra-VIC MJN110
administration blocked the establishment of conditioned gaping without
modifying taste avoidance (Sticht et al., submitted). However, unlike exog-
enous 2-AG in the VIC, localized MAGL inhibition reduced nausea via CB;
receptor signaling because the effects of MJN110 were reversed by AM-251,
but not the COX inhibitor, indomethacin. This finding suggests that under
conditions of reduced 2-AG metabolism, the antinausea effects are mediated
by CBy receptors; yet, downstream (COX) metabolic products of 2-AG also
play a role to reduce nausea, as well (Sticht et al., 2012, 2015). Interestingly,
neither of the FAAH inhibitors URB597 nor PF3845 were effective in
reducing conditioned gaping in rats following intra-VIC administration,
although the combination of URB597 together with exogenous ananda-
mide was effective when delivered into the VIC (Sticht et al., submitted).
This finding is particularly noteworthy given that URB597 did not suppress
conditioned gaping when administered systemically (Cross-Mellor et al.,
2007; Rock et al., 2015). Altogether, these behavioral results are consistent
with the finding that LiCl administration results in a selective increase in
2-AG levels over anandamide within the VIC (Sticht et al., submitted); thus,
it appears that the eftects of the VIC endocannabinoid system during an
experience of acute nausea are mediated by the multiple actions of
2-AG—either through CB; receptors or downstream metabolic products.

1.7 Motion Sickness in Rodents

The animal models discussed thus far have all assessed the eftects of pharma-
cologically induced illness. However, several published investigations have
utilized a measure of motion-induced illness that is a purported index of
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motion sickness in rodents (Wei et al., 2011; Yu, Cai, Liu, Chu, & Su,
2007). Specifically, this model assesses the extent to which rotation-induced
illness elicits the symptoms of piloerection, tremble, and urinal/fecal incon-
tinence. The classic anticholinergic drug (muscarinic antagonist), scopol-
amine, has been shown to reduce this motion sickness index in rats
(Yu et al., 2007) and mice (Wei et al., 2011; Yu et al., 2007), as did admin-
istration of other antimotion sickness drugs such as the antihistamine and
diphenhydramine (Wei et al., 2011). Bilateral labyrinthectomy (disruption
of the vestibular system) in mice reduced the index of motion sickness
(Wet et al., 2011), and, interestingly, a labyrinthectomy procedure has also
been shown to disrupt the establishment of conditioned gaping in rats to a
flavor paired with motion-induced illness (Ossenkopp et al., 2003).
Although no direct endocannabinoid manipulations have been assessed
for their potential to reduce motion sickness in rodents, Zheng, Wang,
Mo, and Li (2014) demonstrated that dexamethasone treatment, which
directly increases levels of anandamide and 2-AG (Di, Malcher-Lopes,
Marcheselli, Bazan, & Tasker, 2005), resulted in fewer motion sickness-
related symptoms and, surprisingly, the CB; antagonist, AM-251, prevented
the suppressive effects of dexamethasone on motion-induced illness (Zheng
et al., 2014). Moreover, whereas anandamide levels remained unchanged
following rotation and dexamethasone treatment, 2-AG levels appeared
to decline following rotation yet remained steady among rats receiving dexa-
methasone (Zheng et al,, 2014). And, similar to human participants
experiencing motion sickness (Chouker et al., 2010), rats also displayed a
reduction in CB; mRNA and CB, protein observed in the stomach and
brainstem DVC in response to rotation, whereas dexamethasone-pretreated
rats did not display a decrease in CB receptors Zheng et al., 2014. Alto-
gether, it appears that dexamethasone, a drug that is prescribed to reduce
nausea and vomiting among chemotherapy patients (and has been shown
to increase 2-AG and anandamide), reduces the severity of motion sickness
through a CB; receptor-dependent mechanism.

2. ENDOCANNABINOIDS IN ANTICIPATORY NAUSEA
2.1 Human Studies of Anticipatory Nausea

Cancer patients undergoing outpatient chemotherapy treatment can
develop AN as a result of the association between the contextual cues of
the chemotherapy clinic, with the subsequent nausea experienced from their
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treatment (Nesse, Carli, Curtis, & Kleinman, 1980). Initially, clinic staff clas-
sified this phenomenon as a type of neurosis until Nesse et al. (1980)
described it as a form of Pavlovian conditioning defined as AN (Burish &
Carey, 1986; Eckert, 2001; Hickok, & Morrow, 2002; Kamen et al.,
2014; Matteson, Roscoe, Nesse et al., 1980; Stockhorst, Steingrueber,
Enck, & Klosterhalfen, 2006). Consistent with predictions based on condi-
tioning theory, across eight chemotherapy infusions, patients experiencing
AN indicated that they had greater increases in the severity of AN closer to
scheduled infusions relative to more distal times (Montgomery & Bovbjerg,
1997). These findings may perhaps inform clinical practices, such that
patients could administer prophylactic treatments prior to their arrival at
the clinic to ameliorate AN severity.

Some 25-59% of chemotherapy patients experience AN during
their treatment course (Akechi et al., 2010; Bovbjerg et al., 1992; Hickok,
Roscoe, & Morrow, 2001; Stockhorst, Klosterhalfen, Klosterhalfen,
Winkelmann, & Steingrueber, 1993; Tyc, Mulhern, & Bieberich, 1997,
Watson, McCarron, & Law, 1992; Zachariae et al., 2007). The risk of devel-
oping AN increases with the number of chemotherapy cycles a patient
undergoes during which nausea has not been properly managed, and can occur
in 25-39% of chemotherapy patients after their fourth treatment cycle (Aapro,
Molassiotis, & Olver, 2005; Hickok et al., 2003; Janelsins et al., 2013; Morrow
et al., 1998; Morrow, Roscoe, Kirshner, Hynes, & Rosenbluth, 1998;
Roscoe, Morrow, Aapro, Molassiotis, & Olver, 2011). Once AN does
develop, it is refractive to pharmacological treatment by antiemetics such as
the classic 5-HT;5 receptor antagonist ondansetron (Aapro et al., 2005;
Foubert & Vaessen, 2005; Morrow et al., 1998), and is currently treated with
nonspecific antianxiety drugs (benzodiazepines, such as lorazepam), which
have unpleasant sedative side eftects (Malik et al., 1995; Razavi et al., 1993).

It is clear from the literature that, currently, AN is not properly managed
in the clinic. This portion of the chapter will focus on current animal models
of AN and the potential of endocannabinoids as treatments for this dis-
tressing symptom of chemotherapy, for which there is currently no specific
treatment. The efficacy of these treatments/manipulations in animal models
is presented in Table 2.

2.2 Cannabinoid Treatments for Anticipatory Nausea
in Humans

Cannabinoid compounds such as THC have been shown to be effective in
managing acute nausea in human patients (as discussed above) and to reduce
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Table 2 Efficacy of Various Compounds Tested for Alleviation of Anticipatory Nausea
for Humans or in Animal Models

Compound

Efficacy in Human AN

Efficacy in Animal Models of AN

Traditional pharmacological agents

5-HTj; receptor

Ineftective (reviewed in Aapro

Ineffective in LiCl-induced rat

antagonists et al., 2005; Eckert, 2001; gaping (Limebeer et al., 2006;
Figueroa-Moseley et al., 2007; Rock et al., 2014)
Kamen et al., 2014; Morrow & Ineffective in LiCl-induced
Hickok, 1993; Morrow & shrew gaping (Parker et al.,
Rosenthal, 1996; Morrow 20006)
et al., 1998; Mustian et al.,
2011; Stewart, 1990)

Benzodiazepines Effective (Malik et al., 1995;  Reduced LiCl-induced rat

Razavi et al., 1993)

gaping (Rock et al., 2014)

Cannabinoid treatments

Dronabinol Less effective than D, receptor Not evaluated
(Marinol) antagonist alone (Lane et al.,
1991) or D, receptor
antagonist + dronabinol
THC Not evaluated Reduced LiCl-induced rat
gaping (Limebeer et al., 2006;
Rock et al., 2014)
Reduced LiCl-induced shrew
gaping (Parker & Kemp, 2001;
Parker et al., 2006)
THCA Not evaluated Reduced LiCl-induced rat
gaping (Rock et al., 2013)
CBD Not evaluated Reduced LiCl-induced rat
gaping (Rock et al., 2008)
CBDA Not evaluated Reduced LiCl-induced rat

gaping (Bolognini et al., 2013;
Rock et al., 2014)

Endocannabinoid manipulations

FAAH
inhibition

Not evaluated

Reduced LiCl-induced rat
gaping (Rock et al., 2008,
2015)

Continued
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Table 2 Efficacy of Various Compounds Tested for Alleviation of Anticipatory Nausea
for Humans or in Animal Models—cont'd

Compound Efficacy in Human AN Efficacy in Animal Models of AN

MAGL Not evaluated Reduced LiCl-induced rat

inhibition gaping and LiCl-induced
shrew gaping (Parker et al.,
2015)

FAAH and Not evaluated Reduced LiCl-induced rat

MAGL gaping (Limebeer et al., 2014)

inhibition

AN in animal models (discussed further below). Therefore, there is a need
for human trials investigating the ability of the endocannabinoid system to
reduce AN.

To our knowledge, only one published human clinical trial has examined
the effects of a CB receptor agonist in human AN patients. When compared
with prochlorperazine (a dopamine D, receptor antagonist) alone or in
combination, dronabinol (Marinol) was less effective at reducing AN
(AN occurred in 30% of dronabinol group, 0% in prochlorperazine group,
26% in combination group, Lane etal., 1991). Of'interest is the fact that 86%
of the patients evaluated were receiving highly emetogenic chemotherapeu-
tic agents. Therefore, it is possible that dronabinol may not be as effective for
AN that has developed as a result of nausea and/or vomiting in response to
highly emetogenic chemotherapeutics.

As proper management of acute nausea is crucial in the prevention of AN
development, the ability of THC and its synthetic derivatives to manage
acute nausea (as discussed earlier) should decrease the risk of developing
AN. Clinical trials need to specifically evaluate these compounds’ efficacies
in reducing AN. Unfortunately, no published reports have directly com-
pared THC (or its synthetic analogs) with the current first-line treatment
of 5-HT}; receptor antagonist/dexamethasone/NK1 receptor antagonist,
on acute, or anticipatory chemotherapy-induced nausea in human clinical
trials, or even in animal models.

Investigations surrounding the role of the endocannabinoid system in
nausea have relied mainly on animal models. To our knowledge, no human
clinical trials have been conducted with FAAH or MAGL inhibitors in AN;
thus, there is a clear need for these pharmacological tools to be moved into
the clinic.
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2.3 Animal Studies of Anticipatory Nausea: Contextually
Elicited Conditioned Gaping

The lack of reliable rodent preclinical models of AN has limited the devel-
opment of an effective pharmacological treatment for AN. The most parsi-
monious explanation for AN in chemotherapy patients is the development
of a conditional association between nausea-inducing chemotherapy treat-
ment and the contextual cues of the clinic where treatment is dispensed. This
type of association is seen in the rat and supports the validity of a rodent
model of AN.

As previously discussed, rats display conditioned gaping (rapid, large-
amplitude opening of the mouth and simultaneous retraction at the corners
of the mouth; Grill & Norgren, 1978) in response to the infusion of a fla-
vored solution (such as sweet saccharin) that has previously been paired with
an emetic drug such as LiCl. If suppressed consumption in a LiCl-paired
context is a measure of AN, as suggested by Rodriguez et al. (2000), then
the intraoral infusion of a novel solution in that environment should elicit
gaping in rats. This hypothesis was tested by Limebeer et al. (2006) such that
at test, rats were placed in the LiCl-paired context and infused with a novel
saccharin solution for one min every five min during a 30-min test. Rats
gaped to the infusion of saccharin, thus supporting the hypothesis. Most
interestingly, gaping was also displayed during the interinfusion interval,
suggesting conditioned nausea was also elicited by the context. To rule
out the possibility that this gaping may have simply been an artifact of sac-
charin entering/remaining in the oral cavity between infusions, Limebeer
et al. (2008) explored whether a LiCl-paired context could elicit condi-
tioned gaping in the absence of a flavored solution. Indeed, exposure to
the LiCl-paired context elicited conditioned gaping responses, as did expo-
sure to a context where provocative motion stimulation was experienced.
These results indicated that alternative nausea-inducing conditioned stimuli
(such as contextual cues) are capable of eliciting gaping responses in rats.
Conditioned gaping to a LiCl-paired context in rats is analogous to the
phenomenon of AN experience by outpatient chemotherapy patients upon
returning to the clinic context where they have received illness-inducing
chemotherapy treatment. Interestingly, the Suncus murinus (house musk
shrew), which vomits in response to an emetic treatment, also displays a
conditioned gaping reaction when returned to a LiCl-paired context
(Parker & Kemp, 2001; Parker, Kwiatkowska, & Mechoulam, 2006;
Parker et al., 2015). Interestingly, as seen with human chemotherapy
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patients, ondansetron does not interfere with the expression of contextually
elicited conditioned gaping in either rats or shrews (Limebeer, Hall, &
Parker, 2006; Parker & Kemp, 2001; Parker et al., 2006; Rock et al., 2014).

2.4 Cannabinoid Treatments Reduce Anticipatory Nausea
in Rodents

In animal models, THC (0.5-10 mg/kg, ip), but not ondansetron, attenu-
ated contextually elicited gaping in rats (Limebeer et al., 2006; Rock et al.,
2014). These results indicate that just as in human studies, ondansetron is
ineffective in conditioned gaping models of AN, while THC is effective.
Currently, human patients are treated with benzodiazepines (Razavi
et al.,, 1993) for AN; indeed the benzodiazepine, chlordiazepoxide, also
suppressed contextually elicited gaping in rats, but unlike THC, only at a
dose that also impaired locomotor activity (Rock et al., 2014). In addition,
THC (3 mg/kg) also suppresses contextually elicited gaping in shrews
(Parker & Kemp, 2001; Parker et al., 2006) without altering locomotor
activity. Therefore, THC may be a more desirable therapeutic over benzo-
diazepines in treating AN.

THC’s acidic precursor, THCA (0.05 mg/kg, ip), which is thought to
be devoid of psychoactive properties (Grunfeld & Edery, 1969), potently
attenuated contextually elicited gaping in rats (Rock et al., 2013). The sup-
pression of contextually elicited gaping by THCA was via CB; receptors as
administration of SR 141716 blocked this effect (Rock et al., 2013). There is,
however, the possibility that THCA could exhibit CB; receptor-mediated
abuse liability problems (see Oliere, Joliette-Riopel, Potvin, & Jutras-
Aswad, 2013, for a recent review), perhaps making it a less desirable ther-
apeutic agent for AN over that of other phytocannabinoids.

As mentioned earlier in the chapter, there is an increasing interest in the
therapeutic potential of another well-studied cannabis constituent, CBD,
which has also been shown to reduce contextually elicited gaping in rats
(Parker & Mechoulam, 2003). Although it does not bind to CB; or CB,
receptors, CBD is likely to reduce forebrain 5-HT release through an action
at somatodendritric 5-HT, autoreceptors of the dorsal raphe nucleus
(Rock et al., 2012). Furthermore, as with suppression of acute nausea,
CBDA exhibits even greater potency compared to CBD in its ability to
reduce AN in rats, as well (Bolognini et al., 2013). As such, CBDA appears
to be a promising treatment for AN that is devoid of CB;-related psycho-
tropic side effects.
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2.5 Endocannabinoid Manipulations Reduced Anticipatory
Nausea in Rodents

In addition to managing acute nausea, the endogenous cannabinoid system
hasalso been implicated in the control of AN (see Parkeretal., 2015 forreview).
FAAH and/or MAGL inhibitors extend and enhance the eftects of the endog-
enous CBy and/or PPAR « ligands when they are produced selectively in the
relevant brain region. Therefore, FAAH and/or MAGL inhibition might be a
preferred therapeutic option, over that of direct exogenous CB; agonists like
THC, which “flood” the system. As there are no specific treatments for
AN, inhibition of the enzymes that deactivate endocannabinoids may be an
effective treatment option for these patients. Additionally, as FAAH or MAGL
inhibition suppresses chemotherapy-induced neuropathic pain in animal
models (Guindon, Lai, Takacs, Bradshaw, & Hohmann, 2013), manipulation
of the endocannabinoid system may be dually beneficial for chemotherapy
patients who suffer from AN and neuropathic pain.

2.5.1 FAAH Inhibition

Inhibition of FAAH eftectively reduces contextually elicited gaping in rats,
presumably through elevation of AEA. The FAAH inhibitor URB597
(0.3 mg/kg, ip) eftectively suppressed the expression of contextually elicited
gaping (Rock, Limebeer, Mechoulam, Piomelli, & Parker, 2008). This
effect was blocked by the administration of SR141617, indicating a CB;
receptor-mediated mechanism of action, likely due to AEA elevation
(Rock et al., 2008). Most recently, in comparison to URB597, the more
selective FAAH inhibitor PF-3845 (Ahn et al., 2009) reduced AN when
administered at 10 or 20 mg/kg (ip, Rock et al., submitted). This effect
was also CB; receptor mediated, but not PPARa mediated (as compared
to acute nausea), as SR141716, but not MK886 reversed this effect
(Rock et al., 2015). These results are intriguing, as it seems that PF-3845
and URB597 suppressed AN via CB; receptor activation (but not PPAR«
activation), presumably by elevating AEA; whereas PF-3845 (but not
URB597) suppressed acute nausea via PPARa activation (but not CBy
receptor activation), presumably by elevating OEA and PEA.

2.5.2 MAGL Inhibition

Inhibition of MAGL also effectively reduces contextually elicited gaping in
rats and shrews. The selective MAGL inhibitor, MJN110 (10, 20 mg/kg, ip),
interfered with the expression of contextually elicited gaping in rats, and this
effect was blocked by pretreatment with SR141716 (Parker et al., 2014). In
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addition, MJN110 (20 mg/kg, ip) also suppressed contextually elicited con-
ditioned gaping in shrews to a LiCl-paired context.

2.5.3 Dual FAAH and MAGL Inhibition

Dual inhibition of FAAH and MAGL also effectively reduced contextually
elicited gaping in rats. The dual FAAH-MAGL inhibitor JZL195
(10 mg/kg, ip) suppressed contextually elicited gaping and elevated AEA,
PEA, and OEA (Limebeer et al., 2014). This effect was blocked by
SR 141716 (but not by AM630) indicating a CB; receptor-mediated effect.
The suppressive effect of JZL195 on gaping, along with the corresponding
elevation of AEA and 2-AG, was augmented by pretreatment with either
AEA or 2-AG. Furthermore, AEA alone (but not 2-AG) also suppressed
gaping; an effect that was blocked by CB; receptor antagonism. These results
indicate that JZL195 reduced AN primarily by inhibiting FAAH, but inhi-
bition of MAGL is also indicated. Further work should clarify the interaction
between AEA and 2-AG, through the use of dual FAAH and MAGL inhi-
bition, in the suppression of contextually elicited gaping in rats.

3. CONCLUSIONS

Since the discovery of the endocannabinoid system, our understand-
ing of the mechanism(s) by which cannabinoids reduce nausea and vomiting
has been greatly improved. Indeed, animal models demonstrate that direct
CBj agonists reduce both acute nausea and AN. As well, since novel FAAH
and MAGL inhibitors have been developed, these pro-endocannabinoid
manipulations have also been shown to possess great potential in the treat-
ment of both acute nausea and AN. Since nausea is much more resistant to
conventional treatments such as 5-HT; antagonists, manipulations of the
endocannabinoid system have great promise for reducing this distressing side
effect of cancer treatment. Determining the generality of the potential for
endocannabinoid manipulations to reduce all forms of nausea (in response
to various nauseating stimuli) is important in understanding the mechanisms
underlying its sensation and experience.
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Abstract
The hypothalamus is a part of the brain that is critical for sustaining life through its
homeostatic control and integrative regulation of the autonomic nervous system
and neuroendocrine systems. Neuroendocrine function in mammals is mediated mainly
through the control of pituitary hormone secretion by diverse neuroendocrine cell
groups in the hypothalamus. Cannabinoid receptors are expressed throughout the
hypothalamus, and endocannabinoids have been found to exert pronounced regula-
tory effects on neuroendocrine function via modulation of the outputs of several
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neuroendocrine systems. Here, we review the physiological regulation of neuroendo-
crine function by endocannabinoids, focusing on the role of endocannabinoids in
the neuroendocrine regulation of the stress response, food intake, fluid homeostasis,
and reproductive function.

Cannabis sativa (marijuana) has a long history of recreational and/or medicinal use
dating back to ancient times. It was used as an analgesic, anesthetic, and antianxiety
herb as early as 2600 B.C. The hedonic, anxiolytic, and mood-elevating properties of can-
nabis have also been cited in ancient records from different cultures. However, it was
not until 1964 that the psychoactive constituent of cannabis, Ag-tetrahydrocannabinol,
was isolated and its chemical structure determined (Gaoni & Mechoulam, 1964).

1. THE ENDOCANNABINOIDS AND THEIR RECEPTORS

The type 1 cannabinoid (CB;) receptor was first identified as a hetero-
trimeric GTP-binding protein-coupled receptor and as the predominant
cannabinoid receptor in the brain in 1990 (Matsuda, Lolait, Brownstein,
Young, & Bonner, 1990). Radiolabelled cannabinoid-binding studies rev-
ealed that the CB; receptor is one of the most abundant G protein-coupled
receptors in the brain (Herkenham et al., 1991) The type 2 cannabinoid
(CB,) receptor was subsequently identified in 1993 and is expressed at
highest levels in peripheral immune tissues (Munro, Thomas, & Abu-
Shaar, 1993), but was also subsequently identified in the central nervous sys-
tem, albeit at significantly lower levels (Gong et al., 2006; Van Sickle et al.,
2005). Both of the known cannabinoid receptors are coupled to Ga;,,,
which is negatively coupled to adenylyl cyclase activity and downregulates
cAMP production. CBy receptors are localized primarily on the presynaptic
terminals of glutamatergic and GABAergic synapses, where they reduce the
release probabilities of glutamate and GABA and modulate excitatory and
inhibitory neurotransmission (Di, Malcher-Lopes, Halmos, & Tasker,
2003; Hirasawa et al., 2004; Melis et al., 2004; Ohno-Shosaku et al.,
2002; Wilson & Nicoll, 2001), although they have also been reported to
modulate the release of other neurotransmitters, such as norepinephrine
(Carvalho & Van Bockstaele, 2012). Activation of presynaptic CB; recep-
tors has been shown to suppress calcium influx via presynaptic voltage-gated
calcium channels (Wilson, Kunos, & Nicoll, 2001), and to facilitate the
opening of presynaptic voltage-gated potassium channels (Mackie, Lai,
Westenbroek, & Mitchell, 1995), which lead in both cases to a decrease
in the probability of neurotransmitter release.
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The endogenous ligands for the CB; and CB, receptors, the endo-
cannabinoids (eCBs), were isolated in the early 1990s and belong to a family
of long-chain polyunsaturated fatty acids. The two best characterized and
widely studied eCBs are N-arachidonoylethanolamine (AEA), also known
as anandamide, and 2-arachidonoylglycerol (2-AG) (Hillard, 2000). Both
AEA and 2-AG are produced from lipid precursors in the plasma membrane,
albeit under different conditions. Because of their hydrophobic properties,
AEA and 2-AG are not stored in vesicles, but are released upon synthesis by
metabolic enzymes. Although both are synthesized and released via enzy-
matic activation, recent evidence suggests that AEA may be constitutively
synthesized and released tonically (Di, Popescu, & Tasker, 2013; Kim &
Alger, 2010), whereas 2-AG synthesis is stimulated phasically by electrical
activity-, GPCR-~, or steroid receptor-dependent mechanisms (Di et al.,
2013; Hashimotodani et al., 2013; Kim & Alger, 2010), which are often
associated with an increase in intracellular calcium. Both AEA and 2-AG
are thought to work in the brain primarily as retrograde messengers, synthe-
sized and released by postsynaptic neurons and act at presynaptic cannabi-
noid receptors to suppress neurotransmitter release. However, e¢CB
actions have also been reported to modulate postsynaptic membrane prop-
erties via putative autocrine actions (Bacci, Huguenard, & Prince, 2004;
Marinelli et al., 2008). While both AEA and 2-AG bind to CB; and CB,
receptors, AEA also binds to and activates the transient receptor potential
vanilloid type 1 (TRPV1) receptor, which can increase calcium influx
and stimulate neurotransmitter release, the opposite effect of cannabinoid
receptor activation (Di Marzo et al., 1998).

The biosynthesis of AEA has not been fully characterized, however one
pathway has been described in which phospholipase D (NAPE-PLD)
cleaves  the lipid precursor  N-arachidonoylphosphatidylethano
lamine (NAPE) to synthesize AEA (D1 Marzo et al., 1994). Other pathways
also have been proposed that utilize phospholipase A2 (Sun et al., 2004) or
phospholipase C and protein phosphatase activity (Liu et al., 2006). Inter-
estingly, genetic deletion of NAPE-PLD does not reduce AEA levels in
the mouse brain (Leung, Saghatelian, Simon, & Cravatt, 2006), which sug-
gests that there are multiple alternative routes to AEA synthesis (Malcher-
Lopes, Franco, & Tasker, 2009). The 2-AG synthetic pathway is induced
by activation of diacylglycerol (DAG) and the downstream activation of a
DAG lipase (Bisogno et al., 2003) that acts on membrane phosphatidic acid
to stimulate 2-AG production (Bisogno, Melck, Petrocellis, & Marzo,
2008). 2-AG and AEA are degraded by different enzymes at synapses in
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the brain. 2-AG is acted on primarily by monoacylglycerol lipase to produce
arachidonic acid and glycerol (Di Marzo et al., 1998; Saario, Savinainen,
Laitinen, Jarvinen, & Niemi, 2004). AEA is hydrolyzed by fatty acid amide
hydrolase (FAAH) into arachidonic acid and ethanolamine (Di Marzo
et al., 1994).

Endocannabinoid synthesis and release can be induced by the electrical
activation of neurons. Thus, depolarization during action potential genera-
tion leads to calcium influx that can induce the synthesis of an eCB, likely to
be 2-AG, which is released retrogradely and acts at presynaptic cannabinoid
receptors to suppress transmitter release. This activity-dependent eCB
release is referred to as depolarization-induced suppression of inhibition
(DSI) if it occurs at GABA synapses and as depolarization-induced suppres-
sion of excitation (DSE) at glutamate synapses. Several G protein-coupled
receptors that signal via Gag are also capable of stimulating eCB synthesis
and release. These include muscarinic cholinergic receptors (Kim,
Isokawa, Ledent, & Alger, 2002), dopamine receptors (Giuffrida et al.,
1999), and metabotropic glutamate receptors (Varma, Carlson, Ledent, &
Alger, 2001). The Gag-coupled receptors can either elicit eCB release on
their own or they can facilitate the activity-dependent release of eCB.

Steroids have also been reported by us and others to induce the synthesis
and retrograde release of eCBs via nongenomic signaling mechanisms at glu-
tamate and/or GABA synapses in different parts of the brain. For example,
the synthesis and release of an eCB, likely to be 2-AG, is induced by glu-
cocorticoids at glutamate synapses in the hypothalamus (Di et al., 2003;
Di, Malcher-Lopes, Marcheselli, Bazan, & Tasker, 2005; Malcher-Lopes
et al., 20006), at GABA synapses in the prefrontal cortex (Hill et al., 2008,
2011), and at glutamate and GABA synapses in the basolateral amygdala
(Karst, Berger, Erdmann, Schiitz, & Joéls, 2010; Di, Itoga, Fisher,
Solomonow, Gilpin, et al., unpublished data). Estrogen causes a rapid sup-
pression of inhibition by activating metabotropic glutamate receptors that
induce eCB release at GABA synapses onto hippocampal CA1 neurons of
female, but not male rats (Huang & Woolley, 2012). We discuss this form
of steroid-induced eCB release in the context of modulation of neuroendo-
crine circuits later in the review.

2. CANNABINOID REGULATION OF THE
NEUROENDOCRINE STRESS RESPONSE

The hypothalamic—pituitary—adrenal (HPA) axis is the main neuroen-
docrine system activated as part of the stress response. During exposure to a
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stressor, corticotropin-releasing hormone (CRH) neurons in the para-
ventricular nucleus of the hypothalamus (PVN) release CRH from their
axons in the median eminence into the portal capillaries feeding the anterior
pituitary gland. Portal CRH activates ACTH release from corticotropes of
the anterior pituitary into the general blood circulation. Circulating adreno-
corticotropic hormone (ACTH) then acts on the adrenal cortex to trigger
the synthesis and systemic release of the final hormone products of the
HPA axis, corticosteroids. The hypothalamus and limbic system are critical
regulators of the HPA axis and sites of feedback regulation by corticosteroids
(Evanson, Tasker, Hill, Hillard, & Herman, 2010; Hill et al., 2011; Sapolsky,
Armanini, Packan, Sutton, & Plotsky, 1990). Immunohistochemical studies
have shown that CB; receptors are expressed within cortical-limbic and
hypothalamic circuits in rats, including in the PVN, the amygdala, the hip-
pocampus, the bed nucleus of the stria terminalis (BNST), the anterior cin-
gulate cortex, and the prefrontal cortex (Marco et al.,, 2004). The ¢CB
system generally has been found to suppress activation of the HPA axis,
although opposing effects of cannabinoids on HPA output have been
reported that may be related to dose. Application of exogenous cannabinoid
agonists has been shown to regulate activation of the HPA axis, with high
doses of cannabinoids stimulating an HPA response and low doses con-
straining HPA activity (Marco et al., 2004; Martin-Calderon et al., 1998;
Romero et al., 2002; Weidenfeld, Feldman, & Mechoulam, 1994). The
activation of the HPA axis by high-dose cannabinoid administration may
contribute to the dysphoric response that includes increased anxiety and
decreased locomotor activity and exploration (Haller, Varga, Ledent, &
Freund, 2004). Blockade of CRH receptors centrally attenuates cannabinoid
receptor-mediated anxiogenic behavior (Chaperon & Thiebot, 1999).
These studies demonstrate a close interaction between eCB signaling and
HPA axis activation. In this section, we discuss how eCB signaling regulates
the HPA axis under basal conditions and following acute and chronic stress
exposure.

2.1 Inhibitory Endocannabinoid Tone on the HPA Axis

Behavioral studies in mice with genetic deletion of CB; receptors show that
deficiency in CB; receptor signaling generally leads to anxiety-like
behavior, although this may be dependent on the context in which the
stressor 1s presented (Haller, Bakos, Szirmay, Ledent, & Freund, 2002;
Haller, Varga, Ledent, Barna, & Freund, 2004; Haller, Varga, Ledent, &
Freund, 2004). This suggests a tonic activation of CB; receptors by basal
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eCB levels that is anxiolytic under context-dependent conditions. Similarly,
pharmacological blockade of CB; receptors with systemic injection of the
CB; receptor antagonist rimonabant (SR141716) elicited anxiogenic
behavior, which was accompanied by elevated levels of serotonin and dopa-
mine in the hypothalamus, and may have resulted from HPA axis activation
(Arevalo, de Miguel, & Hernandez-Tristan, 2001). Consistent with this, sys-
temic administration of CB; antagonists acutely increased c-Fos expression
within the PVN and elevated peripheral corticosterone levels (Atkinson
et al., 2010; Doyon et al., 2006; Wade, Degroot, & Nomikos, 2006),
although the site of action of the CB; antagonist in these studies could have
been anywhere in the central stress circuitry. Somewhat surprisingly, micro-
injection of SR141716 into the PVN had no effect on basal HPA output
(Evanson et al., 2010), but injection into the basolateral complex of the
amygdala (BLA) increased HPA axis activation, indicated by an increase
in circulating corticosterone (Hill et al., 2009). The lack of eftect of CB;
receptor blockade in the PVN is not totally unexpected, since a tonic sup-
pression of GABA synaptic inputs to PVN neurons by eCB has also been
found (Oliet, Baimoukhametova, Piet, & Bains, 2007), which is mediated
by AEA (D1 et al., 2013), and blocking a tonic eCB suppression of GABA
release onto CRH neurons would be expected to inhibit, and not activate,
the HPA axis. Thus, the BLA has a tonic inhibitory influence on the HPA
axis and, therefore, it may suppress HPA activation under baseline,
unstressed conditions, and activation of the HPA axis may include a lifting
of this tonic inhibitory input from the BLA (Hill & Tasker, 2012) (Fig. 1).

2.2 Acute Stress Regulation of Endocannabinoids
and the HPA Axis

The AEA content of the amygdala decreases upon stress exposure (Patel
et al., 2005; Rademacher et al., 2008) (Fig. 1) due to a rapid induction of
the AEA degradative enzyme fatty acid amide hydrolase (FAAH) and
FAAH-mediated AEA hydrolysis, which suggests that the tonic eCB inhi-
bition of the BLA is exerted by AEA (Hill et al., 2009). Intra-BLA admin-
istration of a FAAH inhibitor attenuates activation of the HPA axis via
increased CB; receptor activation, since it was blocked by inhibiting CB
receptors (Bedse et al., 2014). It was recently shown that this rapid induction
of FAAH in the BLA is mediated by a stress-induced increase in CRH levels
(Gray et al., 2015). The CRH-induced decrease in AEA inhibitory tone in
the BLA, therefore, may contribute to the acute stress initiation of the HPA
response (Hill & Tasker, 2012).
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Figure 1 Tonic versus phasic endocannabinoid regulation excitatory and inhibitory syn-
apses. Tonic AEA release in the BLA is thought to tonically constrain excitatory synapses
onto BLA principle neurons. Lifting of the tonic eCB suppression of synaptic excitation
activates the BLA neurons, which contributes to the initiation of an HPA response (Gray
etal, 2015; Patel, Roelke, Rademacher, & Hillard, 2005). HPA activation leads to a surge in
circulating glucocorticoids, which feedback on the BLA and activate a membrane-
associated glucocorticoid receptor (mGR) on BLA principle neurons. This elicits a phasic
2-AG release at GABA synapses (Di et al., in revision; Hill et al., 2010), which further dis-
inhibits the BLA neurons, leading to increased BLA outputs.

While AEA has been found to be released tonically in the basolateral
amygdala (Di et al., in revision), and hypothalamus (Di et al., 2013), and
to exert a tonic inhibitory influence on the HPA axis, 2-AG appears to
act more as a phasic signal that is evoked during the stress response to atten-
uate or terminate the stress-induced activation of the HPA axis. Following
stress exposure, increased 2-AG levels have been observed in the PVN
(Di et al, 2013), hippocampus, and medial prefrontal cortex (Di,
Malcher-Lopes, et al., 2005; Evanson et al., 2010; Hill et al., 2011), but
not in the amygdala (Hill et al.,, 2009; Rademacher et al., 2008). While
the stress-induced decrease in AEA levels occurs rapidly upon stress presen-
tation, the stress-induced increase in 2-AG is comparatively delayed with
respect to the onset of the acute stress (Dubreucq et al., 2012). Systemic cor-
ticosterone administration in the unstressed rat or to rat brain slices causes a
rapid increase in 2-AG content in the PVN and hippocampus (Di, Malcher-
Lopes, et al., 2005; Hill et al., 2011; Wang et al., 2012), indicating that glu-
cocorticoids can induce 2-AG directly via 2 nongenomic mechanism and
suggesting that stress-induced glucocorticoid release activates 2-AG
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synthesis. In turn, 2-AG suppresses glutamate release within the PV, thus
decreasing the activity of PVIN CRH neurons and the HPA axis. Electro-
physiological studies in rat and mouse acute brain slices have demonstrated
that glucocorticoids induce a decrease in the excitatory synaptic inputs to
CRH neurons through the retrograde release of 2-AG and activation of pre-
synaptic CBy receptors at glutamate synapses (D1 et al., 2003, 2013; Nahar
etal., 2015; Tasker, Di, & Malcher-Lopes, 2005). This 2-AG-mediated sup-
pression of excitatory drive to the CRH neurons in the PVN contributes to
the feedback inhibition of the HPA axis by elevated glucocorticoid levels
during acute stress exposure (Evanson et al., 2010). Bilateral administration
of glucocorticoids into the PVN inhibits ACTH and corticosterone release
in response to acute stress, whereas intra-PVIN CB; receptor antagonist
application enhances stress activation of the HPA axis. The
glucocorticoid-induced 2-AG actions in the PVN are directed specifically
to glutamate synapses by astrocytes, while it is thought that tonic eCB
actions are mediated by AEA at GABA synapses and are independent of glial
regulation (Di et al., 2013).

Glucocorticoids also induce 2-AG release at GABA synapses in the
medial prefrontal cortex following stress, albeit on a slower time scale and
via a putative genomic mechanism (Hill et al., 2011). The medial prefrontal
cortex plays an inhibitory role in the regulation of the HPA axis by activating
a GABAergic inhibitory relay in the bed nucleus of the stria terminalis
(Radley, Gosselink, & Sawchenko, 2009). Glucocorticoid-induced eCB
suppression of synaptic inhibition and the resulting disinhibition of the pre-
frontal cortical principal neurons, therefore, lead to increased BNST
GABAergic input to the PVIN and suppression of the HPA axis. Together,
these glucocorticoid-2-AG interactions in the PVN and medial prefrontal
cortex indicate a combined role for glucocorticoid-induced 2-AG in
limbic-hypothalamic circuits in the negative feedback mechanism regulating
HPA axis activation.

2.3 Chronic Stress Regulation of Endocannabinoids
and the HPA Axis

In general, chronic stress animal models are designed to exhibit either habit-
uating or nonhabituating responses. Repeated exposure to homotypic
stressors models a habituating chronic stress, while exposure to variable
unpredictable stressors provides a model of nonhabituating chronic stress,
as the unpredictability of the successive stressors in the paradigm preclude
the development of coping strategies over the course of the chronic stress
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presentation. Similar to the effect of acute stress, both repeated homotypic
stress exposure (Hill etal., 2010; Patel et al., 2005) and chronic unpredictable
stress exposure (Hill et al., 2008) result in a reduction in AEA levels in the
cortical-limbic circuitry regulating the HPA axis, including in the prefrontal
cortex, amygdala, hippocampus, and hypothalamus (Hill et al., 2010; Patel
etal., 2005). Chronic unpredictable stress leads to a reduction in CB; recep-
tor binding and function in the nucleus accumbens (Wang et al., 2010), CB;
binding and expression in the hippocampus (Hill et al., 2005), and CB;
expression and function in the PVN of juvenile rats (Wamsteeker,
Kuzmiski, & Bains, 2010). The CB; receptor desensitization may be due
to direct actions of glucocorticoids, as chronic corticosterone treatment
can cause a similar reduction in CB; binding and/or protein content and
the stress-induced eCB desensitization is reversed by blocking glucocorti-
coid receptor (Hill et al., 2008; Hong et al., 2011; Rossi et al., 2008).
A reduction in tonic AEA levels and a downregulation of CB; receptor sig-
naling would be expected to result in the hypersensitivity of the HPA axis,
since it should cause a reduction in the baseline AEA constraint on the acti-
vation of stress circuits.

Both acute and chronic stressors have been reported to increase 2-AG
levels in stress circuits, although chronic stress generally induces more robust
changes. Increased 2-AG levels are more consistent following repeated
homotypic stress exposure (e.g., acute restraint or social defeat stress) com-
pared to chronic unpredictable stress. Generally, an increased 2-AG level
following a chronic homotypic stress has been observed in the amygdala,
hippocampus, medial prefrontal cortex, and hypothalamus (Dubreucq
et al., 2012; Rademacher et al., 2008). A possible mechanism underlying
the upregulation of 2-AG levels by stress exposure may be the reduced
expression of the 2-AG hydrolase, monoacylglycerol lipase, as is seen in
the amygdala (Sumislawski, Ramikie, & Patel, 2011).

Converging data from multiple studies, therefore, reveal a tight control
by eCBs of synaptic signaling in cortical-limbic and hypothalamic circuits
regulating the HPA axis (Tasker & Herman, 2011), a control that is regu-
lated by acute and chronic stress. A hypothetical model emerges from these
studies of endocannabinoid regulation of the stress circuitry, in which the
tonic AEA inhibitory constraint on stress circuits is lifted upon acute stress
exposure to facilitate the initiation of the HPA response to the stressor. Fol-
lowing acute stress activation of the HPA axis, elevated circulating glucocor-
ticoids feedback onto the brain and evoke 2-AG synthesis and release within
stress-related circuits, which contributes to the negative feedback regulation
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of the HPA axis. Chronic stress should lead to a sustained depression of
the AEA inhibitory tone in stress circuits, causing the disinhibition and
resulting hypersensitivity of these circuits (Hill et al., 2010; Patel et al.,
2005). Chronic stress is characterized by a hypersensivity of the HPA axis
(Herman, Adams, & Prewitt, 1995). Additionally, chronic stress may down-
regulate cannabinoid receptor mechanisms within stress circuits, which
would be expected to desensitize these circuits to the feedback inhibitory
regulation by glucocorticoids. Together, these plastic changes in the canna-
binoid regulation of the stress circuitry induced by chronic stress should
render these circuits hypersensitive to stress activation and less sensitive
to the negative feedback actions of glucocorticoids, resulting in a sus-
tained elevation of HPA activity, as is seen in certain stress-associated
disorders. We recently found that the HPA hypersecretion during chronic
stress is likely to be mediated by a sensitization of the HPA axis to excita-
tory inputs, rather than to a desensitization to rapid glucocorticoid feed-
back inhibition (Franco, Chen, Scullen, Zsombok, Salahudeen, et al.,
unpublished data).

3. ENDOCANNABINOID REGULATION OF ENERGY
HOMEOSTASIS

Cannabis has been used for its antiemetic and appetite-inducing prop-
erties for centuries, however, it was only recently that its effects were attrib-
uted to THC (Gaoni & Mechoulam, 1964). Since then, multiple
investigations have focused on identifying and understanding the eCBs that
THC mimics, AEA, and 2-AG. Central administration of THC and eCBs
stimulates eating (Hao, Avraham, Mechoulam, & Berry, 2000; Williams &
Kirkham, 1999). Specifically, THC administration can induce eating in sati-
ated animals (Williams, Rogers, & Kirkham, 1998). Not surprisingly, eCBs
mediate these effects by acting on some of the commonly studied metabolic
pathways in the brain. One area of the brain heavily implicated in metabo-
lism is the arcuate nucleus of the hypothalamus. The arcuate nucleus con-
tains distinct subpopulations of neurons that express neuropeptide Y (NPY),
agouti-related protein (AgRP), and proopiomelanocortin (POMC). NPY
and AgRP colocalize in the same population of arcuate neurons and serve
as appetite stimulators, while POMC is expressed in a separate arcuate sub-
population and is an appetite inhibitor (Denis, John, & Michael, 1999;
Hahn, Breininger, Baskin, & Schwartz, 1998). These neurons are able to
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sense blood-borne appetitive, or orexigenic, signals such as ghrelin, and sati-
ety, or anorexic, signals such as leptin. This is thought to be due to the close
proximity of the arcuate nucleus to a circumventricular organ, the median
eminence, and the expression of transporters within the arcuate nucleus that
actively pump these signals across the blood—brain barrier (Balland et al.,
2014; Norsted, Gomti¢, & Meister, 2008). The metabolic state-sensing neu-
rons in the arcuate nucleus project to second-order food regulation centers
in the hypothalamus, including the PVN and the lateral hypothalamus. Neu-
rons in the PVN inhibit, whereas neurons in the lateral hypothalamus stim-
ulate food intake (Atasoy, Betley, Su, & Sternson, 2012; Schwartz, Woods,
Porte, Seeley & Baskin, 2000). These second-order nuclei send their pro-
jections to the nucleus of the tractus solitarius (NTS), an area of the
brainstem that integrates food intake-related sensory information from the
periphery (Travers, Travers, & Norgren, 1987). As mentioned above, these
hypothalamic circuits respond to blood-borne metabolic signals. Leptin is a
potent metabolic hormone synthesized by white adipose tissue that works to
inhibit appetite; ghrelin, which is synthesized primarily by the stomach, is
also a potent metabolic hormone, but it works to stimulate appetite. These
molecules, along with the hormones peptide Y'Y, insulin, and glucose, allow
the periphery to communicate information on the metabolic state of the
organism to the central nervous system (Elmquist, Coppari, Balthasar,
Ichinose, & Lowell, 2005).

3.1 Endocannabinoids and Cannabinoid Receptors in Energy
Homeostasis

As described above, CB; receptors are the primary physiological target for
cannabinoids in the central nervous system. CB; receptors are widely
expressed in regions associated with metabolism, including the hypothala-
mus (Di Marzo & Matias, 2005). Genetic deletion of the CB; receptor gen-
erates a lean body phenotype, indicating the receptor’s importance in energy
metabolism (Cota et al.,, 2003). Additionally, in food-deprived mice,
blocking CB; receptors with the CB; receptor antagonist SR141716,
rimonabant, causes a reduction in food intake to a similar extent as CB; dele-
tion (D1 Marzo etal., 2001). These findings indicate the important role eCBs
can play in the regulation of appetite.

The mechanisms by which eCBs regulate food intake and energy metab-
olism have been the focus of intensive study in recent years because of the
relevance to the emerging societal problem of obesity. The administration of
peripheral or intrahypothalamic eCBs or CB agonists leads to an increase in
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food intake in rodents; this effect is blocked by pretreatment with a CB;4
antagonist (Cota, 2007). Within the hypothalamus, the levels of 2-AG are
inversely correlated to the animal’s energy status, increase during fasting
and decreased during refeeding (Kirkham, Williams, Fezza, & Di Marzo,
2002). At the level of the lateral hypothalamus, depolarization of lateral
hypothalamic neurons results in the release of eCBs that bind presynaptically
to CBy receptors at GABAergic axon terminals, suppressing inhibitory syn-
aptic inputs and thus further exciting the lateral hypothalamic neurons
(Jo, Chen, Chua, Talmage, & Role, 2005). Depolarization of neuroendo-
crine cells in the PVN causes 2-AG release at excitatory synapses, which sup-
presses excitatory synaptic inputs and decreases the excitatory drive to PVIN
neurons (Di Marzo & Matias, 2005; Di, Boudaba, et al., 2005; Di et al.,
2013; Yoshida et al., 2009). Together, the excitatory regulation of lateral
hypothalamic neurons and inhibitory regulation of PVN neurons by eCBs
should activate feeding-related autonomic and neuroendocrine outputs.

It has been shown that peripheral administration of AEA results in c-Fos
expression, an immediate early gene marker for neuronal activation, in the
PVN in as little as 45 minutes (Wenger, Jamali, Juanéda, Léonardelli, &
Tramu, 1997). More recently, it was shown that the actions of eCBs within
the PVN are not so straight-forward, and are actually dependent on the feed-
ing state of the animal. Specifically, in fasted animals the actions of eCBs
were found to be anorexic, while in free-fed animals the eCBs were
orexigenic (Soria-Gomez, Massa, et al., 2014).

3.2 Ghrelin and Endocannabinoids in Energy Homeostasis

Ghrelin is a 28-amino acid-peptide hormone that is synthesized primarily in
the stomach (Kojima et al., 1999). Ghrelin’s receptor, the growth-hormone
secretagogue receptor la (GHS-R 1a), is a G protein-coupled receptor that
induces intracellular calcium signaling upon homodimerization following
ligand binding (Kaiya, Kangawa, & Miyazato, 2013). Ghrelin exists in
two forms, acyl-ghrelin and des-acyl-ghrelin, with acyl-ghrelin being acyl-
ated at its serine-3 residue. This acylation allows acyl-ghrelin to activate the
GHS-R 1a, while des-acyl-ghrelin is inactive at GHS-R 1a. The acylation of
ghrelin is a unique biochemical process that is mediated by ghrelin
O-acyltransferase, which is a membrane-bound enzyme that is expressed
mainly in the stomach, but also in the hypothalamus (Cowley et al.,
2003; Gutierrez et al., 2008; Yang, Brown, Liang, Grishin, & Goldstein,
2008). When ghrelin is directly delivered into the CNS wvia
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intracerebroventricular injection, feeding behavior is increased along with
body weight gain. Also, central ghrelin administration induces c-Fos expres-
sion in NPY and AgRP neurons, both known for their importance in the
control of feeding behavior (Nakazato et al., 2001). Ghrelin is thought to act
through eCB release in the hypothalamus, since the CB receptor antagonist
SR 141716 blocks the orexigenic effects of intra-PVN ghrelin application
(Tucci, Rogers, Korbonits, & Kirkham, 2004). The effect of central ghrelin
administration was lost in CB;-KO mice, and inhibition of the 2-AG syn-
thetic enzyme diacylglycerol lipase blocked ghrelin’s effect. Ghrelin was also
found to increase the eCB concentration in the hypothalamus in wild-type
mice (Kola et al., 2008). Specifically, it appears that ghrelin’s ability in the
hypothalamus to induce feeding behavior is mediated by CB; receptors,
and not CB, receptors (Ting, Chi, Li, & Chen, 2015). Another link between
ghrelin and eCBs in the hypothalamus is their mutual capacity to stimulate
AMP-activated protein kinase activity, which stimulates appetite (Kola
et al., 2005). Not all of ghrelin’s actions in the hypothalamus, however,
are eCB-dependent. Ghrelin also stimulates vasopressin neurons in the
PVN via a retrograde neuronal—glial circuit, which is likely to couple the
energy state of the organism to fluid homeostasis (Haam, Halmos, Di, &
Tasker, 2014).

3.3 CRH, TRH, and Endocannabinoid Regulation of Energy
Homeostasis

CRH is a 41-amino acid-peptide hormone expressed in the PVN that plays
a key role as mediator of both the endocrine and behavioral stress responses.
CRH has also been shown to influence food intake, which may be related to
its role as a stress hormone. In rats, chronic intracerebroventricular admin-
istration of CRH suppressed food intake (Hotta et al., 1991) and inhibited
fasting-induced feeding (Pelleymounter et al., 2000). Investigation into the
mechanism of the CRH regulation of feeding behavior revealed that it acts
in the PVN to inhibit NPY -stimulated food intake (Heinrichs et al., 1993).
It was recently shown that CRH acts in the amygdala to elicit an increase in
the catabolic enzyme responsible for degrading AEA, FAAH, which leads to
a reduction in amygdalar AEA levels (Gray et al., 2015). Although this has
not been demonstrated in the hypothalamus, CRH in the PVN is a known
regulator of feeding behavior and may work through a similar mechanism to
alter feeding behavior by regulating eCB levels in the PVN. Interestingly,
FAAH knockout mice display reduced energy expenditure (Brown et al.,
2012), which indicates that FAAH may play a direct role in energy
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metabolism. Pregastric neurons in the PVN that control gastric motility are
subject to control by eCBs, which is likely to be mediated by AEA since both
CB; and TRPV1 receptors are implicated (Boychuk, Zsombok, Tasker, &
Smith, 2013) and AEA targets both receptors, whereas 2-AG binds only to
CB, receptors.

Thyrotropin-releasing hormone (TR H) is synthesized in neurons of the
PVN and acts as the main central regulator of the hypothalamic—pituitary—
thyroid axis by controlling the amount of thyroid-stimulating hormone
released from the pituitary and thyroid hormone secretion from the thyroid
(Fekete & Lechan, 2007). Thyroid hormones increase metabolic rate. Under
conditions of food deprivation, TRH neurons in the PVN are inhibited,
which reduces thyroid hormone secretion and levels in the systemic circu-
lation to maintain homeostasis and conserve energy (Lechan & Fekete,
2006). Central administration of TR H reduces feeding and drinking behav-
ior in rats (Vettor, Fabris, Pagano, & Federspil, 2002). CB receptors have
been localized to the presynaptic terminals of axons that innervate the TRH
neurons of the PVN (Deli et al., 2009), which suggests a role for eCBs in the
regulation of the hypothalamic—pituitary—thyroid axis and, therefore, in
another important facet of energy homeostasis.

3.4 Leptin and Endocannabinoid Regulation of Energy
Homeostasis

Leptin is produced primarily in adipose tissue and regulates both short-term
and long-term energy homeostasis by acting as one of the main signals of
satiety (Ahima & Osei, 2004). One of the ways leptin signals satiety is by
reducing both AEA and 2-AG levels in the hypothalamus; leptin achieves
this not by working on the enzymes that directly synthesize the eCBs,
but rather by modulating the enzymes that make the precursors for the
eCBs, NAPE-PLD for AEA, and phosphatidylinositol-specific PLC for
2-AG (D1 Marzo et al., 2001). Leptin blocks the eCB-mediated suppression
of GABA release in the lateral hypothalamus, causing disinhibition and
increased excitability of the lateral hypothalamic neurons. Leptin suppresses
eCB release by inhibiting voltage-gated calcium currents, which blocks eCB
synthesis (Jo et al., 2005). Interestingly, leptin signals through
phosphatidylinositide-3kinase (PI3K), though reciprocally in POMC and
AgRP neurons; in POMC neurons, the presence of leptin activates PI3K,
whereas leptin’s absence leads to PI3K activation in AgRP neurons
(Xu et al., 2005). Glucocorticoids rapidly induce eCB synthesis in PVN
neuroendocrine cells, including in CRH neurons, via a rapid, nongenomic
pathway (Di et al., 2003; Tasker, 2006), which inhibits glutamatergic
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excitatory synaptic inputs. Leptin  blocks eCB synthesis via
phosphodiesterase-induced inhibition of cAMP activity, and thus lifts the
eCB suppression of excitatory synaptic inputs to the PVIN neurons
(Malcher-Lopes et al., 2009). These mechanisms allow leptin to exert a rapid
regulation of eCB release in the lateral hypothalamus and PVN, and to reg-
ulate feeding behavior elicited by hypothalamic eCB actions downstream
from the arcuate nucleus.

4. ENDOCANNABINOIDS AND FLUID HOMEOSTASIS

‘Water retention and excretion are tightly regulated in order to achieve
fluid homeostasis. Stable fluid volume and blood pressure are required for
healthy cardiovascular function, and isotonic blood osmolality is needed
to avoid cellular lysis. Fluid homeostasis is controlled by a variety of neuro-
endocrine systems, many of which signal through endocannabinoids. Early
studies on the effects of cannabis revealed that endocannabinoids must be
involved in fluid intake, excretion, and neuroendocrine regulation. Abel’s
early review of the effects of cannabis on hunger and thirst reported a
decrease in water intake and increase in food intake, both of which affect
fluid homeostasis (Abel, 1975). Early human studies (Ames, 1958) as well
as studies in the rat (Sofia, Dixit, & Barry, 1977) implicated THC as a
diuretic agent, while a more recent study showed that THC decreased urine
volume and urinary frequency in patients suffering from multiple sclerosis
(Paronis et al., 2013). Cannabinoids were also found to directly affect vaso-
constriction, as systemic administration of anandamide caused hypotension
in rats (Varga, Lake, Martin, & Kunos, 1995). And, while cannabinoids have
no direct effect on the antidiuretic hormone, vasopressin, an inverse agonist
of the CB; receptor was shown to potentiate vasopressin secretion (Ruginsk,
Uchoa, Elias, & Antunes-Rodrigues, 2012), suggesting a tonic inhibitory
eCB regulation of vasopressin secretion. Thus, systemic administration of
cannabinoids has complex, sometimes opposing, effects on fluid homeosta-
sis. These complexities arise because eCBs are produced in discrete loca-
tions, commonly at excitatory and/or inhibitory synapses, and act as
signals within specific circuits that regulate different physiological processes.
The distribution of the cannabinoid receptors in fluid regulating organs is
crucial to the effects of cannabis on fluid homeostasis.

4.1 Receptor Distribution in Osmoregulatory Tissues

The TRPV1 receptors form ionotropic cation channels and bind the eCB
AEA, but not 2-AG. TRPV1 receptors are found along with CB; and CB,
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Figure 2 Cannabinoid receptors regulate fluid homeostatic mechanisms throughout the
organism. Cannabinoids influence water and salt intake behaviors by enhancing the per-
ception of olfactory (Soria-Gomez, Bellocchio, et al., 2014) and gustatory (Yoshida et al,,
2009) senses. Cannabinoids also act on osmosensitive neuroendocrine systems. Excitatory
inputs to vasopressin-, oxytocin-, and CRH-synthesizing cells in the hypothalamus are
downregulated by an eCB retrograde signal (Di et al., 2003). Cannabinoid receptors are
also found on neuroendocrine target tissues. Cannabinoids act at CB; receptors in the
pituitary to facilitate ACTH release (Pagotto et al,, 2001), in the kidney nephron to increase
sodium and potassium ATPase activity (Soria-Gémez, Massa, et al., 2014), and at TRPV1
receptors in the adrenal cortex to increase aldosterone production (Ziegler et al.,
2010). Macrophage-induced hypotension, mediated by cannabinoid actions at TRPV1
receptors, could have indirect effects on fluid homeostasis (Varga et al.,, 1995).

receptors in the kidney nephron (Caterina et al., 1997) (Fig. 2), and canna-
binoids have been shown to increase salt and fluid retention by upregulating
sodium and potassium ATPase activity in these cells (Sampaio et al., 2014).
While some studies have shown TRPV1 in the hypothalamus (Menigoz &
Boudes, 2011), their association with endocannabinoids and their role in
osmoregulation remain unclear. One study suggests that TRPV1 is
expressed in vasopressin neurons, but the TRPV1 is truncated and lacks
the carboxy terminus, which is thought to make it responsive to changes
in osmolarity, but insensitive to the TRPV1 agonist capsaicin (Sudbury,
Ciura, Sharif-Naeini, & Bourque, 2010). There is similar evidence of
TRPV1 presence in the anteroventricular-third ventricular (AV3V) region
of the basal forebrain that projects to the hypothalamus (Fig. 2). Here
TRPV1 also acts as an osmoreceptor that senses hyperosmolarity and pro-
jects to the vasopressin neurons in the hypothalamus (Ciura & Bourque,
2006). While further studies may determine that TRPV1 in the neuronal
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circuitry regulating vasopressin release is the mechanism by which AEA
induces hypotension, it is more likely that the receptors expressed in mes-
enteric resistance arteries signal hypotension (Wang, Kaminski, & Wang,
2005). Interestingly, TRPV1 mesenteric expression is upregulated by a
high-salt diet, which could make AEA protective against the development
of hypertension.

The CB; and CB, cannabinoid receptors respond to both AEA and 2AG
and are found in osmoregulatory tissues (Fig. 2). CB, is prominently
expressed in tissues of the immune system, where it indirectly influences
fluid homeostasis by mediating macrophage-induced hypotension (Varga
etal., 1995). CB; receptors are found widely distributed in several osmoreg-
ulatory tissues, including the gustatory organ, the olfactory system, the
hypothalamus, and the pituitary (Mackie, 2005). While cannabinoids have
well-known effects on food intake and energy metabolism, their effects on
water and salt intake are less clear.

Taste cells in the rat express CB; receptors and administration of AEA or
2-AG enhance cellular, neuronal, and behavioral responses to sweet taste,
however, eCBs did not induce a preference for salt (Yoshida et al.,
2009), indicating that the role of eCBs in fluid homeostasis may not have
a gustatory component. CB; receptors in the olfactory bulb could play a
larger role in the eCB-induced increase in food intake by increasing odor
detection (Soria-Gomez, Bellocchio, et al., 2014). While there are no stud-
ies directly linking olfactory CB receptors to fluid intake, the olfactory bulb
is required for normal fluid intake and salt aversion (Bell, Dennis, & Sly,
1979). Therefore, eCBs affect water and food intake behaviors by modulat-
ing sensory information, although the mechanisms are not fully understood.

There is increasing evidence that endocannabinoids are involved in the
neuroendocrine control of fluid homeostasis. CB; expression is found in the
PVN (Castelli et al., 2007; Herkenham et al., 1991), where osmoregulatory
neurons that produce the neurohormones vasopressin and CRH are located.
CRH is released from the median eminence at the base of the hypothalamus
and acts on corticotropic cells of the anterior pituitary to elicit ACTH secre-
tion into the blood. ACTH stimulates the production and secretion of the
corticosteroid hormones corticosterone (cortisol in primates) and aldoste-
rone by the adrenal cortex. As described above, corticosterone is involved
in the neuroendocrine stress response. Aldosterone acts on the kidneys to
inhibit sodium transfer to the urine, or natriuresis. Endocannabinoids are
involved in the rapid modulation by corticosterone of the excitatory synap-
tic inputs to the PVN CRH neurons and play an important role in the
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negative feedback regulation of the HPA axis (Di et al., 2003; Nahar et al.,
2015), as discussed previously. CB; receptors are also found in the pituitary,
where cannabinoid agonists facilitate CRH-induced secretion of ACTH
(Pagotto et al., 2001). Additionally, there are CB; receptors in the adrenal
cortex that have been shown to directly increase adrenocortical steroidogen-
ests, including aldosterone synthesis (Ziegler et al., 2010). Thus, eCBs
appear to exert an influence over every tier of the HPA axis (Fig. 2). The
involvement of eCBs in the control of vasopressin release has been studied
and the eCB retrograde control of synaptic signaling to vasopressin neurons
will be discussed.

4.2 Glucocorticoid Feedback on Vasopressin Secretion Via
Endocannabinoids

Vasopressin is a nine-amino acid-peptide hormone produced by mag-
nocellular neuroendocrine cells in the hypothalamic PVN and supraoptic
nucleus (SON). These neurons project to the posterior pituitary, where they
release vasopressin directly into the systemic bloodstream. Vasopressin
travels to the kidneys, where it stimulates water retention by causing traffick-
ing of aquaporin water channels to the apical membrane of the kidney tubule
lumen (Hozawa, Holtzman, & Ausiello, 1996). Aquaporins increase renal
cell permeability to water, which allows the kidney to reabsorb fluids.
Homeostatic failure of the vasopressin system can result in diabetes insipidus
(Bichet et al., 1993). While eCBs can influence ion transport in the kidney
(Caterina et al., 1997), there is no evidence that eCBs are involved in
aquaporin trafficking. Instead, eCBs appear to exert their influence on fluid
homeostasis and diuresis, at least in part, by modulating synaptic inputs to the
hypothalamic magnocellular neuroendocrine cells that release vasopressin
(Di et al., 2003).

Vasopressin neurons in the hypothalamus are innervated by gluta-
matergic neurons that include osmoreceptive cells in the hypothalamic
anteroventral third ventricular (AV3V) region and a cholinoceptive area
on the ventral brain surface (Bisset & Chowdrey, 1988; Ciura &
Bourque, 2006). Adrenalectomy leads to an increase in vasopressin expres-
sion in CRH neurons of the PVN, indicating that glucocorticoids feedback
onto the hypothalamus to downregulate vasopressin expression (Keller-
Wood, Shinsako, & Dallman, 1984). Recently, glucocorticoids were shown
to rapidly inhibit vasopressin release via an eCB retrograde signaling mech-
anism (D1 et al., 2003). Glucocorticoids induce the synthesis of eCBs in both
vasopressin- and oxytocin-secreting magnocellular neurons of the PVN and
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SON (Di, Boudaba, et al., 2005; Malcher-Lopes et al., 2006). The
glucocorticoid-induced eCB is 2-AG (Di et al., 2013), which serves as a ret-
rograde messenger by activating presynaptic CB; receptors at glutamate syn-
apses. Signaling from the CB; receptors causes a decrease in synaptic
glutamate release and an overall decrease in the synaptic excitation of the
magnocellular neurons. While the identity of the membrane-associated glu-
cocorticoid receptor that triggers this response is unknown, the
glucocorticoid-induced production of eCBs is dependent on the activation
of a Ga(s)-cAMP-protein kinase A signaling mechanism (Malcher-Lopes
et al., 2006). As described above, leptin, a satiety hormone secreted periph-
erally by white adipose tissue, has been found to inhibit the glucocorticoid-
induced eCB synthesis in magnocellular neurons, allowing for crosstalk
between food and fluid homeostasis signaling mechanisms. 2-AG is also pro-
duced by periods of high electrical activity in magnocellular neurons and at
acts at glutamate synapses to suppress synaptic excitation (Di, Boudaba, etal.,
2005). Interestingly, CBy receptors are present at both excitatory and inhib-
itory synapses on magnocellular neurons, but the glucocorticoid- and
activity-induced 2-AG actions occurs only at excitatory synapses under
baseline physiological conditions (D1 et al., 2013). This synapse specificity
is controlled by the spatial restriction of endocannabinoids by astrocytes.
If astrocytic coverage of synapses onto the magnocellular neurons is impaired
by dehydration-induced glial retraction or by inhibiting glial metabolism
with a gliotoxin, glucocorticoid-, and activity-induced 2-AG signaling
can also impact neighboring inhibitory synapses via an apparent
“spillover” of the eCB from glutamate synapses onto GABA synapses. This
observation suggests an important role for astrocytes in the synapse-specific
actions of evoked eCB release. Interestingly, inhibitory synapses on mag-
nocellular neurons of the PVN are subject to a tonic eCB suppression of
GABA release (Oliet et al., 2007). The eCB responsible for the tonic mod-
ulation of GABA synapses was shown to not be 2-AG, since it was not
inhibited by blocking diacylglycerol lipase activity, and is therefore likely
to be AEA. Additionally, it is insensitive to manipulation of the astrocytic
coverage of magnocellular neurons or of glial metabolism (Di et al.,
2013), which suggests that, unlike 2-AG, it is transported to CB; receptors
on presynaptic GABA terminals without diffusing through the
extracellular space.

Despite the role of eCBs in the synaptic signaling to vasopressin neurons,
intracerebroventricular administration of AEA does not affect peripheral
vasopressin secretion, even under conditions of increased vasopressin
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secretion induced by blood volume expansion (Ruginsk, Uchoa, Elias, &
Antunes-Rodrigues, 2013). Similarly, glucocorticoids administered system-
ically also have no effect on vasopressin release (Ruginsk et al., 2012). How-
ever, administration of a CB; receptor antagonist facilitates vasopressin
release, and increasing endogenous AEA levels with a FAAH inhibitor cau-
ses a decrease in vasopressin release. One study demonstrated that glucocor-
ticoids were required to suppress high levels of vasopressin release caused by
hemorrhage (Darlington, Chew, Ha, Keil, & Dallman, 1990). In that study,
rats that had been deprived of peripheral glucocorticoids by prior adrenal-
ectomy died within 4 h of hemorrhage, however 50% of animals treated
with prior systemic corticosterone survived the hemorrhage. Since the
lethality of the hemorrhage was caused by the hypotensive actions of exces-
sive vasopressin release, the protective effect of glucocorticoids was thought
to be due to the glucocorticoid suppression of vasopressin release to sublethal
levels, which may be meditated by the glucocorticoid-induced eCB sup-
pression of excitatory synaptic inputs activated by the hemorrhage.
Together, these findings suggest that while glucocorticoids may not have
a strong effect on vasopressin release, eCBs do exert control over circulating
vasopressin, albeit by a subtle mechanism. Endocannabinoids have stronger
effects, however, on the other main hypothalamic neurohormone involved
in fluid homeostasis, oxytocin.

4.3 Oxytocin and Atrial Natriuretic Peptide

Oxytocin is similar to vasopressin in both structure and release by mag-
nocellular neurons of the PVIN/SON. Both systems are also subject to
the same glucocorticoid-induced depression of excitation via retrograde
synaptic endocannabinoid signaling. After being released from the posterior
pituitary, oxytocin travels to the right atrium to stimulate the release by the
heart of atrial natriuretic peptide (ANP) (Haanwinckel et al., 1995). The
ANP travels to the kidney, where it induces natriuresis and diuresis.
Although CB; receptors have been shown to regulate sodium transport
in the kidney (Sampaio et al., 2014), currently, none of the natriuretic effects
of eCBs have been attributed to direct modulation of ANP action in the kid-
ney, although this remains a possibility. Instead, eCBs seem to strongly reg-
ulate circulating oxytocin levels during glucocorticoid-induced suppression
of oxytocin release (Ruginsk, Uchoa, Elias, & Antunes-Rodrigues, 2010).
Rats subjected to extracellular volume expansion show an increase in circu-
lating oxytocin, which can be potentiated by treatment with the CB,
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antagonist SR141716 (rimonabant), indicating that eCBs lower oxytocin
release in vivo. Glucocorticoid administration caused a decrease in circulating
oxytocin (Lauand et al., 2007), but the CB; receptor antagonist reversed the
inhibitory glucocorticoid eftect on oxytocin release. These observations
in vivo are consistent with our in vitro findings showing glucocorticoid-
induced eCB suppression of excitatory synaptic inputs to oxytocin neurons
(Dietal., 2003; Di, Malcher-Lopes, et al., 2005). The strong involvement of
cannabinoids in the regulation of oxytocin release suggests that the effects of
cannabis on fluid homeostasis may rely largely on oxytocin signaling.

5. ENDOCANNABINOID REGULATION OF
REPRODUCTION

Endocannabinoids have also been implicated in the hypothalamic reg-
ulation of reproductive behavior, parturition, and lactation through the
modulation of gonadotropin-releasing hormone (GnRH) and oxytocin
neurons. The hypothalamic—pituitary—gonadal (HPG) axis controls repro-
ductive behavior in humans and lower mammals. The GnRH neurons
located in the arcuate nucleus and preoptic area of the hypothalamus secrete
GnRH in a pulsatile manner into the portal vessels to drive the rhythmic
release of luteinizing hormone (LH) and follicle-stimulating hormone
(FSH) from the anterior pituitary into the general circulation, which in turn
stimulate the gonads to synthesize and secrete gonadal steroid hormones and
promote gametogenesis. Oxytocin neurosecretion plays an important role in
parturition and postnatal milk ejection. During parturition and lactation,
oxytocin is secreted in a pulsatile fashion from the posterior pituitary by
magnocellular neuroendocrine cells of the PVN and SON of the hypothal-
amus, and acts on oxytocin receptors in the uterus to stimulate uterine con-
tractions during childbirth and in the mammary gland to stimulate milk
letdown in response to suckling. In addition, central release of oxytocin also
plays a critical role in postnatal maternal behavior.

5.1 Endocannabinoid Regulation of the HPG Axis

The activation of cannabinoid receptors can have significant effects on
reproductive behavior and on the physiological function of the HPG axis.
In human studies, acute and chronic consumption of marijuana decreases
serum testosterone and LH levels in males (Cone, Johnson, Moore, &
Roache, 1986; Kolodny, Masters, Kolodner, & Toro, 1974). In females,
a single marijuana cigarette significantly suppresses LH levels (Mendelson
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et al., 1986). Adverse effects of cannabinoids on the HPG axis also are
observed in animal studies. Administration of cannabinoids decreases serum
LH and testosterone, and reduces sperm count in male rats (Bloch, Thysen,
Morrill, Gardner, & Fujimoto, 1978; Gorzalka & Dang, 2012; Kumar &
Chen, 1983; Murphy, Steger, Smith, & Bartke, 1990; Wenger, Ledent,
Csernus, & Gerendai, 2001). In female rats, chronic cannabinoid exposure
was found to delay sexual maturation, disrupt the estrous cycle, and depress
follicular maturation (Bloch et al., 1978; Wenger, Croix, & Tramu, 1988).
In ovariectomized rats, acute administration of THC suppressed pulsatile
LH secretion (Tyrey, 1978).

Recent evidence indicates that eCBs regulate HPG function primarily
by modulating the activity of the hypothalamic GnRH neurons. Although
acute systemic administration of THC suppresses pulsatile LH secretion
from the pituitary, GnR H application still evokes LH secretion by the ante-
rior pituitary gonadotropes and reverses the THC-induced LH suppression
(Tyrey, 1978). Additionally, cannabinoid exposure has no effect on basal or
GnR H-induced LH release in cultured anterior pituitary cells (Chakravarty,
Shah, Sheth, & Ghosh, 1979; Wenger, Rettori, Snyder, Dalterio, &
McCann, 1987). These findings indicate that cannabinoids suppress the
function of the HPG axis primarily through actions on the hypothalamic
GnRH neurons, and not at the pituitary.

Consistent with this, THC exposure lowers the GnRH concentration in
the hypothalamus of female rats (Chakravarty et al., 1979). Similarly, the
CB; receptor agonist WIN55,212 decreases depolarization-induced GnRH
secretion and spontaneous pulsatile GnRH secretion from an immortalized
GnRH-expressing cell line, GT1-7 cells (Gammon, Freeman, Xie,
Petersen & Wetsel, 2005). Although GT1-7 cells are shown to both func-
tionally respond to and release endocannabinoids, in situ hybridization find-
ings suggest that GnRH neurons in vivo show very low or no CB; receptor
expression. In contrast, neurons in the vicinity of the GnRH neurons
express high levels of the CB; receptor (Gammon et al., 2005), indicating
that, as in PVIN neurons, endocannabinoid released from GnRH neurons
may act as a retrograde messenger to regulate inputs from presynaptic neu-
rons. GABAergic transmission, which is excitatory in many of the GnRH
neurons because of their high intracellular chloride concentration, plays
an important role in the regulation of GnRH neuron activity (Watanabe,
Fukuda, & Nabekura, 2014). CB; receptor-positive axon terminals are
foundin close contact with the GnR H neurons, and a subset of these synapses
are symmetric, a characteristic of GABAergic synapses (Farkas et al., 2010).



Endocannabinoid Neuroendocrine Regulation 185

Bath application of the CB; receptor agonist WIN55,212 decreases the
firing rate of GnRH neurons in extracellular recordings with glutamatergic
receptors blocked. Furthermore, whole-cell recordings showed that appli-
cation of WIN55,212 decreased the miniature postsynaptic current
(mPSC) frequency, while the CB; receptor antagonist AM251 significantly
increased mPSC frequency. These data collectively suggest that eCBs
tonically inhibit excitatory GABAergic inputs to GnRH neurons. Finally,
blockade of 2-AG synthesis by inhibiting diacylglycerol lipase activity
abolished the AM251-induced mPSC frequency increase, indicating that
the tonic inhibition of GABAergic inputs to GnRH neurons is mediated
by 2-AG release.

GnRH neurons can also modulate their own activity through retrograde
endocannabinoid signaling. Thus, strong repeated depolarization of GnRH
neurons, which mimics high frequency action potential generation in these
neurons, resulted in a short-term suppression of GABAergic transmission
and neural activation via retrograde eCB release (Glanowska & Moenter,
2011). The depolarization-induced suppression of GABA transmission
was abolished by a diacylglycerol lipase inhibitor. These results suggest that
GnRH neurons synthesize and release endocannabinoids to regulate their
inhibitory synaptic inputs in a negative feedback manner.

5.2 Ghrelin Inhibits the HPG Axis Through Endocannabinoid
Release

Ghrelin has also been found to suppress the function of the HPG axis
(Repaci, Gambineri, Pagotto, & Pasquali, 2011). Intracerebroventricular
infusion of ghrelin in vivo rapidly suppressed the pulsatile secretion of LH
in ovariectomized rats (Furuta, Funabashi, & Kimura, 2001). An in vitro
study in hypothalamic explants from prepubertal and sexually mature male
rats also showed that ghrelin incubation significantly prolongs the interpulse
interval between GnRH pulses (Lebrethon et al., 2007). Consistent with
this, GnRH secretion was inhibited by ghrelin in hypothalamic fragments
from ovariectomized female rats (Fernandez-Fernandez et al., 2005).
Human studies also support the ghrelin suppression of the HPG axis, as sys-
temic ghrelin administration significantly decreased LH and FSH secretion
in women and LH secretion in young men (Kluge, Schussler, Schmidt,
Uhr, & Steiger, 2012; Lanfranco et al., 2008).

Recently, Farkas et al. reported that ghrelin acts on the GHS-R 1a to reg-
ulate GnRH neuron activity via endocannabinoid signaling in an estrous
cycle-dependent manner (Farkas, Vastagh, Sarvari, & Liposits, 2013).
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Ghrelin rapidly increased the intracellular free calcium concentration in
immortalized GT1-7 GnRH cell. This effect was blocked by application
of a GHS-R1a antagonist or estradiol, indicating that the ghrelin effect
on calcium mobilization 1s mediated by GHS-R activation and is estrogen
dependent. Using single cell RT-PCR from identified GnRH neurons
expressing green fluorescent protein, they found that GnRH neurons
express GHS-R 1a mRNA. Furthermore, they found that ghrelin decreased
the mean firing rate and instantaneous firing frequency of GnRH neurons
with loose-patch recordings in slices from female mice in metestrus, but had
no effect in slice from mice in proestrous. Ghrelin also was shown to
decrease the firing rate of GnRH neurons in male mice. Pretreatment with
a GHS-R1a antagonist or the CB; receptor inverse agonist AM251
abolished the ghrelin-induced decrease in firing rate of GnRH neurons,
indicating that ghrelin acts at GHS-Rs to suppress the activity of GnRH
neurons in an eCB-dependent manner.

Ghrelin also significantly reduced the frequency of GABA, receptor-
mediated mPSCs in whole-cell recordings in slices from metestrus mice
(Farkas et al., 2013). Pretreatment of the slices with AM251 blocked the
ghrelin-triggered decrease in mPSC frequency, suggesting an eCB depen-
dence of the ghrelin effect. In addition, the ghrelin-induced decrease in
mPSC frequency was abolished by a diacylglycerol lipase inhibitor in the
patch solution, suggesting that ghrelin acting at GHS-Rs on GnR H neurons
stimulates 2-AG release, which suppresses excitatory GABAergic inputs and
inhibits GnRH neurons. Estrogen has been found to exert rapid,
nongenomic effects on inhibitory synaptic inputs to hippocampal pyramidal
neurons via the retrograde release of an endocannabinoid at GABA synapses
(Huang, Chandra, & Rastinejad, 2010). Therefore, as in CA1 neurons,
estrogen may modulate eCB mobilization at GABA synapses on GnRH
neurons to facilitate ghrelin-induced eCB suppression of GABA release.
Ghrelin also has been reported to induce eCB release at GABA synapses
onto parvocellular neuroendocrine cells in the PVN and to suppress inhib-
itory synaptic inputs to these cells (Kola et al., 2005), similar to its actions in
GnRH neurons.

5.3 Stress and Glucocorticoid Modulation of Reproductive
Behavior Via Endocannabinoid Actions

Maternal behavior improves the survival and well-being of the oftspring, and

thus is important for the success of the species. In rodents, maternal behav-

iors include nest building, licking, arched-back nursing, lactation, and
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maternal aggression. Two peptide hormones are crucial for lactation. Pro-
lactin, secreted from the anterior pituitary, promotes milk production by
stimulating the alveoli of the mammary glands to secrete milk. Oxytocin,
synthesized by the magnocellular neurons in the PVN and SON, activates
smooth muscle cells in the mammary glands to stimulate milk letdown. In
addition to stimulating milk letdown, oxytocin has been found to play an
important role in maternal behavior and social interactions through central
actions of the neuropeptide (Bosch, Meddle, Beiderbeck, Douglas, &
Neumann, 2005; Insel, 2010; Numan & Insel, 2003; Pedersen & Boccia,
2002). Central administration of oxytocin elicits complete maternal behav-
ior in virgin rats (Pedersen, Ascher, Monroe, & Prange, 1982), while disrup-
tion of the PVN, where many of the OT neurons reside, prevents the
activation of maternal behavior (Insel & Harbaugh, 1989). In addition,
mothers that display high pup licking/grooming also show increased oxyto-
cin expression in the medial preoptic area and PVN (Shahrokh, Zhang,
Diorio, Gratton, & Meaney, 2010). In prairie voles, virgin females that dis-
play maternal behavior exhibit a higher oxytocin receptor density in the
nucleus accumbens (Olazabal & Young, 2006), an important source of
dopamine involved in the brain reward circuitry. These studies indicate that
the activity of oxytocin neurons may be modulated by environmental factors
to regulate maternal behavior.

Stress and elevated circulating glucocorticoid levels have significant
effects on maternal behavior. In lactating rats, the synthetic glucocorticoid
dexamethasone reduces maternal behavior in dams, as evidenced by an
increased latency to build nesting and to retrieve the first pup, decreased
pup weight gain, and reduced time spent in the arched-back nursing posi-
tion and licking the pups (Vilela & Giusti-Paiva, 2011; Vilela, Ruginsk, de
Melo, & Giusti-Paiva, 2013). In addition, dexamethasone treatment also
reduced maternal aggression and increased maternal anxiety, evidenced
respectively by an increased latency to attack a male intruder and an increase
in anxiety-like behavior in the elevated plus maze and open field test (Vilela
etal., 2013). Dexamethasone administration also reduced oxytocin and pro-
lactin secretion during lactation (Vilela & Giusti-Paiva, 2011).

As discussed above, glucocorticoid administration reduced the parame-
ters of maternal care in lactating females (Vilela & Giusti-Paiva, 2011; Vilela
et al., 2013). However, pretreatment of the female with the CB; receptor
antagonist AM251 reversed the glucocorticoid-triggered reduction of
maternal behavior (Vilela et al., 2013), suggesting that the glucocorticoid
effect on maternal behavior is mediated by endocannabinoid release. To
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investigate the effect of glucocorticoids on synaptic inputs to oxytocin neu-
rons, we recorded the excitatory and inhibitory synaptic currents in putative
magnocellular neuroendocrine cells in the PVN and SON from male rats
(D1, Malcher-Lopes, et al., 2005). We found that glucocorticoids signifi-
cantly decreased excitatory synaptic inputs and increased inhibitory synaptic
inputs to magnocellular neurons by the activation of an unknown
membrane-associated glucocorticoid receptor. The rapid glucocorticoid
effect was insensitive to classical type I and type II corticosteroid receptor
antagonists, but was blocked by inhibiting postsynaptic G-protein activity,
suggesting it acted via a postsynaptic G protein signaling mechanism and
synthesis of a retrograde messenger. Glucocorticoids caused a significant
increase in both AEA and 2-AG levels in hypothalamic slices, and the rapid
modulation of excitatory synaptic inputs by dexamethasone was blocked by
CB; receptor antagonists/inverse agonists and mimicked and occluded by
CB; agonists. These results suggested that a glucocorticoid-induced retro-
grade release of eCB was responsible for the inhibitory effect of glucocor-
ticoild on glutamatergic synaptic transmission. On the other hand,
glucocorticoids facilitated GABAergic transmission by activating nitric
oxide production at GABAergic synapses (Di, Maxson, Franco, &
Tasker, 2009), resulting in an overall inhibitory effect on the activity of oxy-
tocin neurons by glucocorticoids in adult male rats. Future studies are
required to determine the mechanism of glucocorticoid modulation of oxy-
tocin neurons in lactating females.

Glucocorticoids were also found to rapidly suppress reproductive
clasping behavior in the male salamander (Taricha) by the activation of
eCB signaling (Coddington, Lewis, Rose, & Moore, 2007). Acute confine-
ment stress or corticosterone administration suppressed clasping behavior in
male Taricha (Moore & Miller, 1984). The suppressive effect of glucocor-
ticoid was rapid, taking place 5—7 min after systemic injection of corticoste-
rone (Orchinik, Murray, & Moore, 1991). In addition, the firing activities of
neurons in the rostromedial medulla that respond to sensory stimulation
during courtship are rapidly inhibited by corticosterone (Rose, Marrs, &
Moore, 1998; Rose, Moore, & Orchinik, 1993). Intraperitoneal injection
of'a CBj receptor agonist caused a similar suppression of clasping behavior
in male Taricha (Soderstrom, Leid, Moore, & Murray, 2000), and pre-
treatment with the CB; receptor antagonist abolished the stress- and
corticosterone-induced suppression of clasping behavior, suggesting that
eCBs may mediate stress-induced suppression of reproductive behavior
(Coddington et al., 2007). The corticosterone suppression of neuronal firing
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in response to cloacal stimulation was blocked by a CB; receptor antagonist.
These results together suggest that the rapid suppression of sexual behavior
in Taricha by stress and glucocorticoid is mediated by eCB release.
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Abstract

Stress has a complex, bidirectional modulatory influence on pain. Stress may either reduce
(stress-induced analgesia) or exacerbate (stress-induced hyperalgesia) pain depending on
the nature, duration, and intensity of the stressor. The endogenous cannabinoid (endo-
cannabinoid) system is present throughout the neuroanatomical pathways that mediate
and modulate responses to painful stimuli. The specific role of the endocannabinoid sys-
tem in the brain in pain and the modulation of pain by stress is reviewed herein. We first
provide a brief overview of the endocannabinoid system, followed by a review of the evi-
dence that the brain's endocannabinoid system modulates pain. We provide a compre-
hensive evaluation of the role of the endocannabinoid system supraspinally, and
particularly in the rostral ventromedial medulla, periaqueductal gray, amygdala, and pre-
frontal cortex, in pain, stress-induced analgesia, and stress-induced hyperalgesia.
Increased understanding of endocannabinoid-mediated regulation of pain and its mod-
ulation by stress will inform the development of novel therapeutic approaches for pain
and its comorbidity with stress-related disorders.

ABBREVIATIONS

2-AG 2-arachidonoyl glycerol

ABA accessory basal nucleus

AC adenylate cyclase

ACC anterior cingulate cortex

AEA anandamide

BLA basolateral nucleus

CB cannabinoid

CB; cannabinoid type 1

CB; cannabinoid type 2

CCI chronic constriction injury

CCK cholecystokinin

CeA central nucleus of the amygdala
CNS central nervous system

CUS chronic unpredictable stress
dIPAG dorsolateral periaqueductal gray
dmPAG dorsomedial periaqueductal gray
dPAG dorsal periaqueductal gray

eCB endocannabinoid

FAAH fatty acid amide hydrolase
FABP fatty acid-binding protein

FCA fear-conditioned analgesia

GiA gigantocellular reticular nucleus
HMBA 4-hydroxy-3-methoxybenzylamine
i.c.v. intracerebroventricular

IL infralimbic cortex

LA lateral nucleus

IPAG lateral periaqueductal gray
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MAGL monoacylglycerol lipase

MAPK mitogen-activated protein kinase

MeA medial nucleus

mGlu metabotropic glutamate receptors

mPFC medial prefrontal cortex

NAPE N-arachidonoyl phosphatidylethanolamine
NGF nerve growth factor

NSAIDs nonsteroidal anti-inflammatory drugs
OEA N-oleoylethanolamide

OX orexin

PAG periaqueductal gray

PEA N-palmitoylethanolamide

PFC prefrontal cortex

PLD phospholipase D

PPARSs peroxisome proliferator-activated receptors
PrL prelimbic cortex

RVM rostral ventromedial medulla

SD Sprague Dawley

SIA stress-induced analgesia

SIH stress-induced hyperalgesia

SNI spared nerve injury

SNL spinal nerve ligation

THC A-tetrahydrocannabinol

TRPV1 transient receptor potential vanilloid 1
vIPAG ventrolateral periaqueductal gray

VPL ventral posterolateral nucleus of the thalamus
WKY Wistar Kyoto

1. INTRODUCTION

Pain can be defined as “an unpleasant sensory and emotional experi-
ence associated with actual or potential tissue damage or described in terms
of such damage” (International Association for the Study of Pain [[ASP]
Task Force on Taxonomy, 1994). Recent data indicate that approximately
20% of the population suffer from chronic pain, the majority of whom also
suffer from some other disability or mood disturbance (Blyth et al., 2001;
Demyttenaere et al., 2007; Vos et al., 2012). Chronic pain is usually defined
as pain persisting for over 3 months. It may be neuropathic, inflammatory, or
idiopathic in nature (Aguggia, 2003). Epidemiological studies of 289 diseases
and injuries concluded that chronic pain conditions were among the 10 con-
ditions resulting in the longest number of years lived with disability (Vos
et al., 2012). Current pharmacotherapies for pain management lack efficacy
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in many patients, with ~40% of patients with chronic pain unsatisfied with
their treatment (Breivik, Collett, Ventafridda, Cohen, & Gallacher, 20006).
Furthermore, the annual economic cost of pain in the United States has been
estimated at a staggering $560-$625 billion annually, including direct and
indirect costs (for review, see Gaskin & Richard, 2012; McCarberg &
Billington, 2006; Turk, 2002). Despite the efforts of the research commu-
nity and the pharmaceutical industry to invest in and develop new drugs to
manage pain, chronic pain in particular continues to represent a major
unmet clinical need. Thus, further research is needed to understand fully
the neurobiological mechanisms of pain, and its modulation, with a view
to identifying novel targets and developing new, superior analgesics.

Increasing evidence over the past two decades has demonstrated that the
endogenous cannabinoid (endocannabinoid; eCB) system has a regulatory
role in pain processing and perception (Woodhams, Sagar, Burston, &
Chapman, 2015). This regulatory function is facilitated by the expression
of the eCB signaling machinery at neuronal synapses within all components
of the pain pathway. Activation of cannabinoid (CB) receptors on presyn-
aptic nerve terminals generally functions to reduce neurotransmission,
resulting primarily in antinociception/analgesia. However, depending on
physiological and pathological state, the tissue concentration of eCBs and
expression levels of eCB-sensitive receptors can vary (Alexander &
Kendall, 2007; Woodhams et al., 2015), and with it the regulatory potential
of this system on nociceptive processing.

The intensity and severity of perceived pain does not necessarily corre-
late with the degree of tissue damage, injury, or inflammation occurring.
The importance of context and modulation of pain by emotion is now
widely recognized. Stress, fear, and anxiety exert important modulatory
influences on pain (Asmundson & Katz, 2009; Burke, Finn, & Roche,
2015; Butler & Finn, 2009; Fitzgibbon, Finn, & Roche, 2015; Ford &
Finn, 2008; Jennings, Okine, Roche, & Finn, 2014; Okine et al., 2014;
Rhudy & Meagher, 2000, 2001; Wiech & Tracey, 2009). Regardless of
arousal level, positive emotions generally act to inhibit pain, while negative
emotions with low to moderate arousal tend to enhance pain, and negative
emotions with high arousal inhibit pain (de Wied & Verbaten, 2001;
Dougher, 1979; Meagher, Arnau, & Rhudy, 2001; Rhudy & Meagher,
2000, 2001, 2003a, 2003b). Thus, a complex relationship exists between
emotion and pain processing. CB receptors are localized in brain regions
involved in the modulation of pain including the rostral ventromedial
medulla (RVM), the periaqueductal gray (PAG), amygdala, and prefrontal
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cortex (PFC) (Herkenham et al., 1991; Tsou, Brown, Sanudo-Pena,
Mackie, & Walker, 1998) with these brain regions also key components
of stress, fear, and anxiety circuitry. Stress and fear have been shown to alter
levels of eCBs in these brain regions (Hill et al., 2013, 2005; Hohmann et al.,
2005; Jennings et al., 2014; Olango, Roche, Ford, Harhen, & Finn, 2012;
Patel, Cravatt, & Hillard, 2005; Rademacher et al., 2008) (for review, see
Carrier, Patel, & Hillard, 2005; Morena, Patel, Bains, & Hill, 2015). Thus,
the eCB system is an important common denominator in pain, stress, and
fear and its role in the aforementioned brain regions in pain and the mod-
ulation of pain by stress is the main focus of this chapter.

We will consider the role of the supraspinal eCB system in acute and
chronic pain, as well as its role in both stress-induced analgesia (SIA) and
stress-induced hyperalgesia (SIH). The role of the spinal and peripheral
eCB system in pain or stress—pain interactions is beyond the scope of this
review but has been reviewed previously by ourselves and others
(Butler & Finn, 2009; Finn, 2010; Hohmann & Suplita, 2006; Jennings
et al., 2014; Maccarrone et al., 2015; Olango & Finn, 2014; Walker &
Hohmann, 2005).

2. THE ENDOCANNABINOID SYSTEM

The medicinal properties of the Cannabis sativa plant have been
known for millennia but it was not until the mid to late nineteenth century
that its therapeutic potential was examined scientifically. The discovery of
A’-tetrahydrocannabinol (THC), the major psychoactive component of
the plant C. sativa in the 1960s (Mechoulam & Gaoni, 1967) led to extensive
studies that have revealed the mechanisms underlying the physiological and
pharmacological effects of the eCB system.

The eCB system as we know it today consists of CB type 1 (CBy) recep-
tors (Devane, Dysarz, Johnson, Melvin, & Howlett, 1988; Matsuda, Lolait,
Brownstein, Young, & Bonner, 1990) and CB type 2 (CB,) receptors
(Munro, Thomas, & Abu-Shaar, 1993), their endogenous ligands
N-arachidonylethanolamide (anandamide, AEA) and 2-arachidonoyl glyc-
erol (2-AG) (Devane et al., 1992; Mechoulam et al., 1995; Sugiura et al.,
1995), and the enzymes responsible for their synthesis and degradation.
AEA and 2-AG are the best characterized eCBs; however, there are a num-
ber of other endogenous ligands with affinity and activity at CB; and CB,
receptors including 2-AG ether (noladin ether), virodhamine,
N-arachidonyl dopamine, and others (for review, see DBattista, Di
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Tommaso, Bari, & Maccarrone, 2012; Di Marzo, 2008; Di Marzo, Stella, &
Zimmer, 2015; Henry, Kerr, Finn, & Roche, 2015; Pertwee, 1997, 2001).

The CB receptors in the adult human brain and spinal cord are distributed
in a heterogeneous fashion (Glass, Dragunow, & Faull, 1997). CB; receptors
are the most abundant CB receptor subtype in the CNS (Glass et al., 1997;
Herkenham et al., 1991; Pertwee, 1997), with particularly high density in
brain regions that are key components of the descending inhibitory/facilita-
tory pain pathways and the stress/fear/anxiety circuitry. CB, receptors,
although expressed in the CNS (Baek, Zheng, Darlington, & Smith,
2008; Concannon, Okine, Finn, & Dowd, 2015; Onaivi et al., 2006; Van
Sickle etal., 2005; Zhang et al., 2014) are mainly distributed in the periphery
with particularly high density on cells and tissues of the immune system
(Berdyshev, 2000; Munro et al., 1993; Sugiura et al., 1995). CB; and CB,
receptors are Gi/o protein-coupled receptors negatively coupled to ade-
nylate cyclase (AC) (Howlett, 1985; Howlett, Mukhopadhyay, Shim, &
Welsh, 1999) and positively coupled to mitogen-activated protein kinase
(MAPK) (Bouaboula et al., 1995). Upon binding to CB; receptors, eCBs
also inhibit N- and P/Q-type voltage-activated Ca®" channels and induce
inwardly rectifying K currents, resulting in inhibition of neurotransmitter
release (Demuth & Molleman, 2006).

The biosynthetic pathways for AEA are not fully characterized but the
best described mechanism involves the formation of AEA from the precursor
N-arachidonoyl phosphatidylethanolamine (NAPE), due to the hydrolytic
activity of the phospholipase D enzyme known as NAPE-PLD (Bisogno,
Ligresti, & Di Marzo, 2005). 2-AG is synthesized almost exclusively by
phospholipase C (PLC) hydrolysis producing 1,2-diacylglycerol which is
then converted to 2-AG by diacylglycerol lipases (DAGL) (Di Marzo,
2008; Howlett & Mukhopadhyay, 2000). For a more complete discussion
of the biosynthetic routes for AEA and 2-AG, please refer to chapter
“The endocannabinoid signaling system in the CNS: A primer” by Hillard.
AEA is primarily degraded to arachidonic acid and ethanolamine by the
enzyme fatty acid amide hydrolase (FAAH), located in the endoplasmic
reticulum of the postsynaptic neuron (Cravatt et al., 1996; Giang &
Cravatt, 1997) (for review, see Otrubova, Ezzili, & Boger, 2011).
FAAH also catabolizes additional N-acylethanolamines including
N-palmitoylethanolamide (PEA) and N-oleoylethanolamide (OEA) which
themselves do not have appreciable activity at CB; or CB, receptors but
which can elevate levels of AEA through substrate competition at FAAH
(Di Marzo et al., 1994; Sugiura et al., 1995). In contrast, 2-AG is primarily
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metabolized to arachidonic acid and glycerol by the enzyme mono-
acylglycerol lipase (MAGL) (Ueda, Tsuboi, Uyama, & Ohnishi, 2011), with
other enzymes including FAAH, ABHD6, and ABHD12 accounting for a
modest degree of 2-AG catabolism (Blankman, Simon, & Cravatt, 2007;
Goparaju, Ueda, Yamaguchi, & Yamamoto, 1998). FAAH is primarily a
postsynaptic enzyme, whereas MAGL is presynaptic (Egertova,
Cravatt, & Elphick, 2003; Gulyas et al., 2004; Tsou, Nogueron, et al.,
1998) (for review, see Blankman & Cravatt, 2013; Di Marzo, 2008;
Lichtman, Blankman, & Cravatt, 2010).

The mechanisms underlying eCB biosynthesis, signaling, and degrada-
tion are relatively well understood although controversy remains surround-
ing the mechanisms by which eCBs are transported across cell membranes. It
has been proposed that due to their lipophilic nature, eCBs are readily
transported via a simple diffusion mechanism (Glaser et al.,, 2003;
Kaczocha, Hermann, Glaser, Bojesen, & Deutsch, 2006) while others sug-
gest the existence of a protein-facilitated transport process (Beltramo &
Piomelli, 2000; Hillard, Edgemond, Jarrahian, & Campbell, 1997). Most
recently, a FAAH-like anandamide transporter has been described as the
main mediator for AEA transport (Fu et al., 2012). Furthermore, fatty
acid-binding proteins (FABPs) are small cytoplasmic lipid transport proteins
(Furuhashi & Hotamisligil, 2008) located both peripherally (De Leon et al.,
1996) and in the CNS (Yamamoto et al., 2009). FABP5 and FABP7 are
capable of binding eCBs and regulating their signaling and catabolism by
FAAH (Cravatt et al., 2001; Kaczocha, Glaser, & Deutsch, 2009;
Kaczocha, Vivieca, Sun, Glaser, & Deutsch, 2012).

In addition to the two classical CB receptors (CB; and CB»,), several lines
of evidence suggest that eCBs act at numerous other non-CB;/non-CB,
including the transient receptor potential vanilloid 1 (TRPV1), members
of the nuclear receptor family of peroxisome proliferator-activated receptors
(PPARs), and the G-protein-coupled receptors GPR55 and GPR119
(Alexander & Kendall, 2007; Brown, 2007; O’Sullivan, 2007).

3. THE ENDOCANNABINOID SYSTEM IN THE BRAIN
REGULATES PAIN

Considerable effort has been invested in investigating the brain regions
involved in mediating the antinociceptive effects of eCBs and CB receptor
agonists. Later sections will discuss in more detail the role of the eCB system
in individual brain regions in pain and its modulation by stress. Presented
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in this section is an overview of the studies that have identified a role of the
eCB system, supraspinally, in the modulation of pain (and summarized in
Fig. 1).

Strong evidence of a role for the supraspinal eCB system in the modu-
lation of pain was provided by Hohmann, Tsou, and Walker (1999). Here,
systemic administration of the CB receptor agonist WIN55,212-2 resulted
in an antinociceptive effect in the tail flick test in rats. Transection of the
spinal cord and thus blockade of descending pain processes inhibited the
CB-induced suppression of noxious heat-evoked activity in the tail flick test,
thus indicating that WIN55,212-2 acted supraspinally to mediate its anti-
nociceptive efficacy. This study paved the way for the investigation of
the role of supraspinal sites in CB-induced antinociception.

Antinociceptive activity of CB receptor agonists had been demonstrated
in the mouse and rat tail flick tests following intracerebroventricular (i.c.v.)

Brain region Receptor event Functional
consequence
ACC CB, receptor activation | Decreased pain-related
behavior/nociception
rACC CB, receptor inhibition | Increased pain-related
behavior/nociception mPFC
IL/PrL CB, receptor activation | Decreased pain-related
coupled with TRPV1 behavior/nociception
inhibition
ACC PPARGo. inhibition Decreased pain-related
behavior/nociception
BLA CB, receptor inhibition | Decreased pain-related
behavior/nociception Amygdala
CeA CB, receptor inhibition | Decreased pain-related
behavior/nociception
CeA/BLA CB, receptor activation | Decreased pain-related
behavior/nociception
PAG CB, receptor activation | Decreased pain-related
behavior/nociception
PAG TRPV1 activation, Decreased pain-related
opposite at higher dose | behavior/nociception,
opposite at higher dose PAG
PAG CB, receptor activation | Increased pain-related
coupled with TRPV1 behavior/nociception
inhibition
RVM CB, receptor activation | Decreased pain-related RVM
behavior/nociception
GiA CB, receptor activation | Decreased pain-related
behavior/nociception

Figure 1 A synthesis of the literature reviewed herein on the role of the supraspinal
endocannabinoid system in discrete brain regions in pain. mPFC, medial prefrontal cor-
tex; ACC, anterior cingulate cortex; PrL, prelimbic cortex; IL, infralimbic cortex; BLA, bas-
olateral amygdala; CeA, central nucleus of the amygdala; PAG, periaqueductal gray;
RVM, rostral ventromedial medulla; GiA, gigantocellular reticular nucleus; TRPV1, tran-
sient receptor potential vanilloid 1; PPARs, peroxisome proliferator-activated receptors.
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administration. Specifically, i.c.v. injection of the CB agonist WIN55,
212-2, A°-THC, and CP-55,940 produced antinociception in the rat tail
flick test (Lichtman, Cook, & Martin, 1996; Martin, Lai, Patrick,
Tsou, & Walker, 1993). In spinally transected rats, i.c.v. administration of
the CB; receptor antagonist/inverse agonist rimonabant completely
blocked the antinociceptive effects of A-THC and CP-55,940 in the rat
tail flick test, indicating that these effects are mediated through CB;
receptors in the brain. The antagonist failed to block the effects of morphine,
indicating its selectivity for CB receptors (Lichtman & Martin, 1997).
However, when administered via the same route, i.c.v. administration of
A°-THC enhances the antinociceptive potency of morphine (Welch,
Thomas, & Patrick, 1995), suggesting a synergistic interaction between
the opioid and CB systems. Similar to Martin et al. (1993), i.c.v. injection
of WIN55,212-2 and THC produced dose-related antinociceptive effects in
the mouse tail flick test (Raffa, Stone, & Hipp, 1999). In addition, i.c.v.
administration of WIN55,212-2 induces antinociception in the mouse tail
flick and paw withdrawal test (Fang et al., 2012). It was also shown that
rimonabant has greater efficacy in the mouse tail flick test at a supraspinal
rather than spinal level when blocking the action of THC, HU210,
CP-55,940, and AEA (Welch, Huffman, & Lowe, 1998). Thus, taken
together, supraspinal CB; receptors are important in modulating pain pro-
cesses. Although i.c.v. administration of pharmacological agents is a useful
means of investigating the contribution of the brain in general, alternative
approaches are required to study the role of the eCB system in specific brain
regions in pain and its modulation by stress. These approaches and the results
obtained are discussed later in the review for each of the key brain regions
that comprise the descending pain pathways (RVM, PAG, amygdala, and
PFC). Additionally, less characterized mechanisms and targets will also be
discussed toward the end of the review. Lines of evidence implicating the
supraspinal eCB system in pain, stress, and their interaction will be consid-
ered briefly now.

4. THE MODULATION OF PAIN BY STRESS: ROLE FOR THE
BRAIN'S ENDOCANNABINOID SYSTEM

Both painful (Alexander & Kendall, 2007; Kwilasz, Abdullah, Poklis,
Lichtman, & Negus, 2014; Walker, Huang, Strangman, Tsou, & Sanudo-
Pena, 1999; Woodhams et al., 2015) and aversive (stress/fear) (Hill et al.,
2013, 2005; Hohmann et al., 2005; Jennings et al., 2014; Olango et al.,
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2012; Patel et al., 2005; Rademacher et al., 2008) stimuli have been shown
to alter eCB levels and expression of key components of the eCB system in
supraspinal regions (for review, see Morena et al., 2015). As highlighted ear-
lier, emotion and stress can profoundly impact on nociceptive processing,
with chronic stress paradigms shown to enhance pain perception under a
variety of experimental conditions. Chronic unpredictable stress (CUS), a
widely used model for inducing anxiety and depressive-like behavior in
mice, has been shown to enhance thermal (hot plate test) and mechanical
(von Frey) hyperalgesia. It has also been shown to induce long lasting wide-
spread hyperalgesia following intramuscular injection of nerve growth factor
(NGF) (Lomazzo et al., 2015). The FAAH and MAGL inhibitors URB597
and JZ1184 attenuated the CUS-induced anxiety-related behavior in the
light—dark box and thermal hyperalgesia in the hot plate test. URB597 sig-
nificantly reduced the widespread hyperalgesia induced by combining CUS
and NGF in this study, while JZL184 had no significant effect. Both drugs
enhanced the levels of AEA and 2-AG, respectively, in the midbrain and
cingulate cortex (Lomazzo et al., 2015). These data highlight the strong
potential for pharmacological inventions aimed at increasing eCB levels
supraspinally in both anxiety- and pain-related disorders.

I.c.v. administration of rimonabant increases levels of the stress hor-
mones, adrenocorticotropic hormone, and corticosterone, in rats,
suggesting a role for supraspinal CB; receptors in the neuroendocrine
response to stress (Manzanares, Corchero, & Fuentes, 1999). CB{(—/—)
knockout mice develop normal mechanical hypersensitivity but more pro-
nounced anxiety-related behavior following partial sciatic nerve ligation,
indicating a potential role for the EC system in chronic comorbid pain/anx-
iety disorders (Racz, Nent, Erxlebe, & Zimmer, 2015). Indeed, the acqui-
sition, expression, and extinction of fear-related behavior have all been
shown to involve eCB signaling (see Chhatwal & Ressler, 2007). Our group
has shown an interaction between the eCB and opioid systems in fear-
conditioned analgesia (FCA). FCA was modeled by assessing
formalin-evoked nociceptive behavior in an arena previously paired with
footshock. Systemic administration of the FAAH inhibitor URB597
enhanced FCA in rats, an effect blocked by the CB; and CB, receptor antag-
onists rimonabant and SR 144528, respectively (Butler, Rea, Lang, Gavin, &
Finn, 2008). These findings corroborated and extended our earlier work
demonstrating that CB; receptors play a key role in mediating FCA (Finn
et al., 2004). The use of transgenic mice lacking components of the eCB
system further implicates a role for eCBs in SIA (Valverde, Ledent,
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Beslot, Parmentier, & Roques, 2000) and studies that have investigated the
role of the EC system in specific brain regions in FCA/SIA will be discussed
in detail below.

It has been shown that the neuropeptide cholecystokinin (CCK) plays a
role in pain sensitivity via its regulation of opioid tone in the CNS. A recent
study has demonstrated an interaction between CCK and ECs in the regu-
lation of SIA (Kurrikoft, Inno, Matsui, & Vasar, 2008). Intraperitoneal
rimonabant prevented SIA, in the tail flick test, in response to footshock
in wild-type mice. SIA was present in CCK type 2 receptor-deficient mice
regardless of rimonabant treatment while naloxone weakened SIA in both
wild-type and CCK type 2 receptor-deficient mice. The CCK, receptor
gene, along with genes implicated in eCB-mediated neurotransmission,
were upregulated in the mesolimbic area of the brain. CCK, receptors
may therefore modulate the action of eCBs. This study demonstrates a clear
involvement of the CCK, receptor in eCB-mediated SIA.

See Table 1 for a summary of studies (excluding those focused on the
RVM, PAG, amygdala, and PFC) investigating the role of the brain’s
eCB system in pain and its modulation by stress. Tables 2-5, Fig. 2, and
the sections that follow below then deal with the role of the eCB system
within the RVM (Table 2), PAG (Table 3), amygdala (Table 4), and
PFC (Table 5) in pain and its modulation by stress.

5. THE ROLE OF THE ENDOCANNABINOID SYSTEM IN
THE ROSTRAL VENTROMEDIAL MEDULLA IN PAIN,
STRESS-INDUCED ANALGESIA, AND STRESS-INDUCED
HYPERALGESIA

5.1 Pain

The RVM is made up of the nucleus raphe magnus, the nucleus
gigantocellularis pars alpha (GiA), and the adjacent reticular formation;
and is a major component of the descending inhibitory pain pathway
(Meng, Manning, Martin, & Fields, 1998). CB; receptors have been shown
to be expressed in the RVM using receptor autoradiography and immuno-
histochemistry (Glass et al., 1997; Herkenham et al., 1991; Herzberg, Eliav,
Bennett, & Kopin, 1997; Mailleux, Parmentier, & Vanderhaeghen, 1992;
Thomas, Wei, & Martin, 1992; Tsou, Brown, et al., 1998). The RVM con-
tains ON and OFF cells which are involved in descending facilitation and
inhibition of nociception, respectively (Vanegas, Barbaro, & Fields,
1984), and it projects to the dorsal horn of the spinal cord and the trigeminal



Table 1 Summary of Studies Investigating the Role of the Brain's Endocannabinoid System in Pain and Its Modulation by Stress (Excluding
Studies on RVM, PAG, Amygdala, and PFC Which Are Summarized in Tables 2—5)

Class of Pharmacological

Pharmacological or Genetic Route of

Compound Intervention Administration Species Model Effect References

CB;/CB, WIN55,212-2 1. Rat Spinal transection; tail  Inhibits noxious activity; Hohmann

agonist flick blocked by spinal et al. (1999)

transection
CB,/CB» THC; 1.c.v. Rat Spinal transection; tail ~ Antinociception; Lichtman and
agonist CP-55,940 flick blocked by rimonabant  Martin (1991,
1997)
CB;/CB, THC 1.C.V. Mouse Tail flick Enhances the Welch et al.
agonist antinociceptive effects of (1995)
morphine

CB,/CB, WIN55,212-2;  1i.c.v. Rat Tail flick Antinociception Martin et al.

agonist CP-55,940 (1993)

CB,/CB,» WIN55,212-2;  i.c.v. Mouse Tail flick Dose-related Raffa et al.

agonist THC antinociception (1999)

CB,/CB>» WIN55,212-2 1.v. Rats Pressure stimulus to Decrease in nociceptive Martin,

agonist hindpaw; transmission in the Hohmann,
electrophysiological thalamus and Walker
recording of nociceptive (1996)

neurons in thalamus




CB;/CB, WIN55,212-2  Microinjection;  Rats Tail flick Antinociception when  Martin et al.
agonist GiA, thalamus, administered to each (1999)
noradrenergic A5 region
region
CB,/CB; WIN55,212-2  i.c.v. Mice  Tail flick; paw Antinociception Fang et al.
agonist withdrawal in the lamp- (2012)
foot-flick assay
CBjantagonist/ Rimonabant icv.;it; Mouse Tail flick Rimonabant exhibits Welch et al.
inverse agonist intraperitoneal greater efficacy (1998)
supraspinally rather than
spinally
CB, agonist JWH-133 Intra-VPL Rats  Spinal nerve ligation Reduced noxious Jhaveri et al.
activity in SNL rats; (2008)
blocked by SR 144528
(CB; antagonist)
FAAH inhibitor FAAH (—/—); Mice  Nitroglycerin-induced FAAH (—/—), Nozaki,
URB597 migraine-like pain URB597, and PF3945  Markert, and
PF3945 reduce nociceptive Zimmer
behavior; blocked by (2015)
rimonabant
FAAH (—/-) Mice  Tail immersion, hot FAAH (—/—) increased Lichtman,

plate, formalin tests,
CCI and carrageenan

response latency in tail

immersion and hot plate

Shelton,

Continued



Table 1 Summary of Studies Investigating the Role of the Brain's Endocannabinoid System in Pain and Its Modulation by Stress (Excluding
Studies on RVM, PAG, Amygdala, and PFC Which Are Summarized in Tables 2—5)—cont'd

Class of
Pharmacological
Compound

Pharmacological

or Genetic
Intervention

Route of
Administration

Species Model

Effect

References

test; reduced formalin-
evoked nociceptive
behavior

Advani, and
Cravatt (2004)

FAAH inhibitor; URB597; i.p. Mice  CUS; NGF Anti-hyperalgesic in Lomazzo et al.
MAGL inhibitor JZL184 hyperalgesia; tail flick;  carrageenan model (2015)
hot plate
TRPV1 A-784168 ic.v. Rats  Model of osteoarthritis ~ Effects in CUS mice—  Cui et al.
antagonist (sodium enhanced levels of AEA  (2006)
monoiodoacetate); and 2-AG; decreased
complete Freund’s thermal hyperalgesia;
adjuvant (chronic URB597 decreased
inflammatory pain) NGF hyperalgesia
TRPV1 Capsazepine i.c.v. Mice  Formalin Decreased weight Santos and
antagonist bearing; decreased Calixto (1997)
chronic inflammatory
thermal hyperalgesia
GPR55(—/—) Mice  Inflammatory Attenuation of Castane et al.

mechanical hyperalgesia
(von Frey; complete
Freund’s adjuvant)

nociceptive behavior

(2006) and
Staton et al.
(2008)




GPR55(—/—) Mice  Nerve ligation; Hyperalgesia absent in ~ Staton et al.

mechanical hyperalgesia GPR55(—/—) (2008)

PPARY Rosiglitazone;  i.c.v. Rats  Plantar carrageenan Mechanical hyperalgesia Morgenweck

agonist 15d-PGJ(2) model of inflammatory absent following nerve et al. (2010)
pain ligation in GPR55(—/—)
SIA—footshock; tail Anti-inflammatory and  Kurrikoff et al.
flick antihyperalgesia effects ~ (2008)

CB; antagonist/ Rimonabant; i.p. Mice Rimonabant prevented

inverse agonist; naloxone; CCK, SIA, an effect not seen in

opioid knockout mice CCK; knockout mice;

antagonist naloxone weakened SIA

in wild-type and CCK,
knockout mice

FAAH inhibitor URB597 1.p. Rats ~ FCA—conditioned fear URB597 enhances FCA; Butler et al.
(footshock) and formalin attenuated by (2008)
test rimonabant, SR 144528
and naloxone
FAAH inhibitor URB597 intra-ventral Rats  FCA—conditioned fear URB597 enhanced Ford et al.
hippocampus (footshock) and formalin FCA, an effect blocked (2011)
test by rimonabant.

CBj /2, Cannabinoid receptor type 1/2; i.v., intravenous; i.c.v., intracerebroventricular; GiA, nucleus reticularis gigantocellularis pars alpha; i.t., intra-thecal; intra-VPL,
ventral posterolateral nucleus; FAAH, fatty acid amide hydrolase; SNL, spinal nerve ligation; (—/—), knock out; CCI, chronic constriction injury; MAGL, mono-
acylglycerol lipase; PPAR, peroxisome proliferator-activated receptor alpha; TRPV1, transient receptor potential cation channel subfamily V member 1; CUS, chronic
unpredictable stress; NGF, nerve growth factor; AEA, anandamide; 2-AG, 2-arachidonoylglycerol; GPR55, G protein-coupled receptor 55; CCK2, cholecystokinin 2;
SIA, stress-induced analgesia; FCA, fear-conditioned analgesia.



Table 2 Summary of Studies Investigating the Role of the Endocannabinoid System in the RVM in Pain and Its Modulation by Stress

Class of Pharmacological
Pharmacological or Genetic Route of
Compound Intervention Administration Species Model Effect References
CB,/CB; agonists WIN55,212-2;  Intra-RVM Rat Tail flick Nociceptive behavior Martin, Tsou,
HU210 suppression and Walker
(1998)
CB,/CB; agonist  WIN55,212-2  Intra-RVM Rat Tail flick  Increased tail flick latency; Meng and
inhibition of ON-cell Johansen (2004)
activity; increase in OFF-
cell activity; eftects blocked
by rimonabant
CB,/CB; agonist ~ WIN55,212-2  Intra-GiA Rat Tail flick Increased antinociception; Monhemius,
blocked by rimonabant Azami, Green,
and Roberts
(2001)
CB,/CB, agonist ~ WIN55,212-2 Intra-GiA Rat Partial Decrease in formalin- Monhemius
nerve evoked nociceptive et al. (2001)
ligation; behavior following nerve
formalin ligation; reversed by
test rimonabant
CB; antagonist/ Rimonabant; Intra-RVM,; Rats SIA— Suppression of SIA by Suplita,
inverse agonist; AA-5-HT Footshock, rimonabant; enhancement Farthing,
dual FAAH/ Formalin  of SIA by AA-5-HT Gutierrez, and
TRPV1 inhibitor Hohmann

(2005)




CB; antagonist/ AM251; Intraperitoneal Wistar Formalin  Systemic AM251 Rea et al.

inverse agonist; URB597 (AM251 and Kyoto and potentiates hyperalgesia in  (2014)
FAAH inhibitor URB597); intra-  Sprague WKY, URB597
RVM AM251 Dawley rats attenuates hyperalgesia in

WKY associated with
impaired pain-related
mobilization of ECs in
RVM of WKY rats as seen
from intra-RVM AM251

CB, 2, cannabinoid receptor type 1/2; RVM, rostral ventromedial medulla; GiA, nucleus reticularis gigantocellularis pars alpha; SIA, stress-induced analgesia; WKY,
Wistar Kyoto; TRPV1, transient receptor potential cation channel subfamily V member 1; FAAH, fatty acid amide hydrolase.



Table 3 Summary of Studies Investigating the Role of the Endocannabinoid System in the PAG in Pain and Its Modulation by Stress

Pharmacological

Class of Pharmacological or Genetic

Route of

Compound Intervention Administration Species Model Effect References
CB,/CB, agonist HU-210 vIPAG; Rat Hot plate test HU210 enhanced Wilson-Poe,
systemic antinociceptive effect of Pocius,
morphine and morphine Herschbach,
enhanced the and Morgan
antinociceptive effect of (2013)
HU210
CB,/CB; agonist HU210 Intra-dPAG Rat Formalin Reduced formalin- Finn et al.
evoked nociceptive (2003)
behavior; blocked
following rimonabant
administration
CB,/CB, agonist CP-55,940 Intra-vIPAG; Rat Tail flick Intra-vIPAG Lichtman et al.
intra-dPAG; microinjection produced (1996)
antinociception; intra-
dPAG had no effect
CB,/CB, agonist WIN55,212-2  Intra-dPAG  Rats Tail flick Increased tail flick Martin,
latency Patrick,
Coftin, Tsou,
and Walker
(1995)
CB, antagonist/inverse AM251 Intra-PAG; Rat Metazinol-induced Reverses metazinol- Escobar et al.
agonist intra-RVM antinociception in a induced analgesia (2012)

carrageenan model
of inflammation




TRPV1 agonist Capsaicin (low  Intra-dIPAG ~ Rat Plantar test Low dose— Palazzo et al.
dose); capsaicin antinociception; high (2002)
(high dose) dose—blocked
antinociception
TRPV1 agonist; Capsaicin; Intra-dIPAG  Rat Tail flick Capsaicin—hyperalgesia McGaraughty
TRPV1 antagonist capsazepine followed by et al. (2003)
antinociception;
capsazepine—blocked
hyperalgesic effect of
capsaicin
FAAH inhibitor URB597 Intra-vIPAG ~ Rat Plantar test Low dose— Maione et al.
hyperalgesia— (2006)

coadministration with
AM251 converted
hyperalgesia to
analgesia—
coadministration with
capsazepine and AM251
abolished any eftect of
URB597; high dose—
antinociception;
intermediate dose—
biphasic response —
blocked by AM251,
hyperalgesic following
coadministration of
URB597 with
capsazepine

Continued



Table 3 Summary of Studies Investigating the Role of the Endocannabinoid System in the PAG in Pain and Its Modulation by Stress—cont'd

Class of Pharmacological
Compound

Pharmacological

or Genetic
Intervention

Route of

Administration Species Model

Effect

References

Dual FAAH/TRPV1 AA-5-HT; Intra-PAG Rat Tail flick AA-5-HT-induced de Novellis
inhibitor; CB; AM251; antinociception— et al. (2008)
antagonist/inverse [I-RTX; blocked by AM251 and
agonist; TRPV1 URB597 [-RTX; URB597 and
antagonist; FAAH [-R TX-induced
inhibitor analgesia
CB; antagonist/inverse Rimonabant; Intra-dIPAG ~ Rat SIA—footshock Rimonabant- Hohmann
agonist; MAGL URB602 and tail flick attenuation of SIA; et al. (2005)
inhibitor URB602—enhances

SIA
CB; antagonist/inverse Rimonabant; Intra-dIPAG ~ Rat SIA—footshock Rimonabant- Suplita et al.
agonist; dual FAAH/ AA-5-HT and tail flick suppression of SIA; (2005)
TRPV1 inhibitor AA-5-HT—enhances

SIA
CB, antagonist/inverse Rimonabant Intra-dIPAG  Rat FCA—formalin and Rimonabant attenuated Olango et al.

agonist

footshock

FCA

(2012)

CB, 2, cannabinoid receptor type 1/2; TRPV1, transient receptor potential cation channel subfamily V member 1; FAAH, fatty acid amide hydrolase; MAGL, mono-
acylglycerol lipase; PAG, periaqueductal gray; vIPAG, ventrolateral periaqueductal gray; dPAG, dorsal periaqueductal gray; RVM, rostral ventromedial medulla; dIPAG,
dorsolateral periaqueductal gray; SIA, stress-induced analgesia; FCA, fear-conditioned analgesia.



Table 4 Summary of Studies Investigating the Role of the Endocannabinoid System in the Amygdala in Pain and Its Modulation by Stress

Class of Pharmacological
Pharmacological or Genetic Route of
Compound Intervention Administration  Species Model Effect References
CB,/CB; WIN55,212-2  Intra-BLA; Rat Tail flick Increased tail flick latency ~ Martin et al. (1999)
agonist intra-CeA
CB,/CB» WIN55,212-2 Intra-BLA Rat Formalin; Increased tail flick latency;  Hasanein, Parviz,
agonist tail flick decreased formalin-evoked — Keshavarz, and
nociceptive behavior— Javanmardi (2007)
attenuated via AM251
CB;/CB, WIN55,212-2;  Intra-CeA, Rats Tail flick Antinociception Manning, Martin, and
agonist intra-BLA Meng (2003)
CB,/CB;, WIN55,212-2  Intramuscularly Rhesus Warm- Dose-dependent Manning, Merin,
agonist monkey water tail-  antinociception; attenuated Meng, and Amaral
withdrawal  via bilateral amygdala lesions (2001)
assay
CB; antagonist/ Rimonabant Intra-BLA Rat SIA—+tail Suppression of SIA Connell, Bolton,
inverse agonist flick, Olsen, Piomelli, and
footshock Hohmann (2006)
CB, antagonist/ Rimonabant Intra-BLA Rat FCA— Reduced formalin-evoked  Roche, O’Connor,
inverse agonist formalin, nociceptive behavior; no Diskin, and Finn
footshock effect on FCA (2007) and Roche

et al. (2010)

Continued



Table 4 Summary of Studies Investigating the Role of the Endocannabinoid System in the Amygdala in Pain and Its Modulation by Stress—
contd

Class of Pharmacological
Pharmacological or Genetic Route of
Compound Intervention Administration  Species Model Effect References
FAAH inhibitor URB597 Intraperitoneal  Rat FCA— URB597 enhances FCA; Butler et al. (2008)
formalin, weakened by rimonabant
footshock and SR 144528; FCA
associated with enhanced
phospho-ERK in the
amygdala
CB, antagonist/ AM251 Intraperitoneal; Rat FCA— AM?251 prevents expression Rea et al. (2013)
inverse agonist intra-BLA; formalin, of FCA following
intra-CeA footshock  intraperitoneal and intra-
BLA but not intra-CeA
injection

CBj, cannabinoid receptor type 1; FAAH, fatty acid amide hydrolase; BLA, basolateral amygdala; CeA, central nucleus of the amygdala; SIA, stress-induced analgesia;
FCA, fear-conditioned analgesia.



Table 5 Summary of Studies Investigating the Role of the Endocannabinoid System in the PFC in Pain and Its Modulation by Stress

Class of Pharmacological
Pharmacological or Genetic Route of
Compound Intervention Administration Species Model Effect References
Dual FAAH/TRPV1 AA-5-HT Intra-PrL; Rats Noxious Reduced mechanical Giordano et al.
inhibitor intra-IL mechanical allodynia in rats following (2012)
stimuli (Von SNI
Frey); SNI rats
Dual FAAH/TRPV1 AA-5-HT; Intra-PrL; Rats  SNI rats All drugs produced de Novellis et al.
inhibitor; FAAH URB597; intra-IL antinociception; (2011)
inhibitor; TRPV1 I-RTX AA-5-HT produced
antagonist antinociception more
efficiently than URB597
or [-[RTX
PPAR antagonist; GWo6471; Intra-mPFC  Rats Formalin GW6471, but not Okine et al. (2014)
PPAR« agonist GW7647 GW7647, delayed onset
of the second phase of
formalin-evoked
nociceptive behavior
CB, antagonist/ AM251 Intra-PrL Rat FCA—tail Attenuated FCA Freitas, Salgado-

inverse agonist

flick, footshock

Rohner, Hallak,
Crippa, and
Coimbra (2013)

CB;, Cannabinoid receptor type 1; TRPV1, transient receptor potential cation channel subfamily V member 1; FAAH, fatty acid amide hydrolase; PPARa, peroxisome
proliferator-activated receptor alpha; SNI, spared nerve injury; mPFC, medial prefrontal cortex; IL, infralimbic cortex; PrL, prelimbic cortex; FCA, fear-conditioned

analgesia.
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Brain region Receptor event Functional
consequence
BLA CB, receptor Decreased SIA
inhibition Amygdala
Amygdala eCB dysfunction in Decreased SIH
WKY rats
dIPAG CB, receptor Decreased SIA
inhibition
dIPAG CB, receptor Increased SIA
activation
dIPAG CB, receptor Increased SIA PAG
activation coupled
with TRPV1 inhibition
RVM CB, receptor Decreased SIA
inhibition
RVM CB, receptor Increased SIA
activation coupled RVM
with TRPV1 inhibition
RVM eCB dysfunction in Decreased SIH
WKY rats

Figure 2 A synthesis of the literature reviewed herein on the role of the supraspinal
endocannabinoid system in discrete brain regions in stress-induced analgesia (SIA)
and stress-induced hyperalgesia (SIH). eCB, endocannabinoid; BLA, basolateral amyg-
dala; PAG, periaqueductal gray; dIPAG, dorsolateral PAG; RVM, rostral ventromedial
medulla; TRPV1, transient receptor potential vanilloid 1; WKY, Wistar Kyoto rat.

nucleus to exert bidirectional control over nociception (Aicher, Hermes,
Whittier, & Hegarty, 2012; Basbaum & Fields, 1984).

The RVM shares connections with the PAG, forming the PAG-RVM
pathway (Basbaum & Fields, 1984). CBs activate descending analgesia via
this pathway through a process of “GABA disinhibition.” According to
the GABA disinhibition hypothesis of analgesia, CB; receptor-mediated
inhibition of GABAergic interneurons in the PAG and RVM results in dis-
inhibition of projection neurons within the descending inhibitory pain path-
way, resulting in analgesia (Basbaum & Fields, 1984; Lau & Vaughan, 2014;
Szabo & Schlicker, 2005).

Microinjection of the CB receptor agonists WIN55,212-2 and HU210
into the RVM suppressed nociceptive behaviors in the tail flick test, an effect
attenuated by coadministration with the CB; receptor antagonist
rimonabant (Martin et al., 1998). Nociceptive behavior remained
unchanged upon CB receptor agonist injection outside of the RVM. CBs
induce antinociception by modulating neuronal activity in the RVM and
inactivation of the RVM prevents CB-induced analgesia (Meng et al.,
1998). As previously mentioned, ON cells in the RVM increase firing in
response to painful stimuli, whereas OFF cells decrease firing, facilitating,



The Supraspinal Endocannabinoid System in Pain and Stress 227

and inhibiting pain, respectively. Intra-RVM microinjection of
WINS55,212-2 increases tail flick latencies while inhibiting ON-cell activity
and increasing OFF-cell activity, thus decreasing nociception. Coinfusion
with rimonabant blocked these effects, indicating a role for the eCB-CB;
receptor system in the RVM in nociception (Meng & Johansen, 2004).
Microinjection of WIN55,212-2 into the GiA resulted in behavioral
analgesia in the rat tail flick test, an effect blocked by coadministration of
rimonabant (Monhemius et al., 2001). In the same study, animals with par-
tial sciatic nerve ligation were given intra-GiA WIN55,212-2 and
rimonabant and intraplantar formalin, contralaterally to the site of nerve liga-
tion. Formalin-evoked nociceptive behavior was significantly reduced in
partial nerve ligated rats, an effect reversed by microinjection of rimonabant
into the GiA. This study demonstrated a role for the CB; receptor in GiA-
mediated antinociception and modulation of nociceptive transmission in
both acute pain and chronic neuropathic pain (Monhemius et al., 2001).

5.2 SIA

To our knowledge, only one study to date has investigated the role of the
eCB system in the RVM in the modulation of pain by acute stress (SIA).
Intra-R VM administration of rimonabant attenuated SIA in a rat model that
combined footshock and a tail flick test. The FAAH inhibitor and TRPV1
antagonist AA-5-HT, administered systemically or intra-RVM, enhanced
SIA in rats in a CB; receptor-dependent manner (Suplita et al., 2005). This
study provides evidence for an important role of CB; receptors in the RVM
in mediating and modulating SIA.

5.3 SIH

While there is evidence for a role of the RVM in SIH (for review, see
Jennings et al., 2014), few studies have specifically investigated the role of
the eCB system in the RVM in SIH. Genetic background plays a key role
in determining the effect of stress on pain. The Wistar Kyoto (WKY) rat
displays increased sensitivity to noxious stimuli and exhibits a depressive/
anxiety-like phenotype and hypersensitivity to stress, compared with other
rat strains including Sprague Dawley (SD) rats (Burke et al., 2010;
O’Mahony et al., 2010). We have recently reported an impairment in
pain-related mobilization of the eCBs AEA and 2-AG, along with their syn-
thesizing enzymes, NAPE-PLD and DAGL, respectively, in the RVM of
WKY rats compared with SD rats, following intraplantar injection of
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formalin (Rea et al., 2014). Systemic administration of AM251 potentiated
while systemic administration of the FAAH inhibitor URB597 attenuated
hyperalgesia to formalin injection in WKY rats, but not SD rats, an effect
mediated by CB; receptors in the RVM. These data suggest eCB dysfunc-
tion in the RVM underlies the hypersensitivity to noxious stimuli in WKY
rat model of negative affective state (Rea et al., 2014).

See Table 2 for a summary of studies investigating the role of the eCB
system in the RVM in pain and its modulation by stress.

6. THE ROLE OF THE ENDOCANNABINOID SYSTEM IN
THE PERIAQUADUCTAL GRAY IN PAIN, STRESS-
INDUCED ANALGESIA, AND STRESS-INDUCED
HYPERALGESIA

6.1 Pain

The periaquaductal gray (PAG) is a midbrain/brainstem structure that can be
divided into four columns along its rostro-caudal axis: dorsomedial
(dmPAG), dorsolateral (dIPAG), lateral (IPAG), and ventrolateral (VIPAG)
columns (Bandler & Keay, 1996). Exposure to an aversive stimulus activates
the descending inhibitory pain pathway, of which the PAG is a key compo-
nent. The PAG, via the RVM, modulates nociceptive transmission at the
level of the spinal cord (Fields, Heinricher, & Mason, 1991). The PAG pos-
sesses a larger density of CB receptors than other brainstem structures
(Herkenham et al., 1991). CBs act in the PAG to inhibit GABAergic and
glutamatergic synaptic transmission and to produce analgesia by a dis-
inhibitory mechanism (Vaughan, Connor, Bagley, & Christie, 2000).

CB; receptor-mediated antinociception and increased levels of AEA
were reported following electrical stimulation of the dorsal PAG (dPAG)
and IPAG (Walker et al., 1999). These authors also showed that subcutane-
ous injection of formalin elicited a pain response in rats and substantially
increased AEA levels in the PAG, measured by in vivo microdialysis.
Increased levels of the eCBs, AEA, and 2-AG were also seen in the PAG
and RVM of rats 7 days post chronic constriction injury (CCI) of the sciatic
nerve, when hyperalgesia and mechanical allodynia were observed to be
maximal (Petrosino et al., 2007).

Intra-vIPAG administration of morphine in rats enhanced the anti-
nociceptive effect of the CB; receptor agonist HU-210 in the hot plate test
(Wilson-Poe et al., 2013). Likewise, intra-vIPAG and systemic administra-
tion of HU-210 enhanced the antinociceptive effect of morphine (Wilson,
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Mabher, & Morgan, 2008). This study provides evidence for a dual role of
morphine and CBs in pain and antinociception. Formalin-evoked nocicep-
tive behavior was reduced following microinjection of HU210 into the dor-
sal PAG (dPAG) of rats, an eftect blocked by coadministration with the CB,
receptor antagonist rimonabant (Finn et al., 2003). Microinjection of
CP-55,940 into the vIPAG, but not the posterior dIPAG or the anterior
VvIPAG, areas produces antinociception in the rat tail flick test (Lichtman
et al., 1996). WIN55,212-2 increased tail flick latencies following microin-
jection into the rat dIPAG (Martin et al., 1995). Microinjection of
WIN55,212-2 into the PAG increased the latency of the nociceptive
response in the plantar test in rats, an effect blocked by coadministration with
rimonabant. MPEP, a metabotropic glutamate receptor mGlu5 antagonist,
also completely blocked the antinociceptive effect of WIN55,212-2
(Palazzo et al., 2001), indicating a CBj-glutamatergic interaction in the
PAG in mediating CB-induced analgesia.

Studies investigating the analgesic effect of the nonsteroidal anti-
inflammatory drugs (NSAIDs) in supraspinal structures indicate a role for
eCBs and CB; receptors in the PAG and RVM. Inflammation-induced
hyperalgesia can be attenuated by microinjection of the NSAID metazinol
into the PAG (Vazquez, Escobar, Ramirez, & Vanegas, 2007). Injection of
the CB; receptor antagonist AM251 into the PAG or RVM reverses
metazinol-induced analgesia, suggesting a role for the eCB system in these
brain regions in NSAID-induced analgesia (Escobar et al., 2012).

TRPVI1, a target of AEA, is expressed in the PAG (Palazzo, Rossi, &
Maione, 2008) and a role for TRPV1 in pain modulation in the PAG has
also been demonstrated. Intra-dIPAG injection of the TRPV1 agonist cap-
saicin increased the latency of nociceptive responses in the rat plantar test
(Palazzo et al., 2002). A higher dose administered to the same region pro-
duced opposite eftects, decreasing the latency of nociceptive responses and
inducing hyperalgesia followed by analgesia (McGaraughty et al., 2003).
Similar to Palazzo et al. (2002), intra-vIPAG administration of capsaicin also
increased the latency of nociceptive responses in the hot-plate responses in
rats (Liao, Lee, Ho, & Chiou, 2011) (for review, see Starowicz, Nigam, & Di
Marzo, 2007). Thus, TRPV1 agonism in the PAG elicits antinociceptive
effects in several pain models. For a recent review, see Madasu, Roche,
and Finn (2015).

Intra-vIPAG injection of the FAAH inhibitor URB597 produced a
robust hyperalgesic response at low doses, an analgesic response at high
doses, and a biphasic effect on nociception at intermediate doses, in the
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rat plantar test (Maione et al., 2006). AEA and 2-AG levels were increased in
a dose-dependent manner following URB597 administration into the
vIPAG. Coadministration of a low dose of URB597 with the CB; receptor
antagonist AM251 converted the hyperalgesic eftect to an analgesic one,
while coadministration of URB597 with both the TRPV1 antagonist
capsazepine and AM251 abolished all effects. In comparison, the early
hyperalgesic effect of the intermediate dose of URB597 was blocked by
AM?251, while the later URB597-induced analgesic effect became hyper-
algesic following TRPV1 antagonism. CB; receptor-dependent analgesia
was seen at the highest dose of intra-vIPAG URB597 administration
(Maione et al.,, 2006). The URB597-induced antinociceptive effects
(TRPV1-mediated) and pronociceptive effects (CB; receptor mediated)
were associated with enhanced or reduced RVM OFF cell activity, respec-
tively, suggesting URB597-induced alteration in the activity of excitatory
PAG output neurons. This study indicates a role for both CB; and TRPV1
receptors in the eCB-mediated control of the descending pain pathway.

Diabetes is frequently associated with neuropathy, with many patients
suffering from hyperalgesia or allodynia. A role for TRPV1 and CB; recep-
tors in the PAG has been proposed in diabetic thermal hyperalgesia
(Mohammadi-Farani, Sahebgharani, Sepehrizadeh, Jaberi, & Ghazi-
Khansari, 2010). Intra-vIPAG administration of capsaicin and WIN pro-
duced antinociception in the hot plate test of nondiabetic mice
(Mohammadi-Farani et al., 2010). In contrast, the antinociceptive effects
of intra-vIPAG capsaicin and WIN were reduced in hyperalgesic diabetic
mice, an effect associated with CB; upregulation and TRPV1 down-
regulation in the vVIPAG (Mohammadi-Farani et al., 2010). Taken together,
the data demonstrate that diabetic neuropathy is associated with altered eCB
signaling in the PAG, effects which may underlie the associated hyperalgesia
and allodynia.

Systemic administration of the FAAH inhibitor and TRPV1 antagonist
AA-5-HT produced antinociceptive effects in both rats and mice treated
with formalin and in rats with CCI of the sciatic nerve (Maione et al.,
2007), effects associated with increased levels of AEA in both the PAG
and RVM. These antinociceptive eftects were blocked by both CB; recep-
tor and TRPV1 antagonists. Intra-vIPAG injection of AA-5-HT increased
eCB levels and induced a pronociceptive effect at low doses and an anti-
nociceptive effect at higher doses in the rat tail flick test (de Novellis
et al., 2008). These effects were blocked by antagonism of vIPAG CB,
receptors (AM251) or TRPV1 (I-RTX). Furthermore, administration of
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the FAAH inhibitor URB597 with the TRPV1 antagonist [-R TX into the
vIPAG also induced antinociceptive effects in the rat tail flick test and
inhibited RVM ON- and OFF-cell activity (de Novellis et al., 2008), thus
indicating that the antinociceptive effects of FAAH substrates in the vIPAG
may be mediated by CB; receptors. In the formalin test of inflammatory
pain, intra-PAG AA-5-HT prevented the changes in the ON and OFF cell
firing activity induced by intraplantar injection of formalin. Since CB; and
TRPV1 antagonists blocked the effects of AA-5-HT (de Novellis et al.,
2008), it suggests that these two eCB receptors in the PAG may be respon-
sible for AA-5-HT-induced analgesia. Furthermore, intra-PAG administra-
tion of the GPR55 agonist LPI reduced the nociceptive threshold in the rat
hot plate test, an effect blocked upon pretreatment with the GPR55 antag-
onist ML-193 (Deliu et al., 2015). This study suggests that altering GPR55
activity in the PAG may affect nociceptive behaviour. Taken together these
studies suggest that CB; receptors, TRPV1 and GPR55 in the PAG all play
important roles in modulating pain behavior.

Orexin (OX) A and B are peptides and endogenous agonists for the OX1
and OX2 receptors which are localized in the lateral and perifornical area of
the hypothalamus (de Lecea et al., 1998; Sakurai et al., 1998; Tsujino &
Sakurai, 2009). They exert antinociceptive effects (Chiou et al., 2010)
including following direct administration into the PAG (Azhdari
Zarmehri et al., 2012). Orexin A decreases GABA release in an eCB-
dependant manner in the vIPAG. Activation of OX receptors in the vIPAG
leads to antinociception, measured electrophysiologically in brain slices.
Intra-vIPAG microinjection of orexin-A reduced hot-plate nociceptive
responses in rats in a manner blocked AM 251 (Ho et al., 2011).

6.2 SIA

A number of studies have demonstrated an important role for the eCB sys-
tem in the PAG in SIA/FCA. Intra-dPAG administration of the CB; recep-
tor antagonist rimonabant attenuated SIA, observed as an increase in the tail
flick latency following exposure of rats to footshock stress (Hohmann et al.,
2005). The same dose of this drug administered i.c.v., intra-vIPAG, and
intra-IPAG had no eftect on SIA in this study, highlighting a particular role
of CBy receptors in the dIPAG in mediating SIA. Increased levels of 2-AG
were seen in the dIPAG directly after footshock stress, implicating this eCB
in the dIPAG in SIA. Moreover, inhibition of the 2-AG-degrading enzyme
MAGTL in the dIPAG using URB602 enhanced SIA (Hohmann et al., 2005).
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A subsequent study by the same group confirmed the CB; receptor-
dependant attenuation of SIA following intra-dIPAG administration of
rimonabant and the CB;-dependant enhancement of SIA following
AA-5-HT administration (Suplita et al., 2005). These studies provide evi-
dence that the PAG is a key neural substrate for eCB-mediated SIA. Another
follow-up study from this group showed that mGlu5 receptor activation
mobilizes 2-AG in the dIPAG to produce SIA in rats (Gregg et al., 2012).
Thus, unconditioned SIA mediated by CB; receptor stimulation in the
PAG is under the control of glutamatergic neurotransmission via mGlu5
receptors.

Our group has reported a role for the eCB system in the PAG in a model
of SIA associated with conditioned learned fear (FCA) (Olango et al., 2012).
FCA in these studies was measured as the reduction of formalin-evoked
nociceptive behavior upon re-exposure of rats to a conditioning arena
previously paired with footshock. Systemic administration of the FAAH
inhibitor URB597 enhanced FCA, an effect associated with reduced
phospho-ERK1/2 expression in the PAG (Butler et al., 2008). FCA was
attenuated by intra-dIPAG administration of rimonabant (Olango et al.,
2012), confirming a role for CB; receptors in the dIPAG in mediating both
conditioned and unconditioned forms of SIA.

6.3 SIH

While there is evidence for a role of the PAG in SIH (for review, see
Jennings et al., 2014), there is currently a paucity of studies addressing the
role of the eCB system in the PAG in SIH and this is an area that warrants
investigation.

See Table 3 for a summary of studies investigating the role of the eCB
system in the PAG in pain and its modulation by stress.

7. THE ROLE OF THE ENDOCANNABINOID SYSTEM IN
THE AMYGDALA IN PAIN, STRESS-INDUCED
ANALGESIA, AND STRESS-INDUCED HYPERALGESIA

7.1 Pain

The amygdala is a key region of the limbic system located in the medial tem-
poral lobe. It contains a number of different nuclei including the lateral
nucleus (LA), basolateral nucleus (BLA), the central nucleus (CeA), accessory
basal nucleus (ABA), and the medial nucleus (MeA). The amygdala plays a
key role in the interaction between pain and emotion. The CeA, in
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particular, is involved in the emotional-affective component of persistent
pain (Neugebauer, Galhardo, Maione, & Mackey, 2009; Neugebauer, Li,
Bird, & Han, 2004), while the BLA may be involved in the modulation of
acute or tonic nociceptive processing (Oliveira & Prado, 1998). The amyg-
dala is a key region of the ascending and descending pain pathways and shares
connections with other key regions including the PFC and PAG. Pain-
related changes have been identified in the amygdala in animals and humans
using PET and fMRI neuroimaging studies (Neugebauer et al., 2004).

All components of the eCB system are expressed in the amygdala,
although CB; receptors are expressed in highest density in the BLA
(Herkenham et al., 1991; Tsou, Brown, etal., 1998). The amygdala contrib-
utes to the antinociceptive effects produced by systemically administered
CBs. WIN55,212-2 produces dose-dependent antinociceptive effects in rats
characterized as increased tail flick latencies (Manning et al., 2003). Intra-
CeA, but not intra-BLA, administration of muscimol, significantly attenu-
ated these antinociceptive effects of systemically administered WIN55,
212-2. Moreover, unilateral CeA inactivation via muscimol reduced the
suppression of formalin-evoked c-Fos expression by WIN55,212-2 in the
superficial dorsal horn of the spinal cord but not in the deeper
“nociceptive” laminae (Manning et al., 2003). Another study from the same
group found that the amygdala also plays a role in antinociception in non-
human primates (Manning et al., 2001). WIN55,212-2 produced dose-
dependent analgesia in rhesus monkeys. Bilateral lesions to the amygdala
of the monkeys significantly reduced CB-induced analgesia. Both of these
lesion studies indicate that the eCB system in the amygdala, in particular
the CeA, can mediate antinociceptive effects.

Tail flick latencies have been shown to be increased upon microinjection
of WIN55,212-2 into the CeA and BLA in rats (Hasanein et al., 2007;
Martin et al., 1999). Furthermore, intra-BLA administration of
WIN55,212-2 has also been shown to reduce formalin-evoked nociceptive
behavior in rats, an effect attenuated by intra-BLA administration of the CB;
receptor antagonist AM251 (Hasanein et al., 2007). Interestingly, intra-BLA
administration of rimonabant has also been shown to attenuate formalin-
evoked nociceptive behavior and associated increases in c-Fos immunore-
activity in the hippocampus and RVM in rats (Roche et al., 2007, 2010),
although intra-BLA administration of a different CB; receptor antagonist,
AM?251, did not exert a similar effect (Rea et al., 2013).

Using fMRUI, it has been shown that the amygdala may play a role in the
modulation of pain perception by A°~THC in humans (Lee et al., 2013).
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Cutaneous ongoing pain and hyperalgesia induced by capsaicin were mon-
itored in healthy cannabis-naive volunteers. A’-THC reduced
“painfulness” but not the intensity of pain and hyperalgesia, an effect pos-
itively correlated with amygdala activity. A A’~THC-related reduction in
sensory-limbic functional activity was also seen between the amygdala
and primary sensorimotor areas (Lee et al., 2013).

‘While the evidence points to a clear role for the eCB system in the amyg-
dala in antinociception, there is a paucity of studies investigating its impact
on the emotional aspect of pain. As a region with a clear role for the inter-
action between pain and emotion, it is necessary to further investigate this
area and the role of the eCB system therein.

7.2 SIA

The amygdala plays a role in both unconditioned and conditioned SIA
(Helmstetter, 1992; Helmstetter & Bellgowan, 1993; Helmstetter,
Bellgowan, & Poore, 1995; Werka, 1994, 1997; Werka & Marek, 1990).
Intra-BLA microinjection of rimonabant has been shown to suppress uncon-
ditioned SIA in rats exposed to footshock stress and then tested in the tail flick
test, whereas intra-CeA microinjection had no effect on this form of SIA
(Connell etal., 2006). Intra-BLA administration of FAAH and MAGL inhib-
itors, however, had no eftect on SIA (Connell et al., 2006), suggesting that
CBj receptors in the BLA, but not CeA, mediate SIA, although the role of
the individual eCBs requires further investigation. Roche etal. (2007, 2010)
reported no effect of unilateral or bilateral intra-BLA administration of
rimonabant on FCA in rats (Roche et al., 2010, 2007). However, a subse-
quent study showed that the expression of FCA in rats was reduced following
systemic or intra-BLA, but not intra-CeA, administration of a difterent CB;
receptor antagonist, AM251 (Rea et al., 2013).

URB597 enhances the expression of FCA when administered via the
intraperitoneal route, an effect blocked by CB{, CB,, or p-opioid receptor
antagonists (Butler et al., 2008). Interestingly, FCA in this study was asso-
ciated with increased expression of phospho-ERK2 in the amygdaloid com-
plex. In contrast, the URB597-induced enhancement of FCA was
associated with reduced phospho-ERK1 and phospho-ERK2 expression
in the amygdala. This dichotomy is not consistent with a causal role of
ERK signaling in FCA (Butler et al., 2008).

CB; receptors are expressed on GABAergic and glutamatergic neurons
in the BLA (Herkenham et al., 1991; Katona et al., 2001). Expression of
FCA in rats was reduced following systemic or intra-BLA, but not intra-
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CeA, administration of the CBy receptor antagonist AM251 (Rea et al.,
2013), an effect attenuated by intra-BLA administration of both the GABA 5
receptor antagonist, bicuculline, and the mGlu5 receptor antagonist, MPEP,
suggesting that CB; receptors in the BLA facilitate the expression of FCA,
through a mechanism which is likely to involve the modulation of
GABAergic and glutamatergic signaling. FCA was associated with increased
levels of AEA in the left BLA (side contralateral to intraplantar formalin
injection). Fear-conditioned, formalin-treated rats displayed increased levels
of 2-AG and PEA in the left and right BLA, respectively (Rea et al., 2013).

[t is clear, therefore, that the eCB system in the amygdala, and specifically
the BLA, plays an important role in mediating both unconditioned and con-
ditioned SIA with likely interactions with GABAergic and glutamatergic
signaling.

7.3 SIH

A recent study from our group investigated the effects of repeated exposure
to forced swim stress on formalin-evoked nociceptive behavior in rats in
stress normo-responsive (SD) and stress hyper-responsive (WKY) rat strains.
Formalin-evoked nociceptive behavior was increased in SD rats following
10 days of forced swim stress (Jennings, Okine, Olango, Roche, & Finn,
2015). AEA levels were reduced in the contralateral amygdala (relative to
formalin injection) of SD rats but not WKY rats. There were also strain dif-
terences in components of the eCB system within the amygdala. For exam-
ple, decreased levels of AEA and 2-AG were observed in the ipsilateral
amygdala of SD, but not WKY, rats. Lower levels of CB; receptor mRINA
were seen in the ipsilateral, but not contralateral, amygdala of WKY rats.
These data indicate a role for the eCB system in the amygdala in SIH as well
as implicating it in the strain differences seen in WKY and SD rats (Jennings
et al., 2015). Additional studies are warranted to fully understand the role of
the eCB system in the amygdala in SIH.

See Table 4 for a summary of studies investigating the role of eCB system
in the amygdala in pain and its modulation by stress.

8. THE ROLE OF THE ENDOCANNABINOID SYSTEM IN
THE PREFRONTAL CORTEX IN PAIN, STRESS-INDUCED
ANALGESIA, AND STRESS-INDUCED HYPERALGESIA

8.1 Pain

The PFC is involved in both the top-down descending modulation of pain
and also in the affective dimension of the pain experience. The medial PFC
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(mPFC) is comprised of the prelimbic cortex (PrL), infralimbic cortex (IL),
and anterior cingulate cortex (ACC). Imaging studies have shown that the
PFC is consistently activated by noxious stimuli (Casey, Minoshima,
Morrow, & Koeppe, 1996; Davis, Taylor, Crawley, Wood, & Mikulis,
1997; Derbyshire et al., 1997, May et al., 1998; Millan, 1999; Neal,
Pearson, & Powell, 1990; Svensson, Minoshima, Beydoun, Morrow, &
Casey, 1997). CBj receptors are expressed in the PFC (Herkenham et al.,
1991; Sim-Selley, Vogt, Vogt, & Childers, 2002; Tsou, Brown, et al.,
1998). This, along with its projections to the PAG and amygdala (Diorio,
Viau, & Meaney, 1993; Little & Carter, 2013; Marchand & Hagino,
1983), suggests a role for the EC system in the PFC in pain.

CBj; receptors in the rodent mPFC are expressed on GABAergic inter-
neurons (Marsicano & Lutz, 1999; Wedzony & Chocyk, 2009). CB; recep-
tors on presynaptic axon terminals face pyramidal neurons with postsynaptic
mGluR5 (Lafourcade et al., 2007). A rat arthritis pain model, induced via
intra-articular injections of kaolin and carrageenan through the patellar lig-
ament, shows hyperactivity in amygdala output neurons and abnormal inhi-
bition of mPFC pyramidal neurons (Ji et al., 2010). Another study
investigated the effect of mGIluR 5 and CBy receptor activation on the activ-
ity of the mPFC cells in rats in the previously described arthritis pain model
(Ji & Neugebauer, 2014). Coactivation of mGluR5 and CB; receptors
increased mPFC activity and inhibited pain-related neuronal activity in
the CeA in the arthritis pain model. Thus, there appears to be an inverse link
between activation of mPFC neurons and amygdala output and a role for the
eCB system in this top-down cortical control (Ji & Neugebauer, 2014). Fur-
ther evidence for a role of the eCB system in the PFC in arthritic conditions
comes from work demonstrating that osteoarthritis pain is associated with
increased 2-AG levels in the PFC of mice in the monosodium iodoacetate
model of arthritis (La Porta et al., 2015).

CB; receptor activity is decreased in the rostral ACC 10 days post CCl in
mice, compared with sham controls (Hoot et al., 2010). CB; receptor levels
in the rostral ACC of CCI and sham rats remained unchanged and there
were no significant difterences in the levels of 2-AG or AEA in the ACC
between CCI and sham-operated mice. The ACC is associated with the
affective component of pain (Kulkarni et al., 2005; Kuo, Chiou, Liang, &
Yen, 2009; LaBuda & Fuchs, 2005; Treede, Kenshalo, Gracely, & Jones,
1999). It is possible therefore that reduced CB; receptor activity in the
ACC is associated with the negative affective component of
neuropathic pain.
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TRPV1 expression is increased, in glutamatergic neurons, in the mPFC
(namely the PrL and IL) following spared nerve injury (SNI) (Giordano
et al., 2012). Intra-PL/IL administration of AA-5-HT reduced mechanical
allodynia in rats following SNI to a greater extent than that seen with a
FAAH inhibitor or TRPV1 antagonist alone (Giordano et al., 2012).
SNI-induced neuropathic pain is also associated with increased levels of
endovanilloids and eCBs in the mPFC. Intra-PrL/IL injection of
AA-5-HT produced antinociceptive eftects more efficiently (de Novellis
etal., 2011). These studies suggest that both the eCB and endovanilloid sys-
tems in the mPFC may play a role in neuropathic pain. Therapies which
target both of these systems may prove useful in the treatment of chronic
neuropathic pain.

We have studied the role of PPAR® in the mPFC in formalin-evoked
nociceptive behavior in rats. The PPARa antagonist GW6471 delayed the
onset of the second phase of formalin-evoked nociceptive behavior. This
reduction in nociceptive behavior was associated with a reduction in the
levels of N-palmitoylethanolamide and N-oleoylethanolamide (PPAR
ligands) in the mPFC (Okine et al., 2014). Together these data suggest a
facilitatory role for PPARa in the mPFC in formalin-evoked nociceptive
behavior.

8.2 SIA

Lesion studies have indicated a role for the PFC in acquisition, consolidation,
and extinction of conditioned fear in rodents (Sierra-Mercado, Corcoran,
Lebron-Milad, & Quirk, 2006). This region has also been shown to project
to other regions important in fear neurocircuitry, including the previously dis-
cussed amygdala and PAG (LeDoux, 2000). CBy receptors in the PrL cortex
are involved in the amplification of panic-like aversive reactions and SIA.
Thus, microinjection of bicuculline into the dorsomedial and ventromedial
hypothalamus-induced aversive panic-like behavior and SIA, an effect atten-
uated by microinjection of AM251 into the PrL (Freitas et al., 2013). This
work suggests that CB; receptor signaling in the PrL may facilitate or augment
SIA induced by stimulation of the hypothalamus. Further investigation of the
roles of the eCB system in the PrL, IL, and ACC in SIA and FCA is warranted.

8.3 SIH

To our knowledge, there have been no published studies to date investigat-
ing the role of the eCB system in the PFC in SIH.
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See Table 5 for a summary of studies investigating the role of the eCB
system in the PFC in pain and its modulation by stress.

9. LESS CHARACTERIZED SUPRASPINAL
ENDOCANNABINOID MECHANISMS IN PAIN
MODULATION

Systemic administration of the CB receptor agonist WIN55,212-2
dose-dependently inhibited stimulus-evoked activity, in the form of
graded pressure stimuli to the paw, of nociceptive neurons in the
ventroposterolateral thalamus (VPL) of anesthetized rats (Martin et al.,
1996). Further evidence for a role of CB; receptors in the thalamus in medi-
ating and modulating nociceptive responding was observed following
microinjection of WIN55,212-2 into the thalamus which resulted in anti-
nociceptive effects in the tail flick test in rats (Martin et al., 1999). Similar
effects were observed following microinjection into the alpha part of the
gigantocellular reticular nucleus (GiA) and the noradrenergic A5 region.
Furthermore, intralocus coeruleus microinjection of the hypothalamic pep-
tide orexin-A decreased formalin-evoked nociceptive behavior in rats
(Mohammad-Pour Kargar, Azizi, Mirnajafi-Zadeh, Reza Mani, &
Semnanian, 2015), an effect reversed following pretreatment with either
the OX1 receptor antagonist SB-334867 or the CB; receptor antagonist
AM251. Intra-locus coeruleus microinjection of SB-334867 and AM251
alone induced hyperalgesia (Mohammad-Pour Kargar et al., 2015). The
results from this study suggest a new mechanism by which orexin-A mod-
ulates nociceptive information in the locus coeruleus via interaction with
CB; receptors.

There is now increasing evidence supporting the role of CB; receptors in
the supraspinal modulation of pain (for review, see Guindon & Hohmann,
2008). For example, microinjection of the CB, receptor agonist JWH-133
into the ventral posterolateral nucleus of the thalamus (VPL) has been shown
to reduce noxious activity, recorded with a multichannel electrode array in
VPL neurons, in a rat model of neuropathic pain (spinal nerve ligation; SNL)
(Jhaveri et al., 2008). No significant differences in the levels of eCBs in the
thalamus of SNL rats compared to sham rats were observed (Jhaveri et al.,
2008). The results from this study suggest that CB, receptors in the thalamus
may contribute to the modulation of neuropathic pain responses.

The eCB system has also been proposed to play a role migraine-related
pain (for review, see Greco, Gasperi, Maccarrone, & Tassorelli, 2010;
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Russo, 2004; Smith & Wagner, 2014). FAAH-deficient mice (FAAH
(—/—=)) express less nitroglycerin-induced migraine-like pain, with similar
effects observed following pharmacological inhibition of FAAH inhibitors
using URB597 and PF3945. Administration of the CB; receptor antagonist
rimonabant blocked these antinociceptive effects in this migraine model,
demonstrating a key role for CBy receptors in mediating the eftects of the
FAAH substrates (i.e., AEA) (Nozaki et al., 2015). Similarly, several other
studies have demonstrated that genetic and/or pharmacological inhibition
of FAAH is associated with increased AEA levels in the brain, and associated
with antinociceptive effects in several pain models (Kwilasz et al., 2014;
Lichtman, Shelton, et al., 2004). For example, URB597 (intraperitoneal),
a selective FAAH inhibitor, produced antinociception in the form of CB,
dependant decreases in acid-stimulated stretching in a lactic acid model of
pain, an effect associated with increased AEA levels in the brain (Kwilasz
et al., 2014). Increased FAAH activity and an increased density of
CB-binding sites have also been found in the hypothalamus in animal
models of migraine (nitroglycerin-induced hyperalgesia) (Greco, Gasperi,
Sandrini, et al., 2010). It is clear that elevation of brain eCB levels produces
robust modulatory eftects in mouse models of pain antinociception (Cravatt
et al., 2001; Holt, Comelli, Costa, & Fowler, 2005; Jayamanne et al., 2006;
Lichtman, Leung, et al., 2004; Lichtman, Shelton, et al., 2004), suggesting
supraspinal CB receptor-dependant antinociception.

PET imaging with a CB receptor radioligand demonstrated that patients
with in functional dyspepsia have higher CB; receptor availability in the
hypothalamus and ACC (Ly et al., 2015). It is possible that eCB dysfunction
and abnormal brain activity in these areas may be related to the pain felt in
patients with functional dyspepsia; however, further work is warranted
(Ly et al., 2015).

As previously mentioned, eCBs act on other non-CB;/non-CB, recep-
tors, such as the ligand-gated ion channel, TRPV1. TRPV1 on primary
afferent neurons plays a key role in the sensation of pain and thermal
hyperalgesia (Caterina et al., 2000). However, increasing evidence suggests
a role for TRPV1 in pain modulation in supraspinal regions (Madasu et al.,
2015). Central administration of the TRPV1 antagonist A-784168 induced
potent analgesia in the rat sodium monoiodoacetate model of osteoarthritic
pain and reduced thermal hyperalgesia and mechanical allodynia in the com-
plete Freund’s adjuvant model of inflammatory pain (Cui et al., 2006).
Moreover, i.c.v. administration of TRPV1 antagonists reduced nociceptive
behavior in the rat formalin test (Santos & Calixto, 1997). Following spinal
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cord injury, CB{ and TRPV1 receptors interact and play a role in the plastic
changes that occur in the rat brain (Knerlich-Lukoschus et al., 2011). In the
same study, 7 days following spinal cord lesion, CB; receptor immunoreac-
tivity was increased in the thalamus and hippocampus and downregulated in
the ACC, amygdala and PAG, brain regions related to pain, emotion, learn-
ing, and memory in rats. Double labeling studies revealed that TRPV1 was
coexpressed with CB; (Knerlich-Lukoschus et al., 2011). Thus, alterations
in CB{-TRPV1 expression/activity may underlie the emotional-affective
and somatosensory pain responses following spinal cord lesion.

Paracetamol (acetaminophen) is a well-recognized and potent analgesic
drug (Toms, McQuay, Derry, & Moore, 2008) and a number of recent stud-
ies have demonstrated that paracetamol is metabolized to the TRPV1 ago-
nist and AEA transport blocker AM404, which contributes to the
antinociceptive activity of paracetamol (Hogestatt et al., 2005; Mallet
et al., 2010; Zygmunt, Chuang, Movahed, Julius, & Hogestatt, 2000).
The breakdown of paracetamol to AM404 occurs in the brain and is depen-
dent on FAAH (Hogestatt et al., 2005). The deacetylated paracetamol
metabolite  4-aminophenol and  4-hydroxy-3-methoxybenzylamine
(HMBA) produces antinociception in a variety of rodent (both mice and
rats) pain tests (Barriere et al., 2013) and is metabolized in the brain to form
AM404 plus HPODA or arvanil plus olvanil. The antinociceptive eftects of
arvanil were dependent on FAAH, TRPV1, and CB; receptors (Barriere
etal., 2013). FAAH-dependent generation of TRPV1-active analgesic drug
metabolites may be useful in the production of novel pain therapeutics
(Barriere et al., 2013).

GPR55, a putative novel CB receptor, has recently been shown to be
involved in the development of hyperalgesia in models of inflammatory
and neuropathic pain. Inflammatory mechanical hyperalgesia was absent
in GPR55(—/—) knockout mice (Castane et al., 2006; Staton et al.,
2008). Furthermore, following partial sciatic nerve ligation, GPR55
(—/—) mice failed to express mechanical hyperalgesia (Staton et al.,
2008). Together, these results suggest a pro-nociceptive role for GPR55.
However, as discussed below, only one study to date has investigated the
role of this novel target supraspinally in the modulation of pain or stress
(Deliu et al., 2015).

The PPARSs are also targets for eCBs and may play a role in eCB-induced
analgesia. PPAR Yy agonists produced anti-inflammatory and antihyperalgesic
effects in carrageenan-treated rats, effects which were supraspinally mediated
(Morgenweck et al., 2010). Similarly, i.c.v. administration of PPAR«
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ligands produced anti-inflammatory and antihyperalgesic effects in mice and
rats in the carrageenan model of inflammation (D’Agostino et al., 2007,
2009; Taylor, Kriedt, Nagalingam, Dadia, & Badr, 2005). Thus, central
PPARs play an important role in inflammatory nociceptive processing
and responding.

See Table 1 for a synthesis of the studies described above.

10. CONCLUDING REMARKS

This review has provided a detailed overview of the role of the sup-
raspinal eCB system in pain, SIA, and SIH. Work in animal models has pro-
vided clear evidence that activation of supraspinal CB receptors (particularly
CB;) or elevation of supraspinal eCB levels can induce antinociception.
Although our understanding of the physiological, biochemical, and molec-
ular mechanisms mediating these processes has become much clearer in
recent years, there is still a need for further work to provide full details
on the neurobiological mechanism underlying these effects.

We have highlighted a few areas where further investigation is
warranted. In particular, studies investigating the role of the supraspinal
eCB system in SIA and SIH are still relatively sparse, and particularly for
SIH. Further studies in this area would enhance our understanding of
pain-stress interactions. Pain is processed via many interconnected
receptor-mediated pathways utilizing different neurotransmitter systems
including GABA, glutamate, monoamines, opioids, and the eCB system,
among others. In order to fully understand the role of the supraspinal
eCB system in pain, and its modulation by stress, it is imperative that we look
at the interactions between the supraspinal eCB system and other neuro-
transmitter systems. To date there has been a relative paucity of studies inves-
tigating these interactions.

The majority of studies discussed in this review and the bulk of our
understanding on this topic has come from laboratory animal studies. While
there are many clinical trials investigating the effects of CBs in pain and psy-
chiatric disorders (International Clinical Trials Registry Platform), to our
knowledge there are no studies that specifically target the supraspinal eCB
system to evaluate its effect on pain or comorbid pain and stress disorders,
likely owing to the technical and ethical challenges that would be involved.
It will be necessary to develop therapeutic approaches relevant to the clinical
setting without overt side effects and these may include sub-region specific
targeting of CB receptors, elevation on eCB levels rather than potent CB;
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receptor agonism and targeting of CB, receptors or other non-CBj receptor
targets of relevance within the eCB system—all of which have been
reviewed in this manuscript. Given the high incidence of pain disorders
and their comorbidity with stress-related disorders, there is an urgent need
to fully understand the neurobiological mechanisms underpinning sup-
raspinal modulation of pain, SIA, and SIH and develop new, more effective
treatments with more favorable adverse side effect profiles.
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processes including associative learning, reward signaling, goal-directed behavior,
motor skill learning, and action-habit transformation. Additionally, the neurotransmitter
dopamine has long been recognized to play a critical role in the processing of natural
rewards, as well as of motivation that regulates approach and avoidance behavior. This
motivational role of dopamine neurons is also based upon the evidence provided by
several studies investigating disorders of dopamine pathways such as drug addiction
and Parkinson's disease. From an evolutionary point of view, individuals engage in
behaviors aimed at maximizing and minimizing positive and aversive consequences,
respectively. Accordingly, those with the greatest fitness have a better potential to sur-
vival. Hence, deviations from fitness can be viewed as a part of the evolutionary process
by means of natural selection. Given the long evolutionary history of both the endo-
cannabinoid and dopaminergic systems, it is plausible that they must serve as funda-
mental and basic modulators of physiological functions and needs. Notably,
endocannabinoids regulate dopamine neuronal activity and its influence on behavioral
output. The goal of this chapter is to examine the endocannabinoid influence on dopa-
mine signaling specifically related to (i) those behavioral processes that allow us to suc-
cessfully adapt to ever-changing environments (i.e,, reward signaling and motivational
processes) and (i) derangements from behavioral flexibility that underpin drug
addiction.

1. INTRODUCTION

Evolution theory has guided contemporary biological research, and
the most basic objective of evolution by natural selection is species self-
preservation. Hence, phylogenetically conserved mechanisms drive basic
and vital processes through the evaluation of sensory information to adjust
behavioral output in a flexible manner in order to maximize reward, and to
minimize aversive consequences. Effectively, our ancestors developed
important behavioral strategies, which integrated basic information needed
for survival, in order to satisfy both basic physiological and safety needs.
Consequently, evolution by natural selection has provided human beings
with opposable thumbs, upright posture, and a brain that made us the most
adaptable creature on Earth. Indeed, dynamic interaction between genetic
and environmental factors affects synaptic plasticity, shapes the brain, and the
resulting cognitive processing and behavior. Derangements from the opti-
mization of such adaptive mechanisms impinge on the plastic nature of
the brain, and this might be viewed as a part of the evolutionary process.
However, their cost in terms of health that impacts society at multiple levels
is very high.
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Motives, emotions, and self-control likely developed in response to
selection pressures in ever-changing physical/social/cultural environments.
Emotions, predictive of and/or following reward, guide purposeful behav-
1or. Motivation drives an organism to initiate and to persist in certain behav-
1ors over others. Self-control can delay behavior and grants flexibility in that
it allows increased probability that behavioral responses are adaptive in the
local environment.

Million years ago, our ancestors evolved a set of motivations aimed at
increasing species preservation, including courting, raising offspring, and
ensuring offspring success/survival. In this context, dopamine (DA), as an
evolutionarily ancient neurotransmitter present in almost all multicellular
organisms, is key to brain’s processing of rewards, and drives several behav-
iors, ranging from a single motor action to very complicated series of actions.
DA is also involved in encoding salience, value learning, decision-making
processes, working memory, and behavioral flexibility. This slow-acting
classic neurotransmitter operates as a neuromodulator that induces
activity-dependent changes in synaptic strength and, therefore, influences
emotional, motivational, cognitive, and motor processes. Thus, DA is key
in experience-dependent plasticity, which can be in turn dynamically
aftected by both short- and long-term activity-dependent forms of plasticity.
Short-term forms of synaptic plasticity are rapid means for a bidirectional and
reversible modulation of synaptic strength, and serve as important mecha-
nisms aimed at adjusting synaptic functions during computation. As such,
they perform as dynamic filters and regulate proper scaling of synaptic inputs.
On the other hand, long-term forms of synaptic plasticity are indicative of
long-lasting adaptations of individual synapses, circuits, or neural networks,
which underlie changes in behavior. In this scenario, an evolutionary and
ancient neuromodulator, that is the endocannabinoid (eCB) system, has
been shown to finely tune neuronal excitability and diverse forms of synaptic
plasticity throughout the brain, including the DA circuits (Melis, Greco, &
Tonini, 2014; Melis & Pistis, 2012; Wang & Lupica, 2014). The eCB system
dates back to the unicellular common ancestor of animals and plants
(Elphick, 2012), since the metabolic apparatus to build and degrade these
lipids can be found throughout the entire animal kingdom. This system is
unique when compared to other conventional neurotransmitter systems
because it represents a crucial means by which postsynaptic neuronal activity
adjusts synaptic gain at presynaptic compartment(s) and influences the trans-
mission of information relevant to behavior (Melis, Greco, et al., 2014). In
addition, eCBs allow a fine integration of chemical signals generated by
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different neurotransmitters and synaptic neuromodulators with changes in
neuronal cell excitability. Since the relative level of these lipid-signaling
molecules depends upon the release of neurotransmitters, such as DA itself,
they might contribute to the several regulatory mechanisms underlying the
processing of behavioral states at the synaptic level. As such, not only they are
essential mediators of diverse forms of synaptic plasticity but also regulators
of homosynaptic and heterosynaptic metaplasticity, which in turn serve as
influential keys of emotional and cognitive behavior. In this chapter, we will
focus on the influence exerted by the eCB system on ascending
mesocorticolimbic DA pathway in the control of reward, motivation, and
drug addiction. With regard to the modulation of corticolimbic and cor-
ticostriatal circuits by eCBs in the control of motivated behaviors, we refer
the reader to other articles where it has been extensively reviewed
(Fernandez-Ruiz, Hernandez, & Ramos, 2010; Gardner, 2011; Melis,
Greco, et al., 2014).

2. THE NEUROBIOLOGY OF REWARD

2.1 Role of Dopamine

In 1943, Maslow posited that people are motivated to satisty basic, as well as
higher needs, to pursue sensory pleasure and happiness. According to his
theory, we first seek to satisfy physiological/survival needs, such as satiety,
warmth, and safety. Subsequently, we fulfill the next hierarchical levels
within the pyramid toward self-esteem and self-actualization needs, until
motivation drives us to the final stage: the realization of one’s own potential
(Maslow, 1943). Hence, the satisfaction of primary or superior needs,
although they are various and subjective, elicits reward, which represents
the experience of general wellness as an “award,” resulting from well-
performed tasks and/or fulfilled expectations.

Satisfaction of needs involves a cost-benefit decision process. Before
we act, we assess whether or not the expected outcome is worth the effort.
The incentive-sensitization model (Berridge & Aldridge, 2008; Robinson &
Berridge, 1993, 2000, 2008) associates the anticipation of reward (wanting)
with outcome evaluation (liking) (Berridge, Robinson, & Aldridge, 2009).
According to this model, the incentive salience represents the motivational
while the hedonic
impact experience (i.e., goal-succeeding pleasure or aversion) is the

El

state (either conscious or not) behind the “wanting,’
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“liking” (Berridge et al., 2009). Under pathological conditions, such as
mood disorders and drug addiction, the incentive-sensitization paradigm is
aberrant. For instance, the incentive salience increases after repeated drug
consumption, while hedonic impact decreases over time. Hence, the desire
for drugs is excessive (pathological “wanting”) despite reduced reward
(Berridge et al., 2009).

In most circumstances, rewards are appetitive stimuli generally associated
with pleasure, such as food, sex, exercise, music, and subjective hedonic
experiences (e.g., viewing a certain landscape). The intense reward resulting
from ingestion of some substances (e.g., drugs of abuse) or engagement in
some behaviors (e.g., gambling, shopping) can lead to compulsive behaviors
focused on obtaining further reward, eventually resulting in addiction
(Olsen, 2011). Despite variability in the types of possible rewards, humans
and other animals share common brain substrates for encoding pleasure and
reward. Understanding of the neurobiology of reward requires a multi-
disciplinary approach encompassing the study of neurotransmitters,
neuromodulators, and circuits that direct behavioral output (Volkow &
Baler, 2014) and the mechanisms for their molecular control, such as genet-
ics, and epigenetics (Befort, 2015; Butelman, Yuferov, & Kreek, 2012;
Feng & Nestler, 2013; Nestler, 2014; Robledo, 2010; Solinas,
Goldberg, & Piomelli, 2008). In this regard, a major focus has been on
the role of DA in the mesolimbic projections from the ventral tegmental area
(VTA) to the ventral striatum/nucleus accumbens (VStr/NAc) and in the
mesocortical projections to the prefrontal cortex (PFC). Indeed, most sub-
stances abused by humans acutely increase extracellular DA levels in NAc
(Di Chiara & Imperato, 1988) and PFC of laboratory animals
(Maisonneuve, Keller, & Glick, 1990; Pistis et al., 2002). However, whether
or not elevations of DA levels per se induce pleasure—while a lack of this
effect results in anhedonia—is still a matter of debate (Berridge &
Kringelbach, 2015; Ikemoto, 2010). Nonetheless, DA is involved in those
behaviors aimed at obtaining reward, namely, motivation. For example, DA
receptor antagonists in the VStr disrupt instrumental responding for sucrose
without reducing sucrose consumption (Ikemoto & Panksepp, 1996). In
addition, optogenetic phasic stimulation of VT A DA neurons produces con-
ditioned place preference in freely moving mice (Tsai et al., 2009), and
selective optical intracranial self-stimulation of VTA DA neurons has been
correlated to the strength of behavioral responding in freely moving rats
(Witten et al., 2011).
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2.2 Mechanisms Modulating Dopamine Signaling

Spontaneously active DA neurons exhibit either a tonic and/or a phasic
activity that robustly influences DA release (Grace & Bunney, 1984a;
Grace, Floresco, Goto, & Lodge, 2007; Hyland, Reynolds, Hay, Perk, &
Miller, 2002). Hence, single spikes are thought to control basal extrasynaptic
(i.e., tonic) DA levels on a second timescale, while bursts of action potentials
induce transient (i.e., phasic) DA release at the synapse, which is temporally
and spatially controlled on a hundreds of milliseconds timescale (Grace &
Bunney, 1984b; Grace et al., 2007). In turn, the switch to burst-firing mode
produces a sudden elevation of extracellular DA levels (Garris, Ciolkowski,
Pastore, & Wightman, 1994; Gonon, 1988; Grace, 1991), which has been
associated with the prediction for expected reward in both rodents
(Gronier & Rasmussen, 1998) and primates (Schultz, 1998; Schultz &
Dickinson, 2000).

DA cell spontaneous activity is tuned by synaptic inputs (Floresco, West,
Ash, Moore, & Grace, 2003; Kitai, Shepard, Callaway, & Scroggs, 1999;
Pignatelli & Bonci, 2015). Indeed, GABA released by local interneurons
(Erhardt, Mathe, Chergui, Engberg, & Svensson, 2002), and cells within
NAc (Walaas & Fonnum, 1980), ventral pallidum (Ribak, Vaughn, &
Roberts, 1980), and the rostromedial tegmental nucleus (RMTg) (Jhou,
Fields, Baxter, Saper, & Holland, 2009) accounts for inactivation of DA
neurons (Floresco et al.,, 2003; Hong & Hikosaka, 2011; Lecca, Melis,
Luchicchi, Muntoni, & Pistis, 2012). Furthermore, GABA receptor activa-
tion has been shown to modulate DA cell-firing pattern, and GABA recep-
tor antagonism can regularize DA cell activity and shift-firing patterns to
burst mode (Erhardt et al., 2002; Lobb, Wilson, & Paladini, 2010;
Paladini & Tepper, 1999). Glutamate release from terminals mainly arising
from the PFC, the pedunculopontine tegmentum, and the bed nucleus of
the stria terminalis (Floresco et al., 2003; Georges & Aston-Jones, 2001,
2002; Jalabert, Aston-Jones, Herzog, Manzoni, & Georges, 2009;
Lokwan, Overton, Berry, & Clark, 1999, 2000), is essential for burst firing
of spontaneously active midbrain DA cells (Floresco et al., 2003; Grace &
Bunney, 1984b; Lokwan et al., 1999). In addition, acetylcholine, whose ter-
minals mainly arise from the laterodorsal tegmentum (LDTg) (Lodge &
Grace, 2006), is thought to be necessary for both tonic modulation of
DA cell activity and glutamate-induced switching to burst-firing mode.
In particular, activation of postsynaptic nicotinic acetylcholine receptors
has been found to regulate spontaneous DA cell activity and to increase their
firing frequency, whereas stimulation of presynaptic nicotinic receptors
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induces bursting activity in vivo (Mameli-Engvall et al., 2006; Schilstrom,
Rawal, Mameli-Engvall, Nomikos, & Svensson, 2003). Activation of mus-
carinic acetylcholine receptors also increases firing rate in vivo (Gronier &
Rasmussen, 1998) and produces burst-firing in vitro (Zhang, Liu, &
Chen, 2005). Muscarinic activation results in diverse and opposing effects
on DA cells, which depend upon the pattern of acetylcholine released
and activating postsynaptic receptors (Fiorillo & Williams, 2000). Moreover,
DA itself finely modulates neural processing of reward at the downstream
levels. In fact, medium spiny neurons (MSNs) of the NAc integrate afferents
received from the PFC, ventral subiculum, and basolateral amygdala (BLA)
(Grace et al., 2007), and send their projections to VT'A GABA interneurons
(Bocklisch et al., 2013), which in turn inhibit DA cell firing. Such a multi-
level control of reward circuitry suggests the prominence of this process for
suitable subsistence, so that disruption of the natural reward neural
processing is thought to be involved in aberrant compulsive behaviors asso-
ciated with psychiatric disorders such as drug addiction.

3. THE INFLUENCE OF ENDOCANNABINOID SIGNALING
ON REWARD

The eCB system is involved in the neurobiological mechanisms
underlying reward-seeking behaviors and motivation processing (Melis,
Muntoni, & Pistis, 2012; Melis & Pistis, 2012), since it influences and inter-
acts with other neurotransmitter systems implicated in the mediation of basic
reward functions such as the endogenous opioid and DAergic systems
(Befort, 2015; Fattore et al., 2005; Gardner, 2005; Solinas & Goldberg,
2005). In particular, the past decade has provided compelling evidence
for the pivotal role played by the eCB system in fine-tuning DA cell activity
and, therefore, its influence on reward. In fact, the key discoveries that mid-
brain DA neurons release eCBs (Melis, Perra, et al., 2004; Melis, Pistis, et al.,
2004; Riegel & Lupica, 2004), possess the machinery for the synthesis and
degradation of several lipid molecules with eCB-like activity (mainly
2-arachidonoylglycerol, 2-AG, and N-acylethanolamines, NAEs) (Matyas
et al., 2008), and that type 1 cannabinoid (CB1) receptors are expressed
on axon terminals impinging upon these neurons (Marinelli et al., 2007;
Melis, Sagheddu, et al., 2014) provide the likely substrates upon which these
unconventional neurotransmitters act within the VTA to affect reward
processes. The presence of CB1 receptors in other structures related to
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motivation and reward, like the hippocampus, BLA, hypothalamus, and
PFC, also supports eCB system function in the regulation of natural
and nonnatural reward (Fattore, Melis, Fadda, Pistis, & Fratta, 2010;
Maldonado, Valverde, & Berrendero, 2006). In this section, we will focus
on the role played by eCBs in reward evoked by natural stimuli, such as food,
sex, maternal care, and social interaction.

3.1 Endocannabinoid Influence on Food Reward

Pleasurable and social aspects of food consumption elicit a strong motiva-
tional drive. When tasty food is available, self-control is required in order
to avoid overeating. The eCB system not only influences the motivation
toward feeding but also its hedonic value, probably by modifying palatability
(Friemel, Zimmer, & Schneider, 2014; Higgs, Williams, & Kirkham, 2003;
for review, see Farrimond, Mercier, Whalley, & Williams, 2011; Jager &
Witkamp, 2014). The role of CB1 receptors and their endogenous ligands
in the modulation of both homeostatic and nonhomeostatic aspects of appe-
tite and food intake was revealed through investigations into the eftects of
exogenous cannabinoids (D1 Marzo, Ligresti, & Cristino, 2009; Friemel
et al., 2014; Jager & Witkamp, 2014; Scherma, Fattore, Castelli, Fratta, &
Fadda, 2014). In fact, the ability of Cannabis derivatives to stimulate desire
tfor food ingestion in humans has long been recognized (Abel, 1971;
Kirkham & Williams, 2001). Noteworthy, appetite-stimulating properties
of plant cannabinoids have provided the basis for their clinical application
to enhance eating and weight gain in patients with several debilitating
diseases (Foltin, Brady, & Fischman, 1986; Foltin, Fischman, & Byrne,
1988; Mattes, Engelman, Shaw, & Elsohly, 1994; Plasse, 1991). Conversely,
the appetite-suppressing effects of CB1 antagonism have been exploited to
produce weight loss in obese and overweight subjects (Di Marzo &
Despres, 2009; Tonstad, 2006), though the clinical use of CB1 antagonists
such as Rimonabant for this and other purposes is no longer permitted due
to the incidence of negative psychiatric side eftects (D1 Marzo & Despres,
2009). Consistently with human studies, A”-THC, the psychoactive ingredi-
ent of Cannabis, and eCBs (namely, anandamide, AEA; 2-AG) also promote
feeding in animals (Fattore et al., 2010; Jager & Witkamp, 2014; Scherma
et al., 2014). In particular, eCBs act as orexigenic agents via dose-dependent
activation of CB1 receptors in hypothalamus and limbic forebrain that stim-
ulate appetite (Cota et al., 2003; Jamshidi & Taylor, 2001) and increase food
intake (Kirkham, Williams, Fezza, & Di Marzo, 2002). For example, AEA
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promotes and decreases food ingestion at low and high doses, respectively
(Jamshidi & Taylor, 2001; Williams & Kirkham, 1999). AEA levels are
decreased by the “satiety hormone” leptin (Di Marzo et al., 2001), thus
suggesting that it might take part in the mechanisms through which leptin
reduces food intake. Conversely, under conditions of leptin deficiency
(1.e., obesity), 2-AG synthesisis enhanced in the lateral hypothalamus, leading
to enhanced CB1-mediated decreases in inhibitory signaling thereby leading
to increased orexin-A release and hyperphagia (Cristino et al., 2013). (Endo)
cannabinoid effects on appetitive behavior have also been demonstrated using
operant models in which animals are required to progressively “work harder”
to obtain food rewards (Barbano, Castane, Martin-Garcia, & Maldonado,
2009; Gallate, Saharov, Mallet, & McGregor, 1999; Guegan et al., 2013).
Conversely, CB1 receptor antagonists dose dependently reduce the motiva-
tion for food in rats (Fattore et al., 2010; Solinas & Goldberg, 2005). In line
with these findings, genetic deletion of CB1 receptors confers mice with a
hypophagic phenotype including a decreased sensitivity to sucrose reward
and a reduced motivation to work for food (Cota et al., 2003; Ravinet
Trillou, Delgorge, Menet, Arnone, & Soubrie, 2004; Sanchis-Segura,
Cline, Marsicano, Lutz, & Spanagel, 2004). Moreover, CB1 antagonists
reduce appetitive and consummatory responses to rewarding (sweet)
foods/drinks (Maccioni, Pes, Carai, Gessa, & Colombo, 2008; Salamone,
McLaughlin, Sink, Makriyannis, & Parker, 2007; Thornton-Jones,
Vickers, & Clifton, 2005). In particular, these drugs have been reported to
reliably suppress feeding and to reduce conditioned place preference for food,
preference for sucrose, and chocolate reinforcing properties (Fattore et al.,
2010). Also, human studies indicate that CB1 receptor blockade reduces
functional magnetic resonance (fMRI) response to pleasurable stimuli (i.e.,
palatable food) in key reward areas such as the VStr and orbitofrontal cortex
(OFC) (Horder, Harmer, Cowen, & McCabe, 2010). The eCB regulation of
food intake and palatability is also mediated through limbic forebrain areas
(e.g., the NAc) that have been recognized as a “hot spot” for sensory pleasure
(Berridge & Kringelbach, 2015; Friemel et al., 2014; Mahler, Smith, &
Berridge, 2007). Hence, the NAc not only is a crucial structure of brain
reward system, but also a fundamental center in nonhomeostatic control of
eating (Salamone, Correa, Mingote, & Weber, 2003). The enhancement
of the eCB signaling in this nucleus exerts potent CB1-dependent hyper-
phagic actions (Kirkham et al., 2002; Soria-Gomez et al., 2007) and amplifies
the natural “liking” reactions of rats to sweet compounds (Mahler et al.,
2007). Moreover, a dose of a CB1 receptor agonist capable to induce food
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intake in fully fed animals activates the corticostriatal-hypothalamic pathway,
which includes the NAc, and is central to the motivational drive to eat (Dodd,
Stark, McKie, Williams, & Luckman, 2009). Within this circuit, DA is key for
both rewarding and addictive properties of food, and Rimonabant blocks
increased DA levels in the NAc evoked by presentation of novel palatable
foods (Melis et al., 2007) as well as DA output in the medial PFC associated
to feeding in hungry rats (Dazzi et al., 2014).

3.2 Endocannabinoid Influence on Sexual Behavior

With regard to sexual behavior, preclinical evidence suggests that cannabi-
noids affect the consummatory “rewarding” phase by acting centrally, spe-
cifically in the hypothalamus (Fattore et al., 2010; Gorzalka, Hill, & Chang,
2010). That Cannabis influences human sexual behavior and pleasure is well
established (Abel, 1981; Halikas, Weller, & Morse, 1982; Koff, 1974). In
fact, the effects of Cannabis intake on sexual behavior and arousal appear
to be dose dependent in both men and women (Fattore et al., 2010;
Gorzalka et al., 2010). On male sexuality, Abel (1981) concluded that a small
amount of Cannabis can enhance sexual activity, but larger quantities may
inhibit sexual motivation. This supported the evidence provided by Koft
(1974) from a large sample of Indian men who were chronic Cannabis users
(Chopra & Jandu, 1976). Overall, studies on male sexuality and Cannabis use
indicate that Cannabis facilitates sexual desire, while simultaneously hinder-
ing erectile functioning (Fattore et al., 2010; Gorzalka et al., 2010). This is in
contrast with studies on female sexuality and Cannabis consumption, which
suggest positive effects on both sexual desire and function (Gorzalka et al.,
2010). In fact, Cannabis use has been reported to have, with only one excep-
tion (Johnson, Phelps, & Cottle, 2004, #985), a facilitatory effect on
subjective indices of sexual function, including orgasmic function, satisfac-
tion, enjoyment, and/or pleasure (Fattore et al., 2010; Gorzalka et al., 2010).
However, this influence is also dose dependent, with beneficial effects only
at low doses (Fattore et al., 2010; Gorzalka et al., 2010).

Given the large amount of self-report data described above, animal stud-
ies are important complements to understand human findings. In laboratory
animals, eCBs also display a bell-shaped dose—response curve on sexual
behavior (Martinez-Gonzalez et al., 2004). Remarkably, low doses of
AEA seem to positively affect sexual motivation in adult female rats by alter-
ing approach behavior (Memos, Vela, Tabone, & Guarraci, 2014). How-
ever, there is considerable evidence on the role of the ¢eCB system in the



Endocannabinoid Signaling and Motivational States 267

inhibition of penile erection. For example, antagonism of CB1 receptors by
AM251 promotes sexual behavior in male rats, whereas inhibition of AEA
degradation (FAAH inhibition via URB597) has no eftect on copulation
(Gorzalka, Morrish, & Hill, 2008). In addition to facilitating ejaculation,
it has been observed that Rimonabant induces penile erections (Melis,
Succu, Mascia, & Argiolas, 2004; Melis et al., 2006; Succu et al., 2006),
through CNS mechanisms (Castelli et al., 2007). Results obtained by phar-
macologically modulating eCB levels (through FAAH inhibition by
URB597 or inhibition of putative eCB transporters by AM404) are at var-
iance with those observed after systemic administration of either AEA or
direct CB1 receptor agonists, since the latter significantly impaired sexual
behavior (Ferrari, Ottani, & Giuliani, 2000; Martinez-Gonzalez et al.,
2004; Murphy, Gher, Steger, & Bartke, 1994; Shrenker & Bartke, 1985).
It 1s likely that the effects of URB597 and AM404 are distinct from direct
CB1 receptor agonists because they potentiate AEA signaling only at synap-
ses, where neural signaling is increased by sexual activity rather than induc-
ing widespread and indiscriminant CB1 receptor activation (Freund,
Katona, & Piomelli, 2003). Importantly, a significant relationship between
circulating eCB concentrations and sexual function has been observed in
women (Klein, Hill, Chang, Hillard, & Gorzalka, 2012). In particular, these
authors reported that increases in both physiological and subjective indices
of sexual arousal were significantly associated with decreased AEA and 2-AG
levels. Despite the nature of the association found in this research was con-
trary to author’s predictions, the results are in line with preclinical and clin-
ical literature supporting the idea that CB1 receptor activation might,
indeed, be related to decreased sexual functioning in nonhuman and human
females (Gorzalka et al., 2010, #548; Johnson et al., 2004, #985). Also, it
should be mentioned that eCB serum levels not necessarily reflect brain con-
centrations (Klein et al., 2012, #549). A better knowledge of the influence
of eCB system in physiological processes involved in sexual behavior not
only will contribute to advance in developing drugs for treating sexual dys-
functions (Gordon, Bromley, Gorski, & Zimmermann, 1978; Salerian,
2004; Turley & Floody, 1981) but also to identify potential sexual side eftects
of pharmaceutical agents already marketed for nonsexual disorders.

3.3 Endocannabinoid Influence on Maternal Care

Maternal care is the first experience of social interaction. This natural, deeply
emotional, behavior has a crucial impact on infant survival, proper
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development, and social competences throughout life. Indeed, either infants
or pups have high inherent value to their respective mothers (for extensive
reviews, see Manduca, Campolongo, & Trezza, 2012; Trezza,
Campolongo, & Vanderschuren, 2011). Breastfeeding in humans
(Kavanaugh, Meier, Zimmermann, & Mead, 1997) and pup suckling in ani-
mals (Ferris et al., 2005) represent rewarding and reinforcing stimuli that
promote maternal behavior and bonding. The responsiveness of a mother
toward her young depends on, and is influenced by, changes in the activity
within multiple regions of the reward network (see Numan & Stolzenberg,
2009, for a comprehensive review). Indeed, lesion, depletion, and brain
imaging studies have revealed that pup suckling activates the
mesocorticolimbic DA system in lactating dams and is reinforcing (Febo,
Numan, & Ferris, 2005; Ferris et al., 2005; Hansen, Harthon, Wallin,
Lofberg, & Svensson, 1991; Numan & Smith, 1984). Consistently, extracel-
lular NAc DA levels increase during anticipatory and consummatory phases
of maternal behavior (Champagne et al., 2004; Hansen, Bergvall, & Nyiredi,
1993) and are positively associated with time spent nursing the offspring
(Champagne et al.,, 2004). In addition to DA, oxytocin activity within
the reward/motivational system serves as an important neurobiological sub-
strate underlying maternal behavior (Love, 2014). Although less investigated
in humans, mother—child relationships have also been linked with activity in
the mesocorticolimbic circuit. Several fMRI studies have shown that
mothers looking at pictures of their own children exhibited enhanced acti-
vation in areas such as OFC, medial PFC, insula, VStr, amygdala, hypothal-
amus, and VT A/substantia nigra (Bartels & Zeki, 2004; Leibenluft, Gobbini,
Harrison, & Haxby, 2004; Strathearn, Fonagy, Amico, & Montague, 2009;
Strathearn, Li, Fonagy, & Montague, 2008; but see Wittfoth-Schardt et al.,
2012). Notably, CB1 receptors and their mRINA are highly expressed in the
above-mentioned brain areas, which are implicated in forming long-lasting
emotional bonds, including parenting (Hollis, Coddington, & Moore, 2006;
Tsou, Brown, Sanudo-Pena, Mackie, & Walker, 1998). Thus, the presence
of CB1 receptors in these circuits is suggestive of an eCB influence on
maternal care, though further investigations are required in order to confirm
it. Converging preclinical evidence indicates that the eCB system also
affects the behavioral response of offspring to maternal care, including the
initiation of suckling and the ontogeny of emotionality (Fride et al.,
2009; Manduca et al., 2012; Schneider, 2009). Therefore, eCBs might pro-
vide a link between social and emotional responsiveness by also conferring
rewarding value to suckling behavior (Chakrabarti, Kent, Suckling,
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Bullmore, & Baron-Cohen, 2006). Nonetheless, this system appears to be
crucial for establishment of social behavior during the first postpartum week
by having a long-term impact on offspring socio-emotional development
(Schechter, Pinhasov, Weller, & Fride, 2012; Schechter et al., 2013).
Elucidating the influence of eCBs on maternal care and the responsiveness
of offspring to this behavior, together with their underlying neural mecha-
nisms, is of substantial interest, as early life social experiences epigenetically
shape brain development and adult behavior, including social interaction
(Champagne & Curley, 2009).

3.4 Endocannabinoid Influence on Social Interaction

In Maslow’s pyramid of hierarchal levels of needs, the search for interper-
sonal relationships, which involve feelings of belongingness and social inter-
action, immediately follows safety needs. The importance of social behavior
is demonstrated by a great deal of evidence showing that among all age
groups supportive relationships are essential to the sense of physical and psy-
chological well-being, and to happiness and satisfaction (Myers & Rocca,
2000; Reis, Aron, Clark, & Finkel, 2013; Walker & McGlone, 2013).
Indeed, social interactions are rewarding. In fact, social activities play a cru-
cial role for survival, and social activity early in life shapes brain development
and adult behavior (Champagne & Curley, 2005). Among social activities,
cooperative playing is highly rewarding not only for young (Calcagnetti &
Schechter, 1992) and adult rats (Douglas, Varlinskaya, & Spear, 2004) but
also for human (Alexander, Frohlich, & Fusco, 2012; Tabibnia &
Lieberman, 2007) and nonhuman primates (for a comprehensive review
on this topic, see Trezza, Baarendse, & Vanderschuren, 2010). Social play
behavior is one of the earliest forms of nonmother-directed social interaction
(Pellis & Pellis, 1998; Vanderschuren, Niesink, & Van Ree, 1997). Hence,
social play activities during childhood and adolescence are determinant for
the development of adult social competences, for the ability to deal with
negative events, and for selection of appropriate behavioral patterns. In fact,
rats isolated during adolescence exhibit aggressive behavior and severe social
deficits at adulthood (Hol, Van den Berg, Van Ree, & Spruijt, 1999;
Potegal & Einon, 1989). In this context, Cannabis intoxication has long been
thought to increase sociability, though the consequences of Cannabis use
might result in impaired sociability (see below). Most Cannabis users first
experiment with the drug during adolescence, a critical phase not only
for brain development but also for social competence and friendship
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formation. Accordingly, smoking marijuana promotes group cohesion of
young people (Verkooijen, de Vries, & Nielsen, 2007). Animal studies focus
on the consequences of prior cannabinoid exposure rather than acute intox-
ication and therefore cannot fully translate this observation and the anecdotal
reports. In fact, chronic A’-THC exposure reduces social interactions in
mice (Frischknecht, Sieber, & Waser, 1982), and CB1 receptor activation
during adolescence significantly decreases time spent in social interaction
activity of adult rats (Genn, Tucci, Marco, Viveros, & File, 2004;
Leweke & Schneider, 2011; O’Shea, McGregor, & Mallet, 2006; O’Shea,
Singh, McGregor, & Mallet, 2004; Quinn et al., 2008; Realini et al.,
2011). In particular, long-lasting behavioral disturbances are observed in
mature rats, including disruption of social interactions and social play behav-
ior that lead to social withdrawal and anhedonia (Schneider & Koch, 2003,
2005, 2007; Schneider, Schomig, & Leweke, 2008). Finally yet importantly,
perinatal exposure to A’-THC disrupts social interaction and play behavior
in adult rats (Newsom & Kelly, 2008; Trezza et al., 2008), while prenatal
exposure correlates with shorter duration of play during childhood, and with
an increased risk for aggressive behavior and attention problems in girls, but
not boys (Faden & Graubard, 2000). Hence, Cannabis exposure appears to
reduce sociability. However, elegant studies have unveiled the differences
between the effects of on demand activation of eCB system and direct
CB1 receptor stimulation by exogenously administered drugs (Trezza
et al., 2010, 2011; Trezza, Campolongo, et al., 2012; Trezza, Damsteegt,
et al., 2012; Trezza & Vanderschuren, 2008a, 2008b, 2009). In particular,
by boosting the eCB signaling (e.g., URB597 and VDM11, inhibitors of
FAAH and of the putative eCB transporter, respectively), social play
increases (Trezza, Campolongo, et al., 2012; Trezza & Vanderschuren,
2008a, 2008b, 2009), probably via AEA (or other NAEs) released in the
amygdala and NAc of adolescent rats (Trezza, Damsteegt, et al., 2012).
In adolescent rats, striatal AEA levels also participate in the emotional
arousal resulting from exposure to a nonfamiliar social partner, and this
may be important for coping responses to novel social contexts (Marco
et al., 2011). On the other hand, agonists at CB1 receptors as well as
CB1 receptor overexpression in medial PFC reduce sociability by disrupting
cognitive functions (e.g., behavioral flexibility) and emotional reactivity
required to perform adequate social interactions (Egerton, Allison,
Brett, & Pratt, 2006; Klugmann, Goepfrich, Friemel, & Schneider,
2011). Notably, the positive effects of indirect CB1 receptor agonists on
social play can be blocked by either DA or p-opioid receptor antagonism
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(Trezza & Vanderschuren, 2008a, 2008b, 2009). Conversely, play-
enhancing actions of opiate agonists can be attenuated by either opiate or
CB1 receptor antagonists (Trezza & Vanderschuren, 2008a). Endogenous
opioid and cannabinoid systems have their own specific role in modulating
play. Whereas the increased social play induced by eCBs is dependent upon
the playful responsiveness of the test partner, morphine enhances social play
independently from social activity level of the partner (Trezza &
Vanderschuren, 2008b). Remarkably, while DA is involved in the facilitat-
ing effects of indirect cannabinoid agonists on social play, it is not implicated
in play-stimulating effects of morphine (Trezza & Vanderschuren, 2008a).
In this scenario, eCBs play a pivotal role by activating mesolimbic DA trans-
mission (Trezza & Vanderschuren, 2008a, 2008b, 2009), which is deeply
involved in modulating social play (Siviy & Panksepp, 2011; Trezza
et al., 2010; Vanderschuren et al., 1997). An influence of eCB signaling
in social behavior has also been observed in humans. In particular, CB1
receptor gene variations have been associated with a modulation of social
reward responsiveness by reward-related forebrain areas (Chakrabarti
et al., 2006). Collectively, these studies highlight the positive influence of
the eCB system in regulating reward processing and behaviors, which could
be pharmacologically exploited for the treatment of neuropsychiatric disor-
ders characterized by aberrant emotions and social behaviors.

4. THE ROLE OF THE ENDOCANNABINOID SYSTEM IN
MOTIVATION

4.1 Motivation—A Leitmotif

Motivation is a psychological construct used to explain behaviors that are
energized and directed toward a goal (Bindra, 1968). These goals, such as
food, sex, and maternal care, can be essential for individual and species sur-
vival. In humans, motivation has acquired a more complex and multifaceted
connotation, as it is also directed toward objectives that are not normally
essential to mere survival, such as school or sport scores, career, power,
and money. Undoubtedly, these goals represent an extension of basic needs
and indirectly contribute to the success of the individual within a society and
among competitors. Hence, motivation guides us to carry out goal-directed
behaviors for their complete satisfaction, and we expect effort-related
rewards. The more the effort we perform to achieve the goal, the higher
the motivational incentive behind it.
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Incentive salience refers to the property of stimuli to raise attention and
behavioral responses, on which motivation relies. We confer salience to oth-
erwise neutral stimuli or goals by means of a value-related decision-making
process, which is based on previous experiences. Reinforcement learning
and expectancies of success also depend upon previously received reward
(Bromberg-Martin, Matsumoto, & Hikosaka, 2010; Schultz, Dayan, &
Montague, 1997). Thus, motivation refers to a learning- and memory-
associative model, since learning is driven by expectations about future
rewards and memory plays a major role in making decisions. Salience attri-
bution and regulation of motivation are multistep processes that likely
involve different “hard-wired” neuronal populations and brain circuits
(Wise, 2004). Particularly, in primates, cognitive and behavioral studies
demonstrate that DA neurons code unpredicted reward by changing tonic
to phasic activity, while fully expected reward produces no response, and
reward worse than prediction produces complete inhibition (Schultz,
2010, 2013; Schultz et al., 1997). These results provide convincing evidence
implicating DA in the prediction error of saliency and reward for future
events. OFC neurons exhibit anticipatory activity that is related to the
nature of reward and are modulated by the motivational state of the animal
(Hikosaka & Watanabe, 2000, 2004). Hence, different brain areas and neu-
rons are involved in the expectancy of reward and value coding, suggesting
the importance of motivational approach while behaving. Indeed, several
psychiatric disorders, including drug addiction (according to DMS-V),
involve a disruption of motivational processes. In fact, addiction is charac-
terized by aberrant positive- and negative-reinforcement processes and der-
egulated reward system function (i.e., the pleasure experienced from drug
consumption; Koob & Le Moal, 2001; Sjoerds, Luigjes, van den Brink,
Denys, & Yucel, 2014; Wyvell & Berridge, 2000). As mentioned above,
brain networks coding reward have a pivotal role in motivation and
appetitive-directed behaviors (Grace et al., 2007). An understanding of
the complex role of DA and non-DA neurons within the VTA has been
progressively emerging (Bromberg-Martin et al., 2010; Grace et al., 2007;
Haber & Knutson, 2010; Lammel et al., 2012). Nonetheless, optogenetic
phasic activation of VTA DA cells triggers reward-associated behaviors
(Lammel et al., 2012; Tsai et al., 2009), thus supporting that DA encodes
for positive reinforcement and salience. Hence, spontaneous activity of
DA neurons is activated by prediction error for reward (Paladini &
Roeper, 2014; Schultz, 1998; Tobler, O’Doherty, Dolan, & Schultz,
2006), incentive motivation, and salience (Winton-Brown, Fusar-Poli,
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Ungless, & Howes, 2014). Unexpected or cue-predicting rewards
(Bromberg-Martin et al.,, 2010; Matsumoto & Hikosaka, 2009;
Mirenowicz & Schultz, 1996; Schultz, 1998), aversive/stressful stimuli
and/or reward omission differently modulate discrete subpopulations of
midbrain DA cells (Lammel, Lim, & Malenka, 2014; Lammel et al.,
2012; Schultz, 2013). Particularly, VT A DA projections to NAc or medial
PFC differently contribute to both healthy and pathological states/behav-
iors, such as stress-induced depression and drug addiction (Lammel et al.,
2014). Indeed, LDT-VTA(DA) — NAc and lateral habenula (LHb)-VTA
(DA) — PFC circuits are mainly involved in positive and negative reinforce-
ment, respectively (Lammel, Ion, Roeper, & Malenka, 2011; Lammel
et al., 2012).

Acute aversive stimuli, which are a form of negative motivational cue,
transiently suppress the majority of VT A DA cell firing (Cohen, Haesler,
Vong, Lowell, & Uchida, 2012; Matsumoto & Hikosaka, 2009; Ungless,
2004). This is consistent with the activation of LHb (Lammel et al., 2012;
Matsumoto & Hikosaka, 2007) and RMTg (Hong, Jhou, Smith,
Saleem, & Hikosaka, 2011; Jhou et al., 2009) projections, as well as with
the activation of local GABA interneurons impinging upon DA cells
(Tan et al., 2012). Remarkably, this latter process is associated with place
aversion (Tan et al., 2012), and passive avoidance (Danjo, Yoshimi,
Funabiki, Yawata, & Nakanishi, 2014), two behavioral paradigms aimed
at assessing negative motivational effects of stimuli. On the other hand, aver-
sive stimuli induce phasic activity in a subset of DA cells in both rats
(Brischoux, Chakraborty, Brierley, & Ungless, 2009) and monkeys
(Matsumoto & Hikosaka, 2009; Schultz & Romo, 1987). Therefore, the
encoding of choice between reward- or aversion-related behaviors depends
on the integration of several inputs to VT A DA cells and varies according to
the projection areas (e.g., VStr, OFC; Grace et al.,, 2007; Hollerman,
Tremblay, & Schultz, 2000).

4.2 Effects of Altered Cannabinoid Signaling on Motivation

Information on how the eCB system regulates motivation derives mainly
from the analysis of the effects of exogenous cannabinoid agonists, such as
A°-THC in Cannabis derivatives.

Several decades ago, one of the major concerns expressed over the
possible long-term effects of marijuana use was the frequently described
“amotivational syndrome” (McGlothlin & West, 1968). This was considered
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a sequel to chronic marijuana use that contributed “to the development of
more passive, inward turning, amotivational personality characteristics”
(Kolansky & Moore, 1971; Millman & Sbriglio, 1986). This syndrome con-
sists in a wide range of symptoms including loss of energy and the drive for
work, avolition, apathy, dullness, lethargy with mild-to-severe impairment
of judgment, concentration, and memory (Tennant & Groesbeck, 1972).
However, the observation of an amotivational syndrome was mainly based
on case reports, observational reports, or small clinical studies. Hence, the
existence and specificity of such a syndrome was questioned by a number
of subsequent studies that found no compelling evidence that is a separate
nosographic entity (Hall, Solowij, & Lemon, 1994). A parsimonious expla-
nation for impaired motivation is to include this syndrome among symptoms
of either chronic Cannabis intoxication (Negrete, Knapp, Douglas, & Smith,
1986) or other psychiatric conditions. In fact, the amotivational syndrome has
rather aspecific symptoms, which are certainly not exclusive to Cannabis, as
they can also be precipitated by several drugs of abuse, including alcohol, opi-
oids, and psychostimulants. However, the notion that heavy cannabinoid
consumption disrupts motivation has resurfaced, being supported by neuro-
imaging studies, which suggest that the hypodopaminergia associated with
regular Cannabis use may underlie the reduced reward sensitivity and amo-
tivation associated with chronic Cannabis use (van Hell et al., 2010). Partic-
ularly, van Hell et al. (2010) found in long-term Cannabis users a reduced
reward anticipation in a monetary reward task coupled with attenuated brain
activity during reward anticipation in the NAc when compared to control
subjects. Notably, this effect was also present in a tobacco-smoking group,
indicating that chronic nicotine abuse is also responsible. Noteworthy, Can-
nabis users specifically showed a decreased reward anticipation activity in the
caudate nucleus compared to both control- and tobacco-smoking subjects
(van Hell etal., 2010). Other studies investigated on the effect of chronic Can-
nabis use on DA synthesis measured with 3,4-dihydroxy-6-['*F]-fluoro-I-
phenylalanine (['"®F]-DOPA) positron emission tomography (PET), and its
relationship between index of apathy in Cannabis user (Bloomfield,
Morgan, Egerton, et al., 2014; Bloomfield, Morgan, Kapur, Curran, &
Howes, 2014). Chronic Cannabis use is associated with areduced DA synthe-
sis capacity (Bloomfield, Morgan, Egerton, et al., 2014), and an inverse
relationship between striatal DA synthesis and apathy was revealed
(Bloomfield, Morgan, Kapur, etal., 2014). Altogether, these studies highlight
the link among mesolimbic DA system, Cannabis use, and motivation. In fact,
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cannabinoids might reduce motivation and reward anticipation by disrupting
DA transmission.

The involvement of the eCB system in neuronal mechanisms of moti-
vation and reward is more directly supported by the eftect of cannabinoid
antagonists. In fact, clinical trials with Rimonabant in nonaddicted individ-
uals indicate that this drug induces a marked reduction of motivation and
reward, leading to anhedonia and frank depression in a number of individ-
uals with one case of completed suicide (Christensen, Kristensen, Bartels,
Bliddal, & Astrup, 2007). Thus, the antagonism of CB1 receptors induces
a decreased motivation to search for natural rewards (Horder et al.,
2010), and even precipitate suicidal ideation in vulnerable individuals. Con-
sequently, it was withdrawn from clinical trials in humans. In this regard,
animal studies demonstrate that cannabinoid antagonists decrease cue-
evoked DA elevations and reward seeking in a number of experimental con-
ditions (see these reviews and references therein Melis et al., 2012; Melis &
Pistis, 2012; Oleson et al., 2012). Collectively, these findings suggest that
eCBs in the VTA regulate reward seeking and motivation by controlling
DA neuron firing rate and pattern, and DA release during reward-directed
behavior (Melis & Pistis, 2012). This is line with the observations that A”-
THC acutely increases DA release in the human striatum (Bossong et al.,
2009) and enhanced firing rate of rat mesolimbic DA neurons (French,
Dillon, & Wu, 1997; Gessa, Melis, Muntoni, & Diana, 1998) as well as
striatal DA levels (Chen et al,, 1990; Fadda et al., 2006; Malone &
Taylor, 1999; Tanda, Pontieri, & Di Chiara, 1997). On the other hand,
chronic Cannabis use and withdrawal are associated with reduced DA syn-
thesis in humans (Bloomtfield, Morgan, Egerton, et al., 2014) and decreased
DA levels in rat NAc (Tanda, Loddo, & Di Chiara, 1999) accompanied by a
reduced firing activity of mesolimbic DA neurons (Diana, Melis,
Muntoni, & Gessa, 1998). Noteworthy, both cannabinoid agonists and
antagonists decrease motivation in humans. This apparent contradiction
can be readily explained. In fact, chronic, but not acute, cannabinoid agonist
administration induces a marked desensitization of CB1 receptors and
decreases 2-AG content and signaling in relevant brain regions, such as
the striatum (Di Marzo et al., 2000; Dudok et al., 2015; Gonzalez et al.,
2004). On the contrary, either the increased eCB levels or the activation
of CB1 receptors by exogenous agonists should enhance motivation to
engage in rewarding activities. This notion has been difficult to substantiate
in humans, with the exception of food and sex. As abovementioned, in fact,
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Cannabis promotes strong craving for food and an intensification of its sen-
sory and hedonic properties (Fattore et al., 2010; Kirkham, 2009a, 2009b).
Conversely, Rimonabant was initially approved for obesity and metabolic
syndrome treatment (Tonstad, 2006). Regarding sexual activity, as stated
above, the eftect of Cannabis depends on the sex and the dose (see
Gorzalka et al., 2010 or Fattore et al., 2010 and references therein). The
inverted U-shape effect of cannabinoids on sexual activity and motivation
is also confirmed by animal studies, which indicate that an optimal canna-
binoid tone promotes these behaviors by enhancing motivation and reward,
whereas higher doses blunt motivation.

The link between DA transmission and the eCB system is evident when
considering the placebo effect. Placebo is not only the inert treatment, but
rather the full ritual of administration, which include a set of sensory and
social stimuli informing the patient that a beneficial therapy is being given
(Benedetti, Amanzio, Rosato, & Blanchard, 2011). The placebo effect is a
psychobiological phenomenon composed of difterent mechanisms, particu-
larly expectation of clinical improvement and pavlovian conditioning.
Indeed, patient motivation to feel better determines the magnitude of pla-
cebo effect. Notwithstanding, DA transmission together with endogenous
opioids and eCBs play a major role in this phenomenon (Benedetti et al.,
2011). Hence, DA release enhances the placebo responses in Parkinson’s dis-
ease and mediates placebo analgesia (de la Fuente-Fernandez et al., 2001;
Scott et al., 2007). In an experimental pain model, enhanced DA release
in the NAc correlated to placebo responsiveness and monetary reward
(de la Fuente-Fernandez et al., 2001; Scott et al., 2007). These findings sug-
gest that motivation and reward mechanisms mediated by DArgic transmis-
sion may in part mediate placebo responsiveness (Scott et al., 2007).
Alongside the involvement of endogenous opioid system, the eCB system
contributes (Benedetti et al., 2011; Pecina & Zubieta, 2015) to analgesic pla-
cebo response (Levine, Gordon, & Fields, 1978). This is supported by the
influence of a functional polymorphism (Pro129Thr) of the gene encoding
FAAH, the major hydrolyzing enzyme for AEA, in placebo-induced opioid
and DA neurotransmission (Pecina et al., 2014). In this study, homozygous
carriers of the FAAH Pro129Thr polymorphism showed significantly
greater placebo responses, a more positive internal affective state during
the placebo condition and a more positive recall of the placebo experience
24 h after the pain challenge compared with Thr129 carriers. However,
Pro129/Pro129 homozygotes, who constitute nearly half of the population,
have increased activity of the FAAH and, therefore, lower AEA levels
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(Chiang, Gerber, Sipe, & Cravatt, 2004). These results are in contrast with
animal models, where transgenic mice lacking FAAH display increased
CB1-dependent analgesia (Cravatt et al., 1996). One possible explanation
might be the development of tolerance to chronic CB1 receptor activation
by eCBs, similarly to that produced by chronic exogenous cannabinoid
administration.

5. DRUG ADDICTION AND THE ENDOCANNABINOID
SYSTEM: A RECIPROCAL MODULATION OF SYNAPTIC
PLASTICITY

5.1 Etiology and Neural Mechanisms of Addiction

As previously discussed, natural rewards activate brain circuits, and in par-
ticular, the mesocorticolimbic DA system that codes for motivated behaviors
and processes the relevance of environmental stimuli for survival and life
pleasantness. Beyond natural stimuli, animals find some psychoactive sub-
stances as voluptuary because they act on the same brain reward pathway
(Volkow, Fowler, Wang, Baler, & Telang, 2009). Substances such as alco-
hol, nicotine, cocaine, morphine, and A°-THC, but also repetition of some
behaviors such as shopping and gambling, elicit pleasure by interfering with
the typical activity of reward neural circuits.

Drugs of abuse act as positive reinforces, and many subjects seeking for
wellness repeat their consumption thereby becoming abusers. Importantly,
only a small percentage of them loses control over their behavior and becomes
addicted to the substance(s). Remarkably, personality trait(s), individual
vulnerability, and life events (Belcher, Volkow, Moeller, & Ferre, 2014;
Sagheddu & Melis, 2015) contribute to the transition from acute drug use to
dependence and/or addiction. In fact, drug addiction is recognized as a chronic
psychiatric disorder, which is characterized by cyclical phases of drug use
escalation, withdrawal and relapses despite negative consequences (Wise &
Koob, 2014). Drug consumption initially arouses pleasure, which is most likely
followed by feelings of general dysphoria. Doses and frequency of drug
consumption usually increase progressively, thus inducing neuronal circuits
to switch from homeostatic to allostatic dysregulation (see excellent reviews
where the phenomenon is well described Edwards & Koob, 2010; Koob &
Le Moal, 1997, 2001; Piazza & Deroche-Gamonet, 2013). Hence, positive-
and negative-reinforcement mechanisms, which are the need for pleasure
and avoidance of psychophysical discomfort, respectively, drive the compulsive
seeking for the substance(s) (Kalivas, Volkow, & Seamans, 2005).
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Drugs of abuse typically induce reward-related behaviors through neu-
robiological adaptations of mesocorticolimbic DA system (Baik, 2013a;
Ikemoto & Bonci, 2014), including changes in DA neuron morphology
(Mazei-Robison et al., 2014; Sklair-Tavron et al.,, 1996; Spiga, Lintas,
Migliore, & Diana, 2010; Spiga, Puddu, Pisano, & Diana, 2005; Spiga
et al., 2014), DA receptor function (Baik, 2013a, 2013b; Park, Volkow,
Pan, & Du, 2013), and changes related to intracellular pathways, genes
and/or epigenetic marks (Joffe, Grueter, & Grueter, 2014; Maze &
Nestler, 2011; Mazei-Robison et al., 2011; Sadakierska-Chudy,
Frankowska, & Filip, 2014; Zamora-Martinez & Edwards, 2014). The
reward experienced after acute drug exposure is followed by aversive effects,
which induce negative reinforcement encoded either directly or indirectly
by VTA neurons (Matsui, Jarvie, Robinson, Hentges, & Williams, 2014;
Volman et al., 2013). Particularly, increased AMPA receptor-mediated syn-
aptic responses (Bellone & Luscher, 2006; Good & Lupica, 2010; Mameli,
Balland, Lujan, & Luscher, 2007) have been associated with long-term
potentiation (LTP) of glutamatergic synapses onto VT A DA neurons after
both acute and chronic passive drug exposure (Argilli, Sibley, Malenka,
England, & Bonci, 2008; Saal, Dong, Bonci, & Malenka, 2003; Ungless,
Whistler, Malenka, & Bonci, 2001). Several neuronal populations within
the VTA, and their afferents, are involved in aversive effects of drug con-
sumption (Matsui et al., 2014; Volman et al., 2013), which represent neg-
ative motivation underlying the occurrence of relapses. Remarkable
modifications of LHb synapses onto RMTg, but VTA, neurons have also
been associated to drug-evoked hyperexcitability (Meye et al., 2015), sug-
gestive of aversive signaling associated with negative symptoms of drug
dependence. With respect to neuronal pathway modifications during differ-
ent stages of drug addiction, evidence for the role of the eCB system, among
the others, has emerged (Cachope & Cheer, 2014; Mark, Shabani, Dobbs, &
Hansen, 2011; Melis & Pistis, 2012; Parolaro et al., 2010; Pistillo, Clementi,
Zoli, & Gotti, 2015). In fact, given that DA neurons integrate intrinsic and
extrinsic inputs to encode their own signal (Morikawa & Paladini, 2011), the
eCB 2-AG participates in the regulation of DA cell excitability by modu-
lating the strength of impinging synapses (Melis & Pistis, 2012; Wang &
Lupica, 2014). Noteworthy, when the other brain structures involved in
reward signaling and addiction are examined, eCBs other than 2-AG are
found to exert a role in fine-tuning the whole-network activity by modu-
lating both short- and long-term forms of synaptic plasticity (Fattore et al.,
2010; Melis, Greco, et al., 2014).
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The observation that both acute and chronic exposure to discrete and
structurally unrelated drugs of abuse impacts on eCBs, and their synaptic
functions, lends support to the dynamic and bidirectional interaction
between drug-evoked plasticity of the mesocorticolimbic circuit and the
eCB system. However, whether the eCB system represents the determinant
or the consequence is still largely unknown. Nonetheless, the role of 2-AG
released by the DA cell that shapes rewarding signals at target regions follow-
ing/before and/or during exposure to substances of abuse has been substan-
tiated. As a result, this lipid signal is involved in several and diverse phases of
the drug addiction cycle (Cheer et al., 2007; Oleson et al., 2012; Oliere,
Joliette-Riopel, Potvin, & Jutras-Aswad, 2014; Sagheddu & Melis, 2015).
Hence, targeting the eCB system has appeared as promising avenue for
the development of new pharmacological therapies to relieve symptoms
(e.g., craving, relapse) associated with both drug and behavioral addiction.
In particular, drugs that modulate the eCB system are currently under inves-
tigation (e.g., indirect agonists that enhance endogenous levels) especially
since, as abovementioned, Rimonabant was withdrawn from the market.

5.2 Drug-Induced Alterations in Brain Endocannabinoid
Signaling

Even though the eCB system is influenced during, and in turn aftects, all of
the different stages of addiction cycle, the investigation of drug-induced
modifications of eCB function is still in its infancy, as the eftects of only
few drugs of abuse have been studied, and yet not fully elucidated. For
instance, information on the acute actions of abused substances on eCB sys-
tem function are available only for cocaine and A’-THC (Fourgeaud et al.,
2004; Mato et al., 2004; Mereu et al., 2015). Particularly, the first exposure
to cocaine is able to abolish an eCB-mediated form of long-term depression
(LTD) at corticolimbic synapses in the NAc (Fourgeaud et al., 2004). This
impairment in synaptic plasticity appears to be due to a reduction in the abil-
ity of postsynaptic metabotropic glutamate receptors (mGluRs) to translate
anterograde glutamate transmission into a retrograde eCB signaling acting at
presynaptic CB1 receptors (Fourgeaud et al., 2004). Similarly, the first expo-
sure to A’-THC reduces eCB-mediated LTD at the same synapses, although
through a functional tolerance of CB1 receptors (Mato et al., 2004). This
aberrant plasticity and the corresponding behavioral output have been
suggested to be the early underpinning for those changes in brain processing
that allow the transition from recreational use to abuse, and ultimately to
dependence. In fact, a context-independent behavioral and neurochemical
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sensitization following the first exposure to cocaine can be abolished by
blocking CB1 receptors (Mereu et al., 2015). Hence, eCBs appear as key
players from the earliest stage of cocaine use as well as of other drugs
(Cheer et al, 2007), which contribute to long-term brain-adaptive
responses, and the shaping of neural networks. As a result, they might indeed
increase the vulnerability to subsequent stimulant abuse disorders (Mereu
et al., 2015; Vezina & Leyton, 2009).

Often following acute intoxication is the phase where the drug is chron-
ically consumed. This stage induces maladaptive brain changes and the
development of tolerance. Notably, the eCB system also takes part in these
phenomena through changes occurring in the mesocorticolimbic pathway
(DePoy et al., 2013; Hoftman, Oz, Caulder, & Lupica, 2003; Mato,
Robbe, Puente, Grandes, & Manzoni, 2005; Pan, Hillard, & Liu, 2008).
Hence, escalation to drug intake is produced by a decrease in self-control
that can be reversed and blocked by interfering with the eCB signaling
(Hernandez et al., 2014; Kleijn et al., 2012; Pattij et al., 2007; Wiskerke,
Stoop, Schetters, Schoftelmeer, & Pattij, 2011). In particular, eCB signaling
appears to play a pivotal role in the facilitation and preservation of long-term
changes produced by cocaine exposure in both reward evaluation and
decision-making processes (Hernandez et al., 2014). This could be explained
by the observation that CB1 receptor blockade prevents drug-induced
changes in DA transients within the NAc (Cheer et al., 2007), an effect
due to 2-AG released in the VTA and regulating reward seeking by shaping
relevant patterns of DA release during reward-directed behavior (Oleson
et al., 2012). In fact, repeated exposure to cocaine facilitates LTP of VT A
DA neurons by reducing the strength of GABAergic inhibition in a long-
term manner via activation of CB1 receptors by 2-AG (Pan et al., 2008).
On the other hand, repeated A’~THC administration reduces the coupling
efficiency of CB1 receptors to G;,o transduction proteins at corticolimbic
synapses. However, these synapses express normal LTD due to a reversible
switch 1in its underlying mechanisms (Mato et al., 2005). In fact, compensa-
tory mechanisms occur at corticolimbic synapses on MSNs to allow the
recovery of activity-dependent LTD when CB1 receptor function is com-
promised. Thus, in the NAc, a form of presynaptic homeostasis mediated by
presynaptic mGluRs (i.e., mGluR 2/3) can actually rescue synaptic plasticity
from A’~THC-induced deficits. Notably, both receptor types are expressed
on the same axons and use the same pathway to induce LTD, which are
mutually occlusive (Mato et al., 2005). Finally, this form of homeostatic syn-
aptic plasticity is engaged only upon conditions of sustained cortical activities
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inducing glutamate spillover able to activate presynaptic mGluR2/3, an
effect not described by Hoftman et al. (2003). In particular, these authors
found that chronic treatment with A’~THC completely blocked LTD at
the same synapses by reducing CB1 receptor sensitivity to both exogenous
and endogenous cannabinoids. This tolerance appears to prevent eCBs from
establishing LTD at excitatory synapses on MSNs of NAc. Remarkably, a
cross-tolerance between CB1 and p-opioid—but not adenosine type
Al—receptors was also observed, suggestive of an altered G-protein cou-
pling (or other effectors) shared by both CB1 and p-opioid receptors
(Manzanares et al., 1999). Similarly, CB1 receptor downregulation and
desensitization (i.e., functional tolerance) has been reported in the dorsolat-
eral striatum (DLS) following chronic A’-THC exposure (Nazzaro et al.,
2012). In addition, a loss of both LTD at cortico-striato-pallidal synapses
and synaptic depotentiation associated to a switch from goal-directed actions
to inflexible habitual strategies were also observed (Nazzaro et al., 2012).
Similarly, a chronic intermittent alcohol treatment can enhance 2-AG levels,
induce a downregulation of CB1 receptor signaling, and impair LTD at DLS
corticostriatal synapses, which enables a form of NMDAR -mediated LTP
(DePoy et al., 2013). In addition, the authors suggested that these profound
remodeling processes most likely drive changes in learning and reward-
directed behavior. Accordingly, human postmortem and PET studies have
revealed a decreased CB1 receptor density in the VStr of patients with alco-
hol dependence (Hirvonen et al., 2013; Vinod et al., 2010), which persists
several weeks into abstinence. In addition, fMRI studies have shown that
long-term Cannabis users exhibit disrupted neural activity in the caudate
nucleus, putamen, thalamus, inferior and superior frontal gyrus, and the
parahippocampal gyrus (Jager et al., 2007; van Hell et al., 2010), which
are brain areas involved in reward processing, motor control, and associative
learning. It appears, therefore, that such deficits in eCB signaling might
influence the control of goal-directed behavior, thus promoting the occur-
rence of habit-forming effects of not only A’~THC and alcohol but more
generally of drugs of abuse (Everitt & Robbins, 2005). In fact, by limiting
synaptic rescaling, this drug-evoked loss of LTD in NAc has been posited
to impair the responsiveness to new environmental information, which
might contribute to behavioral inflexibility typical of the addicted state
(Kasanetz et al., 2010). This latter is characterized by an inadequate response
inhibition and salience attribution, drug craving, and compulsive drug-
seeking and drug-taking behaviors despite negative consequences. Since
2004, following on from the development of an animal model of drug
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addiction (Deroche-Gamonet, Belin, & Piazza, 2004) meeting the diagnos-
tic criteria for addiction in humans (DMS IV-TR), advances in the synaptic
and molecular underpinnings of the addicted state have started (Chen et al.,
2013; Kasanetz et al., 2010, 2013). In particular, using this paradigm,
Kasanetz et al. (2010) observed a persistent loss of NMDA-dependent
LTD at corticolimbic synapses onto NAc MSNs in cocaine-addicted ani-
mals. Notably, this deficit already occurs in all of the subjects chronically
self~administering the drug, once that learning has been consolidated. How-
ever, while the majority of these individuals that maintain a controlled drug
intake exhibit a recovery toward a normal NMDA-dependent LTD, those
that manifest signs of addiction according to the Deroche- Gamonet model do
not exhibit this plasticity. This corroborates the notion that dependence and
addiction are different stages of the addiction cycle, and that specific changes
in synaptic plasticity selectively occur in addicts (Piazza & Deroche-
Gamonet, 2013). Remarkably, this latter state is not associated to profound
changes in eCB system functions within the PFC (Kasanetz et al., 2013). On
the contrary, a form of eCB-dependent LTD at excitatory synapses of
prelimbic PFC (Lafourcade et al., 2007) is abolished in both dependent
and addicted subjects. However, since another form of LTD (i.e.,
mGluR 2/3 dependent) is selectively lost at these synapses of addicted rats,
one might speculate that the unbalanced eCB signal might prevent the tran-
sition to addiction by granting behavioral flexibility that would prevent the
loss of control over drug seeking and taking (Kasanetz et al., 2013). Con-
versely, CB1—but CB2—receptor content was found to be reduced in
the cerebral cortex of long-term cocaine addicts (Alvaro-Bartolome &
Garcia-Sevilla, 2013). In particular, since they were reduced and increased
in membranes and cytosol, respectively, a CB1 receptor downregulation
with redistribution and/or internalization is the most likely scenario occur-
ring in the whole cortex.

The eCB system also influences the transition from aberrant positive
reinforcement to negative reinforcement, which is often associated with
acute withdrawal and the emergence of compulsivity. In fact, during
short-term phases (3 days) of opiate withdrawal, enhanced levels of 2-AG
mediate a robust short-term form of synaptic plasticity at inhibitory synapses
(i.e., depolarization-induced suppression of inhibition, DSI) impinging
upon NAc MSNs (Wang et al., 2014). This effect is ascribed to an increased
2-AG synthesis (via diacylglycerol lipase-a) without changes in its key
degrading enzyme (i.e., monoacylglycerol lipase). Notably, upon the same
conditions, DSI in the DStr is unaffected. Altogether, these findings might
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explain the reduction of opiate withdrawal syndrome observed following
CB1 receptor antagonism (Rubino, Massi, Vigano, Fuzio, & Parolaro,
2000; Wills et al., 2014), which could prove therapeutically useful. Hence,
NAc has an important role in regulating circuits that drive both somatic and
aversive responses to opiate withdrawal (Harris & Aston-Jones, 1994, #544).
Nevertheless, brain regions other than the NAc and the mesocorticolimbic
system, play crucial roles in initiating somatic signs of opiate withdrawal
as well as in mediating drug-seeking behaviors (e.g., relapse), and the speci-
fic analysis of the influence of eCB system on relapse mechanisms has
been already reviewed in-depth elsewhere (De Vries & Schoffelmeer,
2005, #545; Melis & Pistis, 2012, #333; Scavone, Sterling, & Van
Bockstaele, 2013, #546; Serrano & Parsons, 2011, #331). Finally, yet
importantly, the eCB system is also involved in the predisposition (either
inborn or not) to drug addiction. However, the examination of such aspect
is beyond the goal of the present section, and we refer the reader to other
articles where this subject matter has been extensively reviewed (Oliere
et al., 2014; Sagheddu & Melis, 2015; Serrano & Parsons, 2011).

6. CONCLUDING REMARKS

The past three decades have provided us with a wealth of evidence—
both direct and indirect—for the role played by the eCB system in the reg-
ulation of those fundamental processes (e.g., reward signaling, motivation)
that allow diverse living organisms, including human beings, to evolve.
Hence, eCBs as modulators of intra- and inter- neuron functions have most
likely contributed to, being impacted by, adaptations resulting from learning
experiences caused by environmental stimuli, which might have engendered
changes in neural, cognitive, and behavioral outcomes. In fact, this system
appears to be in a unique position to contribute to the activity-dependent
modulation of synaptic plasticity, learning mechanisms, and cognitive
processing (Alger, 2009; Iremonger, Wamsteeker Cusulin, & Bains, 2013;
Melis, Greco, et al., 2014). Learning processes improve adaptability, and
participate in guiding evolution by incorporating the evaluation of fitness
consequences of one’s actions that ultimately drive motivation. This likely
shapes behaviors that not only allow the acquisition of sensory rewards and
avoidance of aversive states but also that enhance skills and competency that
drive motivation uniquely in humans. DA signaling plays a pivotal role in
both ends of motivation spectrum, a phenomenon that is phylogenetically
preserved. The role of eCBs in shaping DA neuronal activity and synaptic
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transmission within the mesocorticolimbic pathway is partly elucidated, and
it is under intensive investigation.

Aside from compelling evidence for striking spatial segregation as well as
functional division of task(s) of eCBs on specific inputs and cellular compart-
ments, the canonical interpretation of their mobilization upon request
should be revised, at least with regard to those brain areas such as the
VTA, the Str, and hippocampus, where an endogenous tone has been
unveiled (DePoy et al., 2013; Edwards, Zhang, & Alger, 2008; Huang &
Woolley, 2012; Lee et al.,, 2015; Melis, De Felice, Lecca, Fattore, &
Pistis, 2013). In addition, different states of engagement of eCB signaling
(i.e., prior, tonic, and persistent) might represent adaptive or maladaptive
modifications secondary to CB1 receptor downregulation and homeostatic
changes in plasticity mediated by eCBs as well as other transmitters/modu-
lators (Melis, Greco, et al., 2014). Notably, these states involve distinct
molecular components of eCB signaling and can either trigger metaplasticity
or represent a means for metaplastic control of the eCB system. As such,
these interconnected functional states can dynamically affect neuronal cir-
cuits and behavior, and can be modified by the balance between interocep-
tive stimuli and sensory information (Melis, Greco, et al., 2014; Wamsteeker
Cusulin, Senst, Teskey, & Bains, 2014). Although the salience of sensory
stimuli might differ with species, sex, age, and context, the eCB system
allows a critical modulation of the whole “motivation” network activity
through a selective and narrow tuning of synapses impinging upon different
neuronal populations—like a switch being turned on and oft. In fact, eCBs
can guarantee the dynamic accuracy of input information and modify the
sensitivity of the postsynaptic cell to subtle changes in activity patterns of
its own inputs. This may ultimately aftect synaptic rescaling and change cir-
cuit functions. As a result, any homeostatic change in eCB system (e.g., CB1
receptors, metabolic enzymes) possibly influences any subsequent plasticity
induction.

How eCBs have contributed to such a fine modulation of neural plastic-
ity, which is bidirectionally affected by experience, and how changes—
either structural and/or functional—of neural networks can be interpreted
in an interactive model where genes, brain and behavior characterize and
embody the human becoming, though remarkable, is still unknown. The
understanding of how this system can be modified by experience (e.g., early
life events, stress, drugs) via mechanisms involving diverse signaling cascades,
in both presynaptic and postsynaptic compartments, is, in fact, only in its
infancy. In addition, whether or not these changes can be (epi)genetically
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transmitted, and/or can be modified upon exposure to social/environmental
variables is substantial, since not only might they determine changes in func-
tion of CB1 receptor and/or metabolic enzymes but also result in abnormal
eCB-mediated plasticity. Hence, whether this ancient neuromodulator has
represented a means, among the others, by which natural selection has used
information to adaptively regulate physiology and behavior is unknown.

To date, fundamental questions remain unanswered. For example, it is
unclear whether 2-AG is solely responsible for tuning plasticity within
the VTA. Are other eCBs and/or NAEs involved in setting the threshold
for subsequent plasticity? Is there a segregation within VTA cell subpopu-
lations and/or a regional specificity with regard to eCB-mediated plasticity
phenomena? Does tonic eCB signaling only occur at inhibitory synapses,
and if so, what role does sex/gender play? Which regulatory mechanisms
can finely tune the extent of such a tonic signaling, and do these depend
on synaptic states? Is there a bias for a specific eCB to be mobilized upon
prior neuronal activity?

Further investigation assessing whether inter- and intra- individual dif-
ferences of eCB system in distinct molecular components of the
mesocorticolimbic circuit do exist is crucial. In particular, it is fundamental
to unravel the input-specific complexity of eCB metabolic apparatus and of
the wide repertoire of intra- and inter- cellular processes mediated by these
lipids. This knowledge not only might help to open new possibilities to treat
diverse neuropsychiatric disorders but also be alternatively used, in addition
to standard pharmaceutical therapy, to tailor pharmacological treatments and
reduce side effects.
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