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Short Running Title: The supraspinal endocannabinoid system in pain and stress

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 (endocannabinoid)
system is present throughout the neuroanatomical pathways that mediate and modulate
responses to painful stimuli. The specific role of the endocannabinoid system 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 evidence that the brain’s
endocannabinoid system modulates pain. We provide a comprehensive evaluation of the role
of the endocannabinoid system supraspinally, and particularly in the rostral ventromedial

medulla, periaquaductal grey, amygdala and prefrontal cortex, in pain, stress-induced analgesia



and stress-induced hyperalgesia. Increased understanding of endocannabinoid-mediated
regulation of pain and its modulation by stress will inform the development of novel therapeutic

approaches for pain and its co-morbidity with stress-related disorders.

Key Words: Nociception; fear; Cannabinoid CB1 receptor; anandamide; 2-arachidonyl

glycerol; descending pain pathway

Abbreviations: eCB — Endocannabinoid; Cannabinoid — CB; PAG — periaquaductal grey;
RVM - rostral ventromedial medulla; PFC — prefrontal cortex; SIA - stress-induced
analgesia; SIH - stress-induced hyperalgesia; FCA - fear-conditioned analgesia; THC - A°-
tetrahydrocannabinol; CB1 - cannabinoid type 1; CB> - cannabinoid type 2, AEA —
anandamide; 2-AG - 2-arachidonoyl glycerol; CNS — central nervous system; PLD -
phospholipase D; NAPE - N-acyl phosphatidylethanolamine; AC — adenylate cyclise; MAPK
- mitogen-activated protein kinase; FAAH - fatty acid amide hydrolase; MAGL -
monoacylglycerol lipase; FLAT - FAAH-like transporter; FABP — fatty acid binding protein;
TRPV1 - transient receptor potential vanilloid 1; PPARs — peroxisome proliferator-activated
receptors; PEA - N-palmitoylethanolamide; OEA - N-oleoylethanolamide; i.c.v. —
intracerebroventricular; GiA - gigantocellular reticular nucleus; VPL - ventral posterolateral
nucleus of the thalamus; SNL - spinal nerve ligation; ACC - anterior cingulate cortex; HMBA
- 4-hydroxy-3-methoxybenzylamine; NGF — nerve growth factor; CUS - chronic
unpredictable stress; CCK — cholecystokinin; GiA - gigantocellular reticular nucleus; WKY -
wistar-kyoto; SD — sprague dawley; dIPAG - dorsolateral periaquaductal grey; IPAG — lateral
periaquaductal grey; VIPAG - ventrolateral periaquaductal grey; dPAG - dorsal

periaquaductal grey; dmPAG — dorsomedial periaquaductal grey; CCI - chronic constriction



injury; NSAIDs - non-steroidal anti-inflammatory drugs; OX — orexin; mGlu - metabotropic
glutamate receptors; LA - lateral nucleus; BLA - basolateral nucleus; CeA — central nucleus
of the amygdala; ABA - accessory basal nucleus; MeA - medial nucleus; mPFC — medial

prefrontal cortex; IL — infralimbic cortex; PrL — prelimbic cortex; SNI - spared nerve injury.

Introduction:

Pain can be defined as ‘an unpleasant sensory and emotional experience associated with actual
or potential tissue damage or described in terms of such damage’ (International Association for
the Study of Pain [IASP] 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 conditions resulting in the longest number of years lived with disability
(Vos, et al., 2012). Current pharmacotherapies for pain management lack efficacy in many
patients, with ~40% of patients with chronic pain unsatisfied with their treatment (Breivik,
Collett, Ventafridda, Cohen, & Gallacher, 2006). Furthermore, the annual economic cost of
pain in the US 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 community 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 signalling machinery at neuronal synapses within all
components of the pain pathway. Activation of cannabinoid receptors on presynaptic 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 nocieptive processing.

The intensity and severity of perceived pain does not necessarily correlate with the degree of
tissue damage, injury or inflammation occurring. The importance of context and modulation of
pain by emotion is now widely recognised. Stress, fear and anxiety exert important modulatory
influences on pain (Asmundson & Katz, 2009; N.N. Burke, Finn, & Roche, 2015; Butler &
Finn, 2009; Fitzgibbon, Finn, & Roche, In Press; 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. Cannabinoid (CB) receptors are localized in brain
regions involved in the modulation of pain including the rostral ventromedial medulla (RVM),

the periaqueductal grey (PAG), amygdala and prefrontal cortex (PFC) (Herkenham, et al.,
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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; Hill, et al., 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 modulation 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).

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 Cannabis 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 (CB1) (Devane, Dysarz, Johnson,

Melvin, & Howlett, 1988; Matsuda, Lolait, Brownstein, Young, & Bonner, 1990) and CB type
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2 (CB2) receptors (Munro, Thomas, & Abu-Shaar, 1993), their endogenous ligands N-
arachidonylethanolamide (anandamide, AEA) and 2-arachidonoyl glycerol (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 characterised eCBs, however there
are a number of other endogenous ligands with affinity and activity at CB1 and CB3 receptors
including 2-AG ether (noladin ether), virodhamine, N-arachidonyl dopamine (NADA) and
others (for review see Battista, Di 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). CB1 receptors are the most predominant 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/facilitatory pain pathways and the stress/fear/anxiety circuitry. CB2 receptors,
although expressed in the CNS (Baek, Zheng, Darlington, & Smith, 2008; Concannon, OKkine,
Finn, & Dowd, 2015; Onaivi, et al., 2006; Van Sickle, et al., 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 adenylate 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 CB1
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-
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arachidonoylphosphatidylethanolamine (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 1. 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 catabolises additional N-
acylethanolamines including N-palmitoylethanolamide (PEA) and N-oleoylethanolamide
(OEA) which themselves do not have appreciable activity at CB1 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 metabolized to arachidonic acid and
glycerol by the enzyme monoacylglycerol 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, signalling and degradation are relatively well
understood although controversy remains surrounding 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 suggest the existence of a protein



facilitated transport process (Beltramo & Piomelli, 2000; Hillard, Edgemond, Jarrahian, &
Campbell, 1997). Most recently, a FAAH-like transporter (FLAT) 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 signalling 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 (CB1 and CB:2), several lines of evidence suggest
that eCBs act at numerous other non-CB1/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).

The endocannabinoid system in the brain regulates pain

Considerable effort has been invested in investigating the brain regions involved in mediating
the anti-nociceptive 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 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 summarised in Figure 1).

Strong evidence of a role for the supraspinal eCB system in the modulation of pain was
provided by (Hohmann, Tsou, & Walker, 1999). Here, systemic administration of the CB
receptor agonist WINS5,212-2 resulted in an anti-nociceptive effect in the tail flick test in rats.

Transection of the spinal cord and thus blockade of descending pain processes, inhibited the
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CB-induced suppression of noxious heat-evoked activity in the tail flick test, thus indicating
that WINS55,212-2 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 anti-

nociception.

Anti-nociceptive activity of CB receptor agonists had been demonstrated in the mouse and rat
tail flick tests following intracerebroventricular (i.c.v.) administration. Specifically, i.c.v.
injection of the cannabinoid 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 CB1 receptor
antagonist/inverse agonist rimonabant completely blocked the anti-nociceptive effects of A°-
THC and CP 55,940 in the rat tail flick test, indicating that these effects are mediated through
CBa 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 anti-nociceptive 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 WIN 55,212-2 and
THC produced dose related anti-nociceptive effects in the mouse tail flick test (Raffa, Stone,
& Hipp, 1999). In addition i.c.v. administration of WIN 55,212-2 induces anti-nociception 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, CP55,940, and AEA (Welch, Huffman, &
Lowe, 1998). Thus, taken together supraspinal CB1 receptors are important in modulating pain
processes. 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
prefrontal cortex). Additionally, less characterized mechanisms and targets will also be
discussed towards the end of the review. Lines of evidence implicating the supraspinal eCB

system in pain, stress and their interaction, will be considered briefly now.

[Figure 1 here]

The modulation of pain by stress: role for the brain’s endocannabinoid system

Both painful (Alexander & Kendall, 2007; Kwilasz, et al., 2014; Walker, Huang, Strangman,
Tsou, & Sanudo-Pena, 1999; Woodhams, et al., 2015) and aversive (stress/fear) (Hill, et al.,
2013; Hill, et al., 2005; Hohmann, et al., 2005; Jennings, et al., 2014; Olango, et al., 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 earlier, 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 behaviour 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 widespread hyperalgesia following intramuscular injection of nerve growth factor
(NGF) (Lomazzo, et al., 2015). The FAAH and MAGL inhibitors URB597 and JZL184
attenuated the CUS-induced anxiety-related behaviour in the light-dark box and thermal

hyperalgesia in the hot plate test. URB597 significantly reduced the widespread hyperalgesia
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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 hormones, adrenocorticotropic
hormone and coricosterone, in rats, suggesting a role for supraspinal CB1 receptors in the
neuroendocrine response to stress (Manzanares, Corchero, & Fuentes, 1999). CBi(-/-)
knockout mice develop normal mechanical hypersensitivity but more pronounced anxiety-
related behaviour following partial sciatic nerve ligation, indicating a potential role for the EC
system in chronic co-morbid pain/anxiety disorders (Racz, Nent, Erxlebe, & Zimmer, 2015).
Indeed, the acquisition, expression and extinction of fear-related behaviour have all been
shown to involve eCB signalling, (see Chhatwal & Ressler, 2007). Our group has shown an
interaction between the eCB and opioid systems in fear-conditioned analgesia (FCA). FCA was
modelled by assessing formalin-evoked nociceptive behaviour in an arena previously paired
with footshock. Systemic administration of the FAAH inhibitor URB597 enhanced FCA in
rats, an effect blocked by the CB1 and CB> receptor antagonists rimonabant and SR144528,
respectively (Butler, Rea, Lang, Gavin, & Finn, 2008). These findings corroborated and
extended our earlier work demonstrating that CB1 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 stress-induced analgesia (Valverde, Ledent, 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
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between CCK and ECs in the regulation of SIA (Kurrikoff, 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

CCK2 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, Figure 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.

[Table 1 here]

The role of the endocannabinoid system in the rostral ventromedial medulla (RVM) in

pain, stress-induced analgesia and stress-induced hyperalgesia

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). CB1 receptors have been
shown to be expressed in the RVM using receptor autoradiography and immunohistochemistry
(Glass, et al., 1997; Herkenham, et al., 1991; Herzberg, Eliav, Bennett, & Kopin, 1997,

Mailleux, Parmentier, & Vanderhaeghen, 1992; Thomas, Wei, & Martin, 1992; Tsou, Brown,
12



et al.,, 1998). The RVM contains 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 nucleus to exert bi-directional
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, CB1 receptor-
mediated inhibition of GABAergic interneurons in the PAG and RVM results in disinhibition
of projection neurons within the descending inhibitory pain pathway, 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 behaviours in the tail flick test, an effect attenuated by co-administration with the
CB1 receptor antagonist rimonabant (Martin, Tsou, & Walker, 1998). Nociceptive behaviour
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 and inhibiting pain respectively. Intra-RVM microinjection of WIN55,212-2
increases tail flick latencies while inhibiting ON-cell activity and increasing OFF-cell activity,
thus decreasing nociception. Co-infusion with rimonabant blocked these effects, indicating a

role for the eCB-CB: receptor system in the RVM in nociception (Meng & Johansen, 2004).

Microinjection of WIN 55,212-2 into the GiA resulted in behavioural analgesia in the rat tail

flick test, an effect blocked by co-administration of rimonabant (Monhemius, Azami, Green,
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& Roberts, 2001). In the same study, animals with partial sciatic nerve ligation were given
intra-GiA WIN 55,212-2 and rimonabant and intraplantar formalin, contralaterally to the site
of nerve ligation. Formalin-evoked nociceptive behaviour 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 CB1 receptor in GiA-mediated antinociception and modulation of
nociceptive transmission in both acute pain and chronic neuropathic pain (Monhemius, et al.,

2001)

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-RVM administration of rimonabant
attenuated SIA in a rat model that combined footshock and a tail flick test. The FAAH inhibitor
and TRPV1 agonist AA-5-HT, administered systemically or intra-RVM, enhanced SIA in rats
in a CB1 receptor-dependent manner (Suplita, Farthing, Gutierrez, & Hohmann, 2005). This
study provides evidence for an important role of CB1 receptors in the RVM in mediating and

modulating SIA.

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 hyper-sensitivity to stress, compared with other rat

strains including Sprague-Dawley (SD) rats (Burke, et al., 2010; O'Mahony, et al., 2010). We
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have recently reported an impairment in pain-related mobilization of the eCBs AEA and 2-AG,
along with their synthesising enzymes, NAPE-PLD and DAGL, respectively, in the RVM of
WKY rats compared with SD rats, following intraplantar injection of 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 dysfunction
in the RVM underlies the hyper-sensitivity 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 endocannabinoid system in

the RVM in pain and its modulation by stress.

[Table 2 here]

The role of the endocannabinoid system in the periaquaductal grey (PAG) in pain, stress-

induced analgesia and stress-induced hyperalgesia

Pain:

The 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 component. The
PAG, via the RVM, modulates nociceptive transmission at the level of the spinal cord (Fields,
Heinricher, & Mason, 1991). The PAG possesses 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 disinhibitory mechanism

(Vaughan, Connor, Bagley, & Christie, 2000).
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CB: receptor-mediated anti-nociception 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 subcutaneous 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 CB1
receptor agonist HU-210 in the hot plate test (Wilson-Poe, Pocius, Herschbach, & Morgan,
2013). Likewise, intra-vIPAG and systemic administration of HU-210 enhanced the anti-
nociceptive effect of morphine (Wilson, Maher, & Morgan, 2008). This study provides
evidence for a dual role of morphine and CBs in pain and antinociception. Formalin-evoked
nociceptive behaviour was reduced following microinjection of HU210 into the dorsal PAG
(dPAG) of rats, an effect blocked by co-administration with the CB;1 receptor antagonist
rimonabant (Finn, et al., 2003). Microinjection of CP-55,940 into the VIPAG, but not the
posterior dIPAG or the anterior VIPAG, areas produces antinociception in the rat tail flick test
(Lichtman, et al., 1996). WIN55,212-2 increased tail-flick latencies following microinjection
into the rat dIPAG, (Martin, Patrick, Coffin, Tsou, & Walker, 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 co-administration with rimonabant. MPEP, a metabotropic
glutamate receptor mGIlu5 antagonist, also completely blocked the anti-nociceptive effect of
WINbS5,212-2 (Palazzo, et al., 2001), indicating a CB1-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 CB1 receptors in the PAG and

16



RVM. Inflammation-induced hyperalgesia can be attenuated by microinjection of the NSAID
metazinol into the PAG (Vazquez, Escobar, Ramirez, & Vanegas, 2007). Injection of the CB1
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).

TRPV1, atarget 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 capsaicin increased the latency of nociceptive responses in the rat plantar
test (Palazzo, et al., 2002). A higher dose administered to the same region produced opposite
effects, 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 anti-nociceptive effects in several pain

models. For a recent review see Madasu, Roche & Finn, In Press.

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 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. Co-
administration of a low dose of URB597 with the CB1 receptor antagonist AM251 converted
the hyperalgesic effect to an analgesic one, while co-administration 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 AM251, while the
later URB597-induced analgesic effect became hyperalgesic following TRPV1 antagonism.

CB: receptor-dependent analgesia was seen at the highest dose of intra-vIPAG URB597
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administration (Maione, et al., 2006). The URB597-induced antinociceptive effects (TRPV1-
mediated) and pronociceptive effects (CB1 receptor mediated) were associated with enhanced
or reduced RVM OFF cell activity, respectively, 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: receptors 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 produced
antinociception in the hot plate test of non-diabetic mice (Mohammadi-Farani, et al., 2010). In
contrast the anti-nociceptive effects of Intra-vIPAG capsaicin and WIN were reduced in
hyperalgesic diabetic mice, an effect associated with CB: upregulation and TRPV1
downregulation in the vI-PAG (Mohammadi-Farani, et al., 2010). Taken together, the data
demonstrate that diabetic neuropathy is associated with altered eCB signalling 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
anti-nociceptive 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 anti-nociceptive effects were blocked by both CB receptor and TRPV1
antagonists. Intra-vIPAG injection of AA-5-HT increased eCB levels and induced a pro-
nociceptive 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 the FAAH inhibitor
URB597 with the TRPV1 antagonist I-RTX into the VIPAG also induced antin-nociceptive

effects in the rat tail flick test and inhibited RVM on and off cell activity (de Novellis, et al.,
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2008), thus indicating that the anti-nociceptive effects of FAAH substrates in the vVIPAG 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 intra-plantar injection
of formalin. Since CB1 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 responsible for AA-
5-HT-induced analgesia. Furthermore, Intra-PAG administration of the GPR55 agonist LPI
reduced the nociceptive threshold in the rat hotplate test, an effect blocked upon pretreatment
with the GPR55 antagonist ML-193 (Deliu, et al., 2015). This study suggests that altering
GPR55 activity in the PAG may affect pain perception. Taken together these studies suggest
that CB1 receptors, TRPV1 and GPR55 in the PAG all play important roles in modulating pain

behaviour.

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 anti-nociceptive effects
(Chiou, etal., 2010) including following direct administration into the PAG (Azhdari Zarmehri,
etal., 2012). Orexin A decreases GABA release in an eCBEC-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).

SIA:

A number of studies have demonstrated an important role for the eCB system in the PAG in
SIA/FCA. Intra-dPAG administration of the CB1 receptor antagonist rimonabant attenuated

SIA, observed as an increase in the tail flick latency following exposure of rats to footshock
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stress (Hohmann, et al., 2005). The same dose of this drug administered i.c.v., intra-vIPAG and
intra-IPAG had no effect on SIA in this study, highlighting a particular role of CB1 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 MAGL in the dIPAG using URB602 enhanced SIA (Hohmann, et al., 2005).
A subsequent study by the same group confirmed the CB1 receptor-dependant attenuation of
SIA following intra-dIPAG administration of rimonabant and the CB1-dependant enhancement
of SIA following AA-5-HT administration (Suplita, et al., 2005). These studies provide
evidence 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 CB1 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 (fear-conditioned analgesia; FCA) (Olango, et al., 2012). FCA in
these studies was measured as the reduction of formalin-evoked nociceptive behaviour 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 CB1

receptors in the dIPAG in mediating both conditioned and unconditioned forms of SIA.
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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 endocannabinoid system in

the PAG in pain and its modulation by stress.

[Table 3 here]

The role of the endocannabinoid system in the amygdala in pain, stress-induced analgesia

and stress-induced hyperalgesia

Pain:

The amygdala is a key region of the limbic system located in the medial temporal 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 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 amygdala is a key region of the ascending and descending pain pathways and shares
connections with other key regions including the prefrontal cortex 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).
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All components of the eCB system are expressed in the amygdala, although CB1 receptors are
expressed in highest density in the BLA (Herkenham, et al., 1991; Tsou, Brown, et al., 1998).
The amygdala contributes to the anti-nociceptive effects produced by systemically
administered CBs. WIN55,212-2 produces dose dependent anti-nociceptive effects in rats
characterized as increased tail flick latencies (Manning, Martin, & Meng, 2003). Intra-CeA,
but not intra-BLA, administration of muscimol, significantly attenuated these anti-nociceptive
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, Merin, Meng, & Amaral, 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 anti-

nociceptive effects.

Tail flick latencies have been shown to be increased upon microinjection of WIN55,212-2 into
the CeA and BLA in rats (Hasanein, Parviz, Keshavarz, & Javanmardi, 2007; Martin, et al.,
1999). Furthermore, intra-BLA administration of WIN55,212-2 has also been shown to reduce
formalin-evoked nociceptive behaviour in rats, an effect attenuated by intra-BLA
administration of the CB1 receptor antagonist AM251 (Hasanein, et al., 2007). Interestingly,
intra-BLA administration of rimonabant has also been shown to attenuate formalin-evoked
nociceptive behaviour and associated increases in c-Fos immunoreactivity in the hippocampus
and RVM in rats (Roche, et al., 2010; Roche, O'Connor, Diskin, & Finn, 2007), although intra-
BLA administration of a different CB1 receptor antagonist, AM251, did not exert a similar

effect (Rea, et al., 2013).
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Using fMRI, 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). Cutaneous ongoing pain and hyperalgesia
induced by capsaicin were monitored in healthy cannabis-naive volunteers. A%>-THC reduced
‘painfulness’ but not the intensity of pain and hyperalgesia an effect positively 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 amygdala 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 interaction between pain and emotion, it is necessary to further

investigate this area and the role of the eCB system therein.

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
unconditioned 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, Bolton, Olsen,
Piomelli, & Hohmann, 2006). Intra-BLA administration of FAAH and MAGL inhibitors,
however, had no effect on SIA (Connell, et al., 2006), suggesting that CB1 receptors in the
BLA, but not CeA, mediate SIA, although the role of the individual eCBs requires further
investigation. Roche et al. (2007 and 2010) reported no effect of unilateral or bilateral intra-
BLA administration of rimonabant on FCA in rats (Roche, et al., 2010; Roche, et al., 2007).

However, a subsequent study showed that the expression of FCA in rats was reduced following
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systemic or intra-BLA, but not intra-CeA, administration of a different CB1 receptor

antagonist, AM251 (Rea, et al., 2013).

URB597 enhances the expression of FCA when administered via the intra-peritoneal route, an
effect blocked by either CB1, CB> or p-opioid receptor antagonists (Butler, et al., 2008).
Interestingly, FCA in this study was associated with increased expression of phospho-ERK2 in
the amygdaloid complex. 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 signalling in FCA (Butler, et al., 2008).

CB1 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-CeA, administration of the CB1 receptor
antagonist AM251 (Rea, et al., 2013), an effect attenuated by intra-BLA administration of both
the GABAA receptor antagonist, bicuculline, and the mGlu5 receptor antagonist, MPEP,
suggesting that CB1 receptors in the BLA facilitate the expression of FCA, through a
mechanism which is likely to involve the modulation of GABAergic and glutamatergic
signalling. 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).

It is clear, therefore, that the eCB system in the amygdala, and specifically the BLA, plays an
important role in mediating both unconditioned and conditioned SIA with likely interactions

with GABAergic and glutamatergic signalling.
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SIH:

A recent study from our group investigated the effects of repeated exposure to forced swim
stress on formalin-evoked nociceptive behaviour in rats in stress normo-responsive (SD) and
stress hyper-responsive (WKY) rat strains. Formalin-evoked nociceptive behaviour was
increased in SD rats following ten 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 differences in components of
the eCB system within the amygdala. For example, decreased levels of AEA and 2-AG were
observed in the ipsilateral amygdala of SD, but not WKY, rats. Lower levels of CB1 receptor
MRNA 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.

[Table 4 here]

The role of the endocannabinoid system in the prefrontal cortex in pain, stress-induced

analgesia and stress-induced hyperalgesia

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 (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,
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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). CB1 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), suggest a role for the EC system in

the PFC in pain.

CBa receptors in the rodent mPFC are expressed on GABAergic interneurons (Marsicano &
Lutz, 1999; Wedzony & Chocyk, 2009). CB1 receptors on presynaptic axon terminals face
pyramidal neurons with postsynaptic mGIuR5 (Lafourcade, et al., 2007). A rat arthritis pain
model, induced via intra-articular injections of kaolin and carrageenan through the patellar
ligament, shows hyperactivity in amygdala output neurons and abnormal inhibition of mPFC
pyramidal neurons (Ji, et al., 2010). Another study investigated the effect of mGIuR5 and CB1
receptor activation on the activity of the mPFC cells in rats in the previously described arthritis
pain model (Ji & Neugebauer, 2014). Co-activation of mGIuR5 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). Further 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 iodacetate model of arthritis (La Porta, et

al., 2015).

CB: receptor activity is decreased in the rostral ACC 10 days post CCI in mice, compared with
sham controls (Hoot, et al., 2010). CB1 receptor levels in the rostral ACC of CCI and sham rats

remained unchanged and there were no significant differences in the levels of 2-AG or AEA in
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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 CB1
receptor activity in the ACC is associated with the negative affective component of neuropathic

pain.

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 anti-nociceptive effects more efficiently
(de Novellis, et al., 2011). These studies suggest that both the eCB and endovanilloid systems
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 PPARa in the mPFC in formalin-evoked nociceptive behaviour in
rats. The PPARa antagonist GW6471 delayed the onset of the second phase of formalin-evoked
nociceptive behaviour. This reduction in nociceptive behaviour was associated with a reduction
in the levels of N-palmitoylethanolamide and N-oleoylethanolamide (PPARa ligands) in the
mPFC (Okine, et al., 2014). Together these data suggest a facilitatory role for PPARa in the

mPFC in formalin-evoked nociceptive behaviour.

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

27



region has also been shown to project to other regions important in fear neurocircuitry,
including the previously discussed amygdala and PAG (LeDoux, 2000). CB1 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 behaviour and SIA, an effect attenuated by microinjection of AM251 into
the PrL (Freitas, Salgado-Rohner, Hallak, Crippa, & Coimbra, 2013). This work suggests that
CB1 receptor signalling 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.

SIH:

To our knowledge there have been no published studies to date investigating the role of the

eCB system in the PFC in SIH.

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.

[Table 5 here]

[Figure 2 here]

Less characterized endocannabinoid mechanisms in pain modulation

Systemic administration of the CB receptor agonist WIN 55,212-2 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, Hohmann, &

Walker, 1996). Further evidence for a role of CB1 receptors in the thalamus in mediating and
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modulating nociceptive responding was observed following microinjection of WIN 55,212-2
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, intra-
locus coeruleus microinjection of the hypothalamic peptide orexin-A decreased formalin-
evoked nociceptive behaviour 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 modulates nociceptive information in the locus coeruleus via interaction with CB1

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; Russo, 2004; Smith & Wagner, 2014). FAAH
deficient mice (FAAH (-/-)) express less nitroglycerin-induced migraine-like pain, with similar
effects observed following pahramcological inhibition of FAAH inhibitors using URB597 and

PF3945. Administration of the CB: receptor antagonist rimonabant blocked these anti-
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nociceptive effects in this migraine model, demonstrating a key role for CB1 receptors in
mediating the effects of the FAAH substrates (i.e. AEA) (Nozaki, Markert, & Zimmer, 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
anti-nociceptive effects in several pain models (Kwilasz, Abdullah, Poklis, Lichtman, &
Negus, 2014; Lichtman, Shelton, Advani, & Cravatt, 2004). For example, URB597 (intra-
peritoneal), a selective FAAH inhibitor, produced anti-nociception 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 effects
in mouse models of pain anti-nociception (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 CB1 receptor-dependant anti-nociception.

PET imaging with a CB1 receptor radioligand demonstrated that patients with in functional
dyspepsia have higher CB1 receptor availability in the hypothalamus and anterior cingulate
cortex (Ly, etal., 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-CB1/non-CB: receptors, 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, Roche,

& Finn, 2015). Central administration of the TRPV1 antagonist A-784168 induced potent
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analgesia in the rat sodium monoiodoacetate model of osteoarththitic pain and reduced thermal
hyperalgesia and mechanical allodynia in the complete Freund’s adjuvant model of
inflammatory pain (Cui, et al., 2006). Moreover, i.c.v. administration of TRPV1 antagonists
reduced nociceptive behaviour in the rat formalin test (Santos & Calixto, 1997). Following
spinal cord injury, CB1 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, seven days
following spinal cord lesion, CB1 receptor immunoreactivity was increased in the thalamus
and hippocampus and downregulated in the anterior cingulate cortex (ACC), amygdala and
PAG, brain regions related to pain, emotion, learning, and memory in rats. Double labelling
studies revealed that TRPV1 was co-expressed with CB1 (Knerlich-Lukoschus, et al., 2011).
Thus alterations in CB1-TRPV1 expression/activity may underlie the emotional-affective and

somatosensory pain responses following spinal cord lesion.

Paracetamol (acetaminophen) is a well-recognised and potent analgesic drug (Toms, McQuay,
Derry, & Moore, 2008) and a number of recent studies have demonstrated that paracetamol is
metabolized to the TRPV1 agonist and AEA transport blocker AM404, which contributes to
the anti-nociceptive activity of paracetamol (Hogestatt, et al., 2005; Mallet, et al., 2010;
Zygmunt, Chuang, Movahed, Julius, & Hogestatt, 2000). The breakdown of paracetamol to
AMA404 occurs in the brain and is dependent on FAAH (Hogestatt, et al., 2005). The de-
acetylated paracetamol metabolite 4-aminophenol and 4-hydroxy-3-methoxybenzylamine
(HMBA), produces anti-nociception in a variety of rodent (both mice and rats) pain tests
(Barriere, et al., 2013) and is metabolised in the brain to form AM404 plus HPODA or arvanil
plus olvanil. The anti-nociceptive effects of arvanil were dependent on FAAH, TRPV1 and
CB1 receptors (Barriere, et al., 2013). FAAH-dependent generation of TRPV1-active analgesic
drug metabolites may be useful in the production of novel pain therapeutics (Barriere, et al.,

2013).
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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,

etal., 2015).

The PPARs are also targets for eCBs, and may play a role in eCB-induced analgesia. PPARy
agonists produced anti-inflammatory and anti-hyperalgesic effects in carrageenan-treated rats,
effects which were supra-spinally mediated (Morgenweck, et al., 2010). Similarly, i.c.v.
administration of PPARa ligands produced anti-inflammatory and anti-hyperalgesic effects in
mice and rats in the carrageenan model of inflammation, (D'Agostino, et al., 2009; D'Agostino,
et al., 2007; 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.

Concluding remarks:

This review has provided a detailed overview of the role of the supraspinal eCB system in pain,
SIA and SIH. Work in animal models has provided clear evidence that activation of supraspinal
CB receptors (particularly CB1) or elevation of supraspinal eCB levels can induce anti-
nociception. Although our understanding of the physiological, biochemical and molecular

mechanisms mediating these processes has become much clearer in recent years, there is still
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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 inter-connected 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 neurotransmitter systems. To date there has

been a relative paucity of studies investigating 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 psychiatric 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 co-morbid 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 CB1 receptors, elevation on eCB levels rather than
potent CB1 receptor agonism and targeting of CB2 receptors or other non-CB 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 co-morbidity with stress-related disorders,
there is an urgent need to fully understand the neurobiological mechanisms underpinning
supraspinal modulation of pain, SIA and SIH and develop new, more effective treatments with

more favourable adverse side effect profiles.

33



Acknowledgements:

This work was supported by a grant from Science Foundation Ireland (10/IN.1/B2976) and a
PhD fellowships to LC from the National University of Ireland Galway and from the Irish

Research Council.

Conflict of Interest:

None.

Bibliography:

Aguggia, M. (2003). Neurophysiology of pain. Neurol Sci, 24 Suppl 2, S57-60.

Aicher, S. A., Hermes, S. M., Whittier, K. L., & Hegarty, D. M. (2012). Descending projections
from the rostral ventromedial medulla (RVM) to trigeminal and spinal dorsal horns are
morphologically and neurochemically distinct. J Chem Neuroanat, 43(2), 103-111.

Alexander, S. P., & Kendall, D. A. (2007). The complications of promiscuity: endocannabinoid
action and metabolism. Br J Pharmacol, 152(5), 602-623.

Asmundson, G. J., & Katz, J. (2009). Understanding the co-occurrence of anxiety disorders
and chronic pain: state-of-the-art. Depress Anxiety, 26(10), 888-901.

Azhdari Zarmehri, H., Semnanian, S., Fathollahi, Y., Erami, E., Khakpay, R., Azizi, H., et al.
(2012). Intra-periaqueductal gray matter microinjection of orexin-A decreases
formalin-induced nociceptive behaviors in adult male rats. J Pain, 12(2), 280-287.

Baek, J. H., Zheng, Y., Darlington, C. L., & Smith, P. F. (2008). Cannabinoid CB2 receptor
expression in the rat brainstem cochlear and vestibular nuclei. Acta Otolaryngol,
128(9), 961-967.

Bandler, R., & Keay, K. A. (1996). Columnar organization in the midbrain periaqueductal gray
and the integration of emotional expression. Prog Brain Res, 107, 285-300.

Barriere, D. A., Mallet, C., Blomgren, A., Simonsen, C., Daulhac, L., Libert, F., et al. (2013).
Fatty acid amide hydrolase-dependent generation of antinociceptive drug metabolites
acting on TRPV1 in the brain. PLoS One, 8(8), e70690.

Basbaum, A. I., & Fields, H. L. (1984). Endogenous pain control systems: brainstem spinal
pathways and endorphin circuitry. Annu Rev Neurosci, 7, 309-338.

Battista, N., Di Tommaso, M., Bari, M., & Maccarrone, M. (2012). The endocannabinoid
system: an overview. Front Behav Neurosci, 6, 9.

Beltramo, M., & Piomelli, D. (2000). Carrier-mediated transport and enzymatic hydrolysis of
the endogenous cannabinoid 2-arachidonylglycerol. Neuroreport, 11(6), 1231-1235.

Berdyshev, E. V. (2000). Cannabinoid receptors and the regulation of immune response. Chem
Phys Lipids, 108(1-2), 169-190.

Bisogno, T., Ligresti, A., & Di Marzo, V. (2005). The endocannabinoid signalling system:
biochemical aspects. Pharmacol Biochem Behav, 81(2), 224-238.

34



Blankman, J. L., & Cravatt, B. F. (2013). Chemical probes of endocannabinoid metabolism.
Pharmacol Rev, 65(2), 849-871.

Blankman, J. L., Simon, G. M., & Cravatt, B. F. (2007). A comprehensive profile of brain
enzymes that hydrolyze the endocannabinoid 2-arachidonoylglycerol. Chem Biol,
14(12), 1347-1356.

Blyth, F. M., March, L. M., Brnabic, A. J., Jorm, L. R., Williamson, M., & Cousins, M. J.
(2001). Chronic pain in Australia: a prevalence study. Pain, 89(2-3), 127-134.

Bouaboula, M., Poinot-Chazel, C., Bourrie, B., Canat, X., Calandra, B., Rinaldi-Carmona, M.,
et al. (1995). Activation of mitogen-activated protein kinases by stimulation of the
central cannabinoid receptor CB1. Biochem J, 312 ( Pt 2), 637-641.

Breivik, H., Collett, B., Ventafridda, V., Cohen, R., & Gallacher, D. (2006). Survey of chronic
pain in Europe: prevalence, impact on daily life, and treatment. Eur J Pain, 10(4), 287-
333.

Brown, A. J. (2007). Novel cannabinoid receptors. Br J Pharmacol, 152(5), 567-575.

Burke, N. N., Finn, D. P., & Roche, M. (2015). Neuroinflammatory mechanisms linking Pain
and Depression: Pain in Psychiatric Disorders. Mod Trends Pharmacopsychiatry, 30.

Burke, N. N., Hayes, E., Calpin, P., Kerr, D. M., Moriarty, O., Finn, D. P., et al. (2010).
Enhanced nociceptive responding in two rat models of depression is associated with
alterations in monoamine levels in discrete brain regions. Neuroscience, 171(4), 1300-
1313.

Butler, R. K., & Finn, D. P. (2009). Stress-induced analgesia. Prog Neurobiol, 88(3), 184-202.

Butler, R. K., Rea, K., Lang, Y., Gavin, A. M., & Finn, D. P. (2008). Endocannabinoid-
mediated enhancement of fear-conditioned analgesia in rats: opioid receptor
dependency and molecular correlates. Pain, 140(3), 491-500.

Carrier, E. J., Patel, S., & Hillard, C. J. (2005). Endocannabinoids in neuroimmunology and
stress. Curr Drug Targets CNS Neurol Disord, 4(6), 657-665.

Casey, K. L., Minoshima, S., Morrow, T. J., & Koeppe, R. A. (1996). Comparison of human
cerebral activation pattern during cutaneous warmth, heat pain, and deep cold pain. J
Neurophysiol, 76(1), 571-581.

Castane, A., Celerier, E., Martin, M., Ledent, C., Parmentier, M., Maldonado, R., et al. (2006).
Development and expression of neuropathic pain in CB1 knockout mice.
Neuropharmacology, 50(1), 111-122.

Caterina, M. J., Leffler, A., Malmberg, A. B., Martin, W. J., Trafton, J., Petersen-Zeitz, K. R.,
et al. (2000). Impaired nociception and pain sensation in mice lacking the capsaicin
receptor. Science, 288(5464), 306-313.

Chhatwal, J. P., & Ressler, K. J. (2007). Modulation of fear and anxiety by the endogenous
cannabinoid system. CNS Spectr, 12(3), 211-220.

Chiou, L. C., Lee, H. J,, Ho, Y. C,, Chen, S. P., Liao, Y. Y., Ma, C. H., et al. (2010).
Orexins/hypocretins: pain regulation and cellular actions. Curr Pharm Des, 16(28),
3089-3100.

Concannon, R. M., Okine, B. N., Finn, D. P., & Dowd, E. (2015). Differential upregulation of
the cannabinoid CB(2) receptor in neurotoxic and inflammation-driven rat models of
Parkinson's disease. Exp Neurol, 269, 133-141.

Connell, K., Bolton, N., Olsen, D., Piomelli, D., & Hohmann, A. G. (2006). Role of the
basolateral nucleus of the amygdala in endocannabinoid-mediated stress-induced
analgesia. Neurosci Lett, 397(3), 180-184.

Cravatt, B. F., Demarest, K., Patricelli, M. P., Bracey, M. H., Giang, D. K., Martin, B. R., et
al. (2001). Supersensitivity to anandamide and enhanced endogenous cannabinoid
signaling in mice lacking fatty acid amide hydrolase. Proc Natl Acad Sci U S A, 98(16),
9371-9376.

35



Cravatt, B. F., Giang, D. K., Mayfield, S. P., Boger, D. L., Lerner, R. A., & Gilula, N. B.
(1996). Molecular characterization of an enzyme that degrades neuromodulatory fatty-
acid amides. Nature, 384(6604), 83-87.

Cui, M., Honore, P., Zhong, C., Gauvin, D., Mikusa, J., Hernandez, G., et al. (2006). TRPV1
receptors in the CNS play a key role in broad-spectrum analgesia of TRPV1
antagonists. J Neurosci, 26(37), 9385-9393.

D'Agostino, G., La Rana, G., Russo, R., Sasso, O., lacono, A., Esposito, E., et al. (2009).
Central administration of palmitoylethanolamide reduces hyperalgesia in mice via
inhibition of NF-kappaB nuclear signalling in dorsal root ganglia. Eur J Pharmacol,
613(1-3), 54-59.

D'Agostino, G., La Rana, G., Russo, R., Sasso, O., lacono, A., Esposito, E., et al. (2007). Acute
intracerebroventricular administration of palmitoylethanolamide, an endogenous
peroxisome proliferator-activated receptor-alpha agonist, modulates carrageenan-
induced paw edema in mice. J Pharmacol Exp Ther, 322(3), 1137-1143.

Davis, K. D., Taylor, S. J., Crawley, A. P., Wood, M. L., & Mikulis, D. J. (1997). Functional
MRI of pain- and attention-related activations in the human cingulate cortex. J
Neurophysiol, 77(6), 3370-3380.

de Lecea, L., Kilduff, T. S., Peyron, C., Gao, X., Foye, P. E., Danielson, P. E., et al. (1998).
The hypocretins: hypothalamus-specific peptides with neuroexcitatory activity. Proc
Natl Acad Sci U S A, 95(1), 322-327.

De Leon, M., Welcher, A. A, Nahin, R. H., Liu, Y., Ruda, M. A., Shooter, E. M., etal. (1996).
Fatty acid binding protein is induced in neurons of the dorsal root ganglia after
peripheral nerve injury. J Neurosci Res, 44(3), 283-292.

de Novellis, V., Palazzo, E., Rossi, F., De Petrocellis, L., Petrosino, S., Guida, F., et al. (2008).
The analgesic effect of N-arachidonoyl-serotonin, a FAAH inhibitor and TRPV1
receptor antagonist, associated with changes in rostral ventromedial medulla and locus
coeruleus cell activity in rats. Neuropharmacology, 55(7), 1105-1113.

de Novellis, V., Vita, D., Gatta, L., Luongo, L., Bellini, G., De Chiaro, M., et al. (2011). The
blockade of the transient receptor potential vanilloid type 1 and fatty acid amide
hydrolase decreases symptoms and central sequelae in the medial prefrontal cortex of
neuropathic rats. Mol Pain, 7, 7.

de Wied, M., & Verbaten, M. N. (2001). Affective pictures processing, attention, and pain
tolerance. Pain, 90(1-2), 163-172.

Deliu, E., Sperow, M., Console-Bram, L., Carter, R. L., Tilley, D. G., Kalamarides, D. J., et al.
(2015). The Lysophosphatidylinositol Receptor GPR55 Modulates Pain Perception in
the Periaqueductal Gray. Mol Pharmacol, 88(2), 265-272.

Demuth, D. G., & Molleman, A. (2006). Cannabinoid signalling. Life Sci, 78(6), 549-563.

Demyttenaere, K., Bruffaerts, R., Lee, S., Posada-Villa, J., Kovess, V., Angermeyer, M. C., et
al. (2007). Mental disorders among persons with chronic back or neck pain: results from
the World Mental Health Surveys. Pain, 129(3), 332-342.

Derbyshire, S. W., Jones, A. K., Gyulai, F., Clark, S., Townsend, D., & Firestone, L. L. (1997).
Pain processing during three levels of noxious stimulation produces differential patterns
of central activity. Pain, 73(3), 431-445.

Devane, W. A., Dysarz, F. A., 3rd, Johnson, M. R., Melvin, L. S., & Howlett, A. C. (1988).
Determination and characterization of a cannabinoid receptor in rat brain. Mol
Pharmacol, 34(5), 605-613.

Devane, W. A, Hanus, L., Breuer, A., Pertwee, R. G., Stevenson, L. A., Griffin, G., et al.
(1992). Isolation and structure of a brain constituent that binds to the cannabinoid
receptor. Science, 258(5090), 1946-1949.

36



Di Marzo, V. (2008). Endocannabinoids: synthesis and degradation. Rev Physiol Biochem
Pharmacol, 160, 1-24.

Di Marzo, V., Fontana, A., Cadas, H., Schinelli, S., Cimino, G., Schwartz, J. C., et al. (1994).
Formation and inactivation of endogenous cannabinoid anandamide in central neurons.
Nature, 372(6507), 686-691.

Di Marzo, V., Stella, N., & Zimmer, A. (2015). Endocannabinoid signalling and the
deteriorating brain. Nat Rev Neurosci, 16(1), 30-42.

Diorio, D., Viau, V., & Meaney, M. J. (1993). The role of the medial prefrontal cortex
(cingulate gyrus) in the regulation of hypothalamic-pituitary-adrenal responses to
stress. J Neurosci, 13(9), 3839-3847.

Dougher, M. J. (1979). Sensory decision theory analysis of the effects of anxiety and
experimental instructions on pain. J Abnorm Psychol, 88(2), 137-144.

Egertova, M., Cravatt, B. F., & Elphick, M. R. (2003). Comparative analysis of fatty acid amide
hydrolase and cb(1) cannabinoid receptor expression in the mouse brain: evidence of a
widespread role for fatty acid amide hydrolase in regulation of endocannabinoid
signaling. Neuroscience, 119(2), 481-496.

Escobar, W., Ramirez, K., Avila, C., Limongi, R., Vanegas, H., & Vazquez, E. (2012).
Metamizol, a non-opioid analgesic, acts via endocannabinoids in the PAG-RVM axis
during inflammation in rats. Eur J Pain, 16(5), 676-689.

Fang, Q., Han, Z. L., Li, N., Wang, Z. L., He, N., & Wang, R. (2012). Effects of neuropeptide
FF system on CB(1) and CB(2) receptors mediated antinociception in mice.
Neuropharmacology, 62(2), 855-864.

Fields, H. L., Heinricher, M. M., & Mason, P. (1991). Neurotransmitters in nociceptive
modulatory circuits. Annu Rev Neurosci, 14, 219-245,

Finn, D. P. (2010). Endocannabinoid-mediated modulation of stress responses: physiological
and pathophysiological significance. Immunobiology, 215(8), 629-646.

Finn, D. P., Beckett, S. R., Richardson, D., Kendall, D. A., Marsden, C. A., & Chapman, V.
(2004). Evidence for differential modulation of conditioned aversion and fear-
conditioned analgesia by CBL1 receptors. Eur J Neurosci, 20(3), 848-852.

Finn, D. P., Jhaveri, M. D., Beckett, S. R., Roe, C. H., Kendall, D. A., Marsden, C. A., et al.
(2003). Effects of direct periaqueductal grey administration of a cannabinoid receptor
agonist on nociceptive and aversive responses in rats. Neuropharmacology, 45(5), 594-
604.

Fitzgibbon, M., Finn, D., & Roche, M. (In Press). High times for painful blues: the
endocannabinoid system in pain-depression comorbidity. . Int J Neuropsychopharma.

Ford, G. K., & Finn, D. P. (2008). Clinical correlates of stress-induced analgesia: evidence
from pharmacological studies. Pain, 140(1), 3-7.

Freitas, R. L., Salgado-Rohner, C. J., Hallak, J. E., Crippa, J. A., & Coimbra, N. C. (2013).
Involvement of prelimbic medial prefrontal cortex in panic-like elaborated defensive
behaviour and innate fear-induced antinociception elicited by GABAA receptor
blockade in the dorsomedial and ventromedial hypothalamic nuclei: role of the
endocannabinoid CB1 receptor. Int J Neuropsychopharmacol, 16(8), 1781-1798.

Fu, J., Bottegoni, G., Sasso, O., Bertorelli, R., Rocchia, W., Masetti, M., et al. (2012). A
catalytically silent FAAH-1 variant drives anandamide transport in neurons. Nat
Neurosci, 15(1), 64-69.

Furuhashi, M., & Hotamisligil, G. S. (2008). Fatty acid-binding proteins: role in metabolic
diseases and potential as drug targets. Nat Rev Drug Discov, 7(6), 489-503.

Gaskin, D. J., & Richard, P. (2012). The economic costs of pain in the United States. J Pain,
13(8), 715-724.

37



Giang, D. K., & Cravatt, B. F. (1997). Molecular characterization of human and mouse fatty
acid amide hydrolases. Proc Natl Acad Sci U S A, 94(6), 2238-2242.

Giordano, C., Cristino, L., Luongo, L., Siniscalco, D., Petrosino, S., Piscitelli, F., et al. (2012).
TRPV1-dependent and -independent alterations in the limbic cortex of neuropathic
mice: impact on glial caspases and pain perception. Cereb Cortex, 22(11), 2495-2518.

Glaser, S. T., Abumrad, N. A., Fatade, F., Kaczocha, M., Studholme, K. M., & Deutsch, D. G.
(2003). Evidence against the presence of an anandamide transporter. Proc Natl Acad
Sci U S A, 100(7), 4269-4274.

Glass, M., Dragunow, M., & Faull, R. L. (1997). Cannabinoid receptors in the human brain: a
detailed anatomical and quantitative autoradiographic study in the fetal, neonatal and
adult human brain. Neuroscience, 77(2), 299-318.

Goparaju, S. K., Ueda, N., Yamaguchi, H., & Yamamoto, S. (1998). Anandamide
amidohydrolase reacting with 2-arachidonoylglycerol, another cannabinoid receptor
ligand. FEBS Lett, 422(1), 69-73.

Greco, R., Gasperi, V., Maccarrone, M., & Tassorelli, C. (2010). The endocannabinoid system
and migraine. Exp Neurol, 224(1), 85-91.

Greco, R., Gasperi, V., Sandrini, G., Bagetta, G., Nappi, G., Maccarrone, M., et al. (2010).
Alterations of the endocannabinoid system in an animal model of migraine: evaluation
in cerebral areas of rat. Cephalalgia, 30(3), 296-302.

Gregg, L. C., Jung, K. M., Spradley, J. M., Nyilas, R., Suplita, R. L., 2nd, Zimmer, A., et al.
(2012). Activation of type 5 metabotropic glutamate receptors and diacylglycerol
lipase-alpha initiates 2-arachidonoylglycerol formation and endocannabinoid-mediated
analgesia. J Neurosci, 32(28), 9457-9468.

Guindon, J., & Hohmann, A. G. (2008). Cannabinoid CB2 receptors: a therapeutic target for
the treatment of inflammatory and neuropathic pain. Br J Pharmacol, 153(2), 319-334.

Gulyas, A. 1., Cravatt, B. F., Bracey, M. H., Dinh, T. P., Piomelli, D., Boscia, F., et al. (2004).
Segregation of two endocannabinoid-hydrolyzing enzymes into pre- and postsynaptic
compartments in the rat hippocampus, cerebellum and amygdala. Eur J Neurosci, 20(2),
441-458.

Hasanein, P., Parviz, M., Keshavarz, M., & Javanmardi, K. (2007). CB1 receptor activation in
the basolateral amygdala produces antinociception in animal models of acute and tonic
nociception. Clin Exp Pharmacol Physiol, 34(5-6), 439-449.

Helmstetter, F. J. (1992). The amygdala is essential for the expression of conditional
hypoalgesia. Behav Neurosci, 106(3), 518-528.

Helmstetter, F. J., & Bellgowan, P. S. (1993). Lesions of the amygdala block conditional
hypoalgesia on the tail flick test. Brain Res, 612(1-2), 253-257.

Helmstetter, F. J., Bellgowan, P. S., & Poore, L. H. (1995). Microinfusion of mu but not delta
or kappa opioid agonists into the basolateral amygdala results in inhibition of the tail
flick reflex in pentobarbital-anesthetized rats. J Pharmacol Exp Ther, 275(1), 381-388.

Henry, R. J., Kerr, D. M., Finn, D. P., & Roche, M. (2015). For whom the endocannabinoid
tolls: Modulation of innate immune function and implications for psychiatric disorders.
Prog Neuropsychopharmacol Biol Psychiatry.

Herkenham, M., Lynn, A. B., Johnson, M. R., Melvin, L. S., de Costa, B. R., & Rice, K. C.
(1991). Characterization and localization of cannabinoid receptors in rat brain: a
quantitative in vitro autoradiographic study. J Neurosci, 11(2), 563-583.

Herzberg, U., Eliav, E., Bennett, G. J., & Kopin, 1. J. (1997). The analgesic effects of R(+)-
WIN 55,212-2 mesylate, a high affinity cannabinoid agonist, in a rat model of
neuropathic pain. Neurosci Lett, 221(2-3), 157-160.

38



Hill, M. N., Kumar, S. A., Filipski, S. B., Iverson, M., Stuhr, K. L., Keith, J. M., et al. (2013).
Disruption of fatty acid amide hydrolase activity prevents the effects of chronic stress
on anxiety and amygdalar microstructure. Mol Psychiatry, 18(10), 1125-1135.

Hill, M. N., Patel, S., Carrier, E. J., Rademacher, D. J., Ormerod, B. K., Hillard, C. J., et al.
(2005). Downregulation of endocannabinoid signaling in the hippocampus following
chronic unpredictable stress. Neuropsychopharmacology, 30(3), 508-515.

Hillard, C. J., Edgemond, W. S., Jarrahian, A., & Campbell, W. B. (1997). Accumulation of
N-arachidonoylethanolamine (anandamide) into cerebellar granule cells occurs via
facilitated diffusion. J Neurochem, 69(2), 631-638.

Ho, Y.C., Lee, H. J,, Tung, L. W., Liao, Y. Y., Fu,S. Y., Teng, S. F., et al. (2011). Activation
of orexin 1 receptors in the periaqueductal gray of male rats leads to antinociception
via retrograde endocannabinoid (2-arachidonoylglycerol)-induced disinhibition. J
Neurosci, 31(41), 14600-14610.

Hogestatt, E. D., Jonsson, B. A., Ermund, A., Andersson, D. A., Bjork, H., Alexander, J. P., et
al. (2005). Conversion of acetaminophen to the bioactive N-acylphenolamine AM404
via fatty acid amide hydrolase-dependent arachidonic acid conjugation in the nervous
system. J Biol Chem, 280(36), 31405-31412.

Hohmann, A. G., & Suplita, R. L., 2nd (2006). Endocannabinoid mechanisms of pain
modulation. AAPS J, 8(4), E693-708.

Hohmann, A. G., Suplita, R. L., Bolton, N. M., Neely, M. H., Fegley, D., Mangieri, R., et al.
(2005). An endocannabinoid mechanism for stress-induced analgesia. Nature,
435(7045), 1108-1112.

Hohmann, A. G., Tsou, K., & Walker, J. M. (1999). Cannabinoid suppression of noxious heat-
evoked activity in wide dynamic range neurons in the lumbar dorsal horn of the rat. J
Neurophysiol, 81(2), 575-583.

Holt, S., Comelli, F., Costa, B., & Fowler, C. J. (2005). Inhibitors of fatty acid amide hydrolase
reduce carrageenan-induced hind paw inflammation in pentobarbital-treated mice:
comparison with indomethacin and possible involvement of cannabinoid receptors. Br
J Pharmacol, 146(3), 467-476.

Hoot, M. R., Sim-Selley, L. J., Poklis, J. L., Abdullah, R. A., Scoggins, K. L., Selley, D. E., et
al. (2010). Chronic constriction injury reduces cannabinoid receptor 1 activity in the
rostral anterior cingulate cortex of mice. Brain Res, 1339, 18-25.

Howlett, A. C. (1985). Cannabinoid inhibition of adenylate cyclase. Biochemistry of the
response in neuroblastoma cell membranes. Mol Pharmacol, 27(4), 429-436.

Howlett, A. C., & Mukhopadhyay, S. (2000). Cellular signal transduction by anandamide and
2-arachidonoylglycerol. Chem Phys Lipids, 108(1-2), 53-70.

Howlett, A. C., Mukhopadhyay, S., Shim, J. Y., & Welsh, W. J. (1999). Signal transduction of
eicosanoid CB1 receptor ligands. Life Sci, 65(6-7), 617-625.

Jayamanne, A., Greenwood, R., Mitchell, V. A,, Aslan, S., Piomelli, D., & Vaughan, C. W.
(2006). Actions of the FAAH inhibitor URB597 in neuropathic and inflammatory
chronic pain models. Br J Pharmacol, 147(3), 281-288.

Jennings, E. M., Okine, B. N., Olango, W. M., Roche, M., & Finn, D. P. (2015). Repeated
forced swim stress differentially affects formalin-evoked nociceptive behaviour and the
endocannabinoid system in stress normo-responsive and stress hyper-responsive rat
strains. Progress in Neuro-Psychopharmacology and Biological Psychiatry.

Jennings, E. M., Okine, B. N., Roche, M., & Finn, D. P. (2014). Stress-induced hyperalgesia.
Prog Neurobiol, 121, 1-18.

Jhaveri, M. D., Elmes, S. J., Richardson, D., Barrett, D. A., Kendall, D. A., Mason, R., et al.
(2008). Evidence for a novel functional role of cannabinoid CB(2) receptors in the
thalamus of neuropathic rats. Eur J Neurosci, 27(7), 1722-1730.

39



Ji, G., & Neugebauer, V. (2014). CB1 augments mGIuR5 function in medial prefrontal cortical
neurons to inhibit amygdala hyperactivity in an arthritis pain model. Eur J Neurosci,
39(3), 455-466.

Ji, G, Sun, H., Fu, Y., Li, Z., Pais-Vieira, M., Galhardo, V., et al. (2010). Cognitive impairment
in pain through amygdala-driven prefrontal cortical deactivation. J Neurosci, 30(15),
5451-5464.

Kaczocha, M., Glaser, S. T., & Deutsch, D. G. (2009). Identification of intracellular carriers
for the endocannabinoid anandamide. Proc Natl Acad Sci U S A, 106(15), 6375-6380.

Kaczocha, M., Hermann, A., Glaser, S. T., Bojesen, I. N., & Deutsch, D. G. (2006).
Anandamide uptake is consistent with rate-limited diffusion and is regulated by the
degree of its hydrolysis by fatty acid amide hydrolase. J Biol Chem, 281(14), 9066-
9075.

Kaczocha, M., Vivieca, S., Sun, J., Glaser, S. T., & Deutsch, D. G. (2012). Fatty acid-binding
proteins transport N-acylethanolamines to nuclear receptors and are targets of
endocannabinoid transport inhibitors. J Biol Chem, 287(5), 3415-3424.

Katona, I., Rancz, E. A., Acsady, L., Ledent, C., Mackie, K., Hajos, N., et al. (2001).
Distribution of CB1 cannabinoid receptors in the amygdala and their role in the control
of GABAergic transmission. J Neurosci, 21(23), 9506-9518.

Knerlich-Lukoschus, F., Noack, M., von der Ropp-Brenner, B., Lucius, R., Mehdorn, H. M.,
& Held-Feindt, J. (2011). Spinal cord injuries induce changes in CB1 cannabinoid
receptor and C-C chemokine expression in brain areas underlying circuitry of chronic
pain conditions. J Neurotrauma, 28(4), 619-634.

Kulkarni, B., Bentley, D. E., Elliott, R., Youell, P., Watson, A., Derbyshire, S. W., et al. (2005).
Attention to pain localization and unpleasantness discriminates the functions of the
medial and lateral pain systems. Eur J Neurosci, 21(11), 3133-3142.

Kuo, C. C., Chiou, R. J,, Liang, K. C., & Yen, C. T. (2009). Differential involvement of the
anterior cingulate and primary sensorimotor cortices in sensory and affective functions
of pain. J Neurophysiol, 101(3), 1201-1210.

Kurrikoff, K., Inno, J., Matsui, T., & Vasar, E. (2008). Stress-induced analgesia in mice:
evidence for interaction between endocannabinoids and cholecystokinin. Eur J
Neurosci, 27(8), 2147-2155.

Kwilasz, A. J., Abdullah, R. A., PokKlis, J. L., Lichtman, A. H., & Negus, S. S. (2014). Effects
of the fatty acid amide hydrolase inhibitor URB597 on pain-stimulated and pain-
depressed behavior in rats. Behav Pharmacol, 25(2), 119-129.

La Porta, C., Bura, A. S., Llorente-Onaindia, J., Pastor, A., Navarrete, F., Garcia-Gutierrez, M.
S., et al. (2015). Role of the endocannabinoid system in the emotional manifestations
of osteoarthritis pain. Pain.

LaBuda, C. J., & Fuchs, P. N. (2005). Attenuation of negative pain affect produced by unilateral
spinal nerve injury in the rat following anterior cingulate cortex activation.
Neuroscience, 136(1), 311-322.

Lafourcade, M., Elezgarai, 1., Mato, S., Bakiri, Y., Grandes, P., & Manzoni, O. J. (2007).
Molecular components and functions of the endocannabinoid system in mouse
prefrontal cortex. PL0oS One, 2(8), e709.

Lau, B. K., & Vaughan, C. W. (2014). Descending modulation of pain: the GABA disinhibition
hypothesis of analgesia. Curr Opin Neurobiol, 29, 159-164.

LeDoux, J. E. (2000). Emotion circuits in the brain. Annu Rev Neurosci, 23, 155-184.

Lee, M. C., Ploner, M., Wiech, K., Bingel, U., Wanigasekera, V., Brooks, J., et al. (2013).
Amygdala activity contributes to the dissociative effect of cannabis on pain perception.
Pain, 154(1), 124-134.

40



Liao, H. T., Lee, H. J., Ho, Y. C., & Chiou, L. C. (2011). Capsaicin in the periaqueductal gray
induces analgesia via metabotropic glutamate receptor-mediated endocannabinoid
retrograde disinhibition. Br J Pharmacol, 163(2), 330-345.

Lichtman, A. H., Blankman, J. L., & Cravatt, B. F. (2010). Endocannabinoid overload. Mol
Pharmacol, 78(6), 993-995.

Lichtman, A. H., Cook, S. A., & Martin, B. R. (1996). Investigation of brain sites mediating
cannabinoid-induced antinociception in rats: evidence supporting periaqueductal gray
involvement. J Pharmacol Exp Ther, 276(2), 585-593.

Lichtman, A. H., Leung, D., Shelton, C. C., Saghatelian, A., Hardouin, C., Boger, D. L., et al.
(2004). Reversible inhibitors of fatty acid amide hydrolase that promote analgesia:
evidence for an unprecedented combination of potency and selectivity. J Pharmacol
Exp Ther, 311(2), 441-448.

Lichtman, A. H., & Martin, B. R. (1997). The selective cannabinoid antagonist SR 141716A
blocks cannabinoid-induced antinociception in rats. Pharmacol Biochem Behav, 57(1-
2), 7-12.

Lichtman, A. H., Shelton, C. C., Advani, T., & Cravatt, B. F. (2004). Mice lacking fatty acid
amide hydrolase exhibit a cannabinoid receptor-mediated phenotypic hypoalgesia.
Pain, 109(3), 319-327.

Little, J. P., & Carter, A. G. (2013). Synaptic mechanisms underlying strong reciprocal
connectivity between the medial prefrontal cortex and basolateral amygdala. J
Neurosci, 33(39), 15333-15342.

Lomazzo, E., Bindila, L., Remmers, F., Lerner, R., Schwitter, C., Hoheisel, U., et al. (2015).
Therapeutic potential of inhibitors of endocannabinoid degradation for the treatment of
stress-related  hyperalgesia in  an animal model of chronic pain.
Neuropsychopharmacology, 40(2), 488-501.

Ly, H. G., Ceccarini, J., Weltens, N., Bormans, G., Van Laere, K., Tack, J., et al. (2015).
Increased cerebral cannabinoid-1 receptor availability is a stable feature of functional
dyspepsia: a [F]MK-9470 PET study. Psychother Psychosom, 84(3), 149-158.

Maccarrone, M., Bab, I., Biro, T., Cabral, G. A., Dey, S. K., Di Marzo, V., et al. (2015).
Endocannabinoid signaling at the periphery: 50 years after THC. Trends Pharmacol
Sci, 36(5), 277-296.

Madasu, M. K., Roche, M., & Finn, D.P. (2015). Supraspinal TRPV1 in pain and psychiatric
disorders. Mod Trends Pharmacopsychiatry, 30, 36-50.

Mailleux, P., Parmentier, M., & Vanderhaeghen, J. J. (1992). Distribution of cannabinoid
receptor messenger RNA in the human brain: an in situ hybridization histochemistry
with oligonucleotides. Neurosci Lett, 143(1-2), 200-204.

Maione, S., Bisogno, T., de Novellis, V., Palazzo, E., Cristino, L., Valenti, M., et al. (2006).
Elevation of endocannabinoid levels in the ventrolateral periaqueductal grey through
inhibition of fatty acid amide hydrolase affects descending nociceptive pathways via
both cannabinoid receptor type 1 and transient receptor potential vanilloid type-1
receptors. J Pharmacol Exp Ther, 316(3), 969-982.

Maione, S., De Petrocellis, L., de Novellis, V., Moriello, A. S., Petrosino, S., Palazzo, E., et al.
(2007). Analgesic actions of N-arachidonoyl-serotonin, a fatty acid amide hydrolase
inhibitor with antagonistic activity at vanilloid TRPV1 receptors. Br J Pharmacol,
150(6), 766-781.

Mallet, C., Barriere, D. A., Ermund, A., Jonsson, B. A., Eschalier, A., Zygmunt, P. M., et al.
(2010). TRPV1 in brain is involved in acetaminophen-induced antinociception. PLoS
One, 5(9).

Manning, B. H., Martin, W. J., & Meng, I. D. (2003). The rodent amygdala contributes to the
production of cannabinoid-induced antinociception. Neuroscience, 120(4), 1157-1170.

41



Manning, B. H., Merin, N. M., Meng, I. D., & Amaral, D. G. (2001). Reduction in opioid- and
cannabinoid-induced antinociception in rhesus monkeys after bilateral lesions of the
amygdaloid complex. J Neurosci, 21(20), 8238-8246.

Manzanares, J., Corchero, J., & Fuentes, J. A. (1999). Opioid and cannabinoid receptor-
mediated regulation of the increase in adrenocorticotropin hormone and corticosterone
plasma concentrations induced by central administration of delta(9)-
tetrahydrocannabinol in rats. Brain Res, 839(1), 173-179.

Marchand, J. E., & Hagino, N. (1983). Afferents to the periaqueductal gray in the rat. A
horseradish peroxidase study. Neuroscience, 9(1), 95-106.

Marsicano, G., & Lutz, B. (1999). Expression of the cannabinoid receptor CB1 in distinct
neuronal subpopulations in the adult mouse forebrain. Eur J Neurosci, 11(12), 4213-
4225.

Martin, W. J., Coffin, P. O., Attias, E., Balinsky, M., Tsou, K., & Walker, J. M. (1999).
Anatomical basis for cannabinoid-induced antinociception as revealed by intracerebral
microinjections. Brain Res, 822(1-2), 237-242.

Martin, W. J., Hohmann, A. G., & Walker, J. M. (1996). Suppression of noxious stimulus-
evoked activity in the ventral posterolateral nucleus of the thalamus by a cannabinoid
agonist: correlation between electrophysiological and antinociceptive effects. J
Neurosci, 16(20), 6601-6611.

Martin, W. J., Lai, N. K., Patrick, S. L., Tsou, K., & Walker, J. M. (1993). Antinociceptive
actions of cannabinoids following intraventricular administration in rats. Brain Res,
629(2), 300-304.

Martin, W. J., Patrick, S. L., Coffin, P. O., Tsou, K., & Walker, J. M. (1995). An examination
of the central sites of action of cannabinoid-induced antinociception in the rat. Life Sci,
56(23-24), 2103-21009.

Martin, W. J., Tsou, K., & Walker, J. M. (1998). Cannabinoid receptor-mediated inhibition of
the rat tail-flick reflex after microinjection into the rostral ventromedial medulla.
Neurosci Lett, 242(1), 33-36.

Matsuda, L. A., Lolait, S. J., Brownstein, M. J., Young, A. C., & Bonner, T. I. (1990). Structure
of a cannabinoid receptor and functional expression of the cloned cDNA. Nature,
346(6284), 561-564.

May, A., Kaube, H., Buchel, C., Eichten, C., Rijntjes, M., Juptner, M., et al. (1998).
Experimental cranial pain elicited by capsaicin: a PET study. Pain, 74(1), 61-66.

McCarberg, B. H., & Billington, R. (2006). Consequences of neuropathic pain: quality-of-life
issues and associated costs. Am J Manag Care, 12(9 Suppl), S263-268.

McGaraughty, S., Chu, K. L., Bitner, R. S., Martino, B., EI Kouhen, R., Han, P., et al. (2003).
Capsaicin infused into the PAG affects rat tail flick responses to noxious heat and alters
neuronal firing in the RVM. J Neurophysiol, 90(4), 2702-2710.

Meagher, M. W., Arnau, R. C., & Rhudy, J. L. (2001). Pain and emotion: effects of affective
picture modulation. Psychosom Med, 63(1), 79-90.

Mechoulam, R., Ben-Shabat, S., Hanus, L., Ligumsky, M., Kaminski, N. E., Schatz, A. R., et
al. (1995). Identification of an endogenous 2-monoglyceride, present in canine gut, that
binds to cannabinoid receptors. Biochem Pharmacol, 50(1), 83-90.

Mechoulam, R., & Gaoni, Y. (1967). The absolute configuration of delta-1-
tetrahydrocannabinol, the major active constituent of hashish. Tetrahedron Lett, 12,
1109-1111.

Meng, I. D., & Johansen, J. P. (2004). Antinociception and modulation of rostral ventromedial
medulla neuronal activity by local microinfusion of a cannabinoid receptor agonist.
Neuroscience, 124(3), 685-693.

42



Meng, I. D., Manning, B. H., Martin, W. J., & Fields, H. L. (1998). An analgesia circuit
activated by cannabinoids. Nature, 395(6700), 381-383.

Millan, M. J. (1999). The induction of pain: an integrative review. Prog Neurobiol, 57(1), 1-
164.

Mohammad-Pour Kargar, H., Azizi, H., Mirnajafi-Zadeh, J., Reza Mani, A., & Semnanian, S.
(2015). Microinjection of orexin-A into the rat locus coeruleus nucleus induces
analgesia via cannabinoid type-1 receptors. Brain Res.

Mohammadi-Farani, A., Sahebgharani, M., Sepehrizadeh, Z., Jaberi, E., & Ghazi-Khansari, M.
(2010). Diabetic thermal hyperalgesia: role of TRPV1 and CB1 receptors of
periagueductal gray. Brain Res, 1328, 49-56.

Monhemius, R., Azami, J., Green, D. L., & Roberts, M. H. (2001). CBL1 receptor mediated
analgesia from the Nucleus Reticularis Gigantocellularis pars alpha is activated in an
animal model of neuropathic pain. Brain Res, 908(1), 67-74.

Morena, M., Patel, S., Bains, J. S., & Hill, M. N. (2015). Neurobiological Interactions Between
Stress and the Endocannabinoid System. Neuropsychopharmacology.

Morgenweck, J., Abdel-Aleem, O. S., McNamara, K. C., Donahue, R. R., Badr, M. Z., &
Taylor, B. K. (2010). Activation of peroxisome proliferator-activated receptor gamma
in brain inhibits inflammatory pain, dorsal horn expression of Fos, and local edema.
Neuropharmacology, 58(2), 337-345.

Munro, S., Thomas, K. L., & Abu-Shaar, M. (1993). Molecular characterization of a peripheral
receptor for cannabinoids. Nature, 365(6441), 61-65.

Neal, J. W., Pearson, R. C., & Powell, T. P. (1990). The ipsilateral cortico-cortical connections
of area 7b, PF, in the parietal and temporal lobes of the monkey. Brain Res, 524(1),
119-132.

Neugebauer, V., Galhardo, V., Maione, S., & Mackey, S. C. (2009). Forebrain pain
mechanisms. Brain Res Rev, 60(1), 226-242.

Neugebauer, V., Li, W., Bird, G. C., & Han, J. S. (2004). The amygdala and persistent pain.
Neuroscientist, 10(3), 221-234.

Nozaki, C., Markert, A., & Zimmer, A. (2015). Inhibition of FAAH reduces nitroglycerin-
induced migraine-like pain and trigeminal neuronal hyperactivity in mice. Eur
Neuropsychopharmacol, 25(8), 1388-1396.

O'Mahony, S. M., Bulmer, D. C., Coelho, A. M., Fitzgerald, P., Bongiovanni, C., Lee, K., et
al. (2010). 5-HT(2B) receptors modulate visceral hypersensitivity in a stress-sensitive
animal model of brain-gut axis dysfunction. Neurogastroenterol Motil, 22(5), 573-578,
el24.

O'Sullivan, S. E. (2007). Cannabinoids go nuclear: evidence for activation of peroxisome
proliferator-activated receptors. Br J Pharmacol, 152(5), 576-582.

Okine, B. N., Rea, K., Olango, W. M., Price, J., Herdman, S., Madasu, M. K, et al. (2014). A
role for PPARalpha in the medial prefrontal cortex in formalin-evoked nociceptive
responding in rats. Br J Pharmacol, 171(6), 1462-1471.

Olango, W. M., & Finn, D. P. (2014). Neurobiology of stress-induced hyperalgesia. Curr Top
Behav Neurosci, 20, 251-280.

Olango, W. M., Roche, M., Ford, G. K., Harhen, B., & Finn, D. P. (2012). The endocannabinoid
system in the rat dorsolateral periaqueductal grey mediates fear-conditioned analgesia
and controls fear expression in the presence of nociceptive tone. Br J Pharmacol,
165(8), 2549-2560.

Oliveira, M. A., & Prado, W. A. (1998). Antinociception induced by stimulating amygdaloid
nuclei in rats: changes produced by systemically administered antagonists. Braz J Med
Biol Res, 31(5), 681-690.

43



Onaivi, E. S., Ishiguro, H., Gong, J. P., Patel, S., Perchuk, A., Meozzi, P. A,, et al. (2006).
Discovery of the presence and functional expression of cannabinoid CB2 receptors in
brain. Ann N'Y Acad Sci, 1074, 514-536.

Otrubova, K., Ezzili, C., & Boger, D. L. (2011). The discovery and development of inhibitors
of fatty acid amide hydrolase (FAAH). Bioorg Med Chem Lett, 21(16), 4674-4685.

Palazzo, E., de Novellis, V., Marabese, I., Cuomo, D., Rossi, F., Berrino, L., et al. (2002).
Interaction between vanilloid and glutamate receptors in the central modulation of
nociception. Eur J Pharmacol, 439(1-3), 69-75.

Palazzo, E., Marabese, 1., de Novellis, V., Oliva, P., Rossi, F., Berrino, L., et al. (2001).
Metabotropic and NMDA glutamate receptors participate in the cannabinoid-induced
antinociception. Neuropharmacology, 40(3), 319-326.

Palazzo, E., Rossi, F., & Maione, S. (2008). Role of TRPV1 receptors in descending
modulation of pain. Mol Cell Endocrinol, 286(1-2 Suppl 1), S79-83.

Patel, S., Cravatt, B. F., & Hillard, C. J. (2005). Synergistic interactions between cannabinoids
and environmental stress in the activation of the central amygdala.
Neuropsychopharmacology, 30(3), 497-507.

Pertwee, R. G. (1997). Pharmacology of cannabinoid CB1 and CB2 receptors. Pharmacol
Ther, 74(2), 129-180.

Pertwee, R. G. (2001). Cannabinoid receptors and pain. Prog Neurobiol, 63(5), 569-611.

Petrosino, S., Palazzo, E., de Novellis, V., Bisogno, T., Rossi, F., Maione, S., et al. (2007).
Changes in spinal and supraspinal endocannabinoid levels in neuropathic rats.
Neuropharmacology, 52(2), 415-422.

Racz, I., Nent, E., Erxlebe, E., & Zimmer, A. (2015). CB1 receptors modulate affective
behaviour induced by neuropathic pain. Brain Res Bull, 114, 42-48.

Rademacher, D. J., Meier, S. E., Shi, L., Ho, W. S., Jarrahian, A., & Hillard, C. J. (2008).
Effects of acute and repeated restraint stress on endocannabinoid content in the
amygdala, ventral striatum, and medial prefrontal cortex in mice. Neuropharmacology,
54(1), 108-116.

Raffa, R. B., Stone, D. J., Jr., & Hipp, S. J. (1999). Differential cholera-toxin sensitivity of
supraspinal antinociception induced by the cannabinoid agonists delta9-THC, WIN
55,212-2 and anandamide in mice. Neurosci Lett, 263(1), 29-32.

Rea, K., Olango, W. M., Harhen, B., Kerr, D. M., Galligan, R., Fitzgerald, S., et al. (2013).
Evidence for a role of GABAergic and glutamatergic signalling in the basolateral
amygdala in endocannabinoid-mediated fear-conditioned analgesia in rats. Pain,
154(4), 576-585.

Rea, K., Olango, W. M., Okine, B. N., Madasu, M. K., McGuire, I. C., Coyle, K., et al. (2014).
Impaired endocannabinoid signalling in the rostral ventromedial medulla underpins
genotype-dependent hyper-responsivity to noxious stimuli. Pain, 155(1), 69-79.

Rhudy, J. L., & Meagher, M. W. (2000). Fear and anxiety: divergent effects on human pain
thresholds. Pain, 84(1), 65-75.

Rhudy, J. L., & Meagher, M. W. (2001). Noise stress and human pain thresholds: divergent
effects in men and women. J Pain, 2(1), 57-64.

Rhudy, J. L., & Meagher, M. W. (2003a). Individual differences in the emotional reaction to
shock determine whether hypoalgesia is observed. Pain Med, 4(3), 244-256.

Rhudy, J. L., & Meagher, M. W. (2003b). Negative affect: effects on an evaluative measure of
human pain. Pain, 104(3), 617-626.

Roche, M., Johnston, P., Mhuircheartaigh, O. N., Olango, W. M., Mackie, K., & Finn, D. P.
(2010). Effects of intra-basolateral amygdala administration of rimonabant on
nociceptive behaviour and neuronal activity in the presence or absence of contextual
fear. Eur J Pain, 14(5), 487-495.

44



Roche, M., O'Connor, E., Diskin, C., & Finn, D. P. (2007). The effect of CB(1) receptor
antagonism in the right basolateral amygdala on conditioned fear and associated
analgesia in rats. Eur J Neurosci, 26(9), 2643-2653.

Russo, E. B. (2004). Clinical endocannabinoid deficiency (CECD): can this concept explain
therapeutic benefits of cannabis in migraine, fibromyalgia, irritable bowel syndrome
and other treatment-resistant conditions? Neuro Endocrinol Lett, 25(1-2), 31-39.

Sakurai, T., Amemiya, A., Ishii, M., Matsuzaki, 1., Chemelli, R. M., Tanaka, H., et al. (1998).
Orexins and orexin receptors: a family of hypothalamic neuropeptides and G protein-
coupled receptors that regulate feeding behavior. Cell, 92(5), 1 page following 696.

Santos, A. R., & Calixto, J. B. (1997). Ruthenium red and capsazepine antinociceptive effect
in formalin and capsaicin models of pain in mice. Neurosci Lett, 235(1-2), 73-76.

Sierra-Mercado, D., Jr., Corcoran, K. A., Lebron-Milad, K., & Quirk, G. J. (2006). Inactivation
of the ventromedial prefrontal cortex reduces expression of conditioned fear and
impairs subsequent recall of extinction. Eur J Neurosci, 24(6), 1751-1758.

Sim-Selley, L. J., Vogt, L. J., Vogt, B. A., & Childers, S. R. (2002). Cellular localization of
cannabinoid receptors and activated G-proteins in rat anterior cingulate cortex. Life Sci,
71(19), 2217-2226.

Smith, S. C., & Wagner, M. S. (2014). Clinical endocannabinoid deficiency (CECD) revisited:
can this concept explain the therapeutic benefits of cannabis in migraine, fiboromyalgia,
irritable bowel syndrome and other treatment-resistant conditions? Neuro Endocrinol
Lett, 35(3), 198-201.

Starowicz, K., Nigam, S., & Di Marzo, V. (2007). Biochemistry and pharmacology of
endovanilloids. Pharmacol Ther, 114(1), 13-33.

Staton, P. C., Hatcher, J. P., Walker, D. J., Morrison, A. D., Shapland, E. M., Hughes, J. P., et
al. (2008). The putative cannabinoid receptor GPR55 plays a role in mechanical
hyperalgesia associated with inflammatory and neuropathic pain. Pain, 139(1), 225-
236.

Sugiura, T., Kondo, S., Sukagawa, A., Nakane, S., Shinoda, A., Itoh, K., et al. (1995). 2-
Arachidonoylglycerol: a possible endogenous cannabinoid receptor ligand in brain.
Biochem Biophys Res Commun, 215(1), 89-97.

Suplita, R. L., 2nd, Farthing, J. N., Gutierrez, T., & Hohmann, A. G. (2005). Inhibition of fatty-
acid amide hydrolase enhances cannabinoid stress-induced analgesia: sites of action in
the dorsolateral periaqueductal gray and rostral ventromedial medulla.
Neuropharmacology, 49(8), 1201-12009.

Svensson, P., Minoshima, S., Beydoun, A., Morrow, T. J., & Casey, K. L. (1997). Cerebral
processing of acute skin and muscle pain in humans. J Neurophysiol, 78(1), 450-460.

Szabo, B., & Schlicker, E. (2005). Effects of cannabinoids on neurotransmission. Handb Exp
Pharmacol(168), 327-365.

Taylor, B. K., Kriedt, C., Nagalingam, S., Dadia, N., & Badr, M. (2005). Central administration
of perfluorooctanoic acid inhibits cutaneous inflammation. Inflamm Res, 54(6), 235-
242.

Thomas, B. F., Wei, X., & Martin, B. R. (1992). Characterization and autoradiographic
localization of the cannabinoid binding site in rat brain using [3H]11-OH-delta 9-THC-
DMH. J Pharmacol Exp Ther, 263(3), 1383-1390.

Toms, L., McQuay, H. J., Derry, S., & Moore, R. A. (2008). Single dose oral paracetamol
(acetaminophen) for postoperative pain in adults. Cochrane Database Syst Rev(4),
CD004602.

Treede, R. D., Kenshalo, D. R., Gracely, R. H., & Jones, A. K. (1999). The cortical
representation of pain. Pain, 79(2-3), 105-111.

45



Tsou, K., Brown, S., Sanudo-Pena, M. C., Mackie, K., & Walker, J. M. (1998).
Immunohistochemical distribution of cannabinoid CB1 receptors in the rat central
nervous system. Neuroscience, 83(2), 393-411.

Tsou, K., Nogueron, M. I., Muthian, S., Sanudo-Pena, M. C., Hillard, C. J., Deutsch, D. G., et
al. (1998). Fatty acid amide hydrolase is located preferentially in large neurons in the
rat central nervous system as revealed by immunohistochemistry. Neurosci Lett,
254(3), 137-140.

Tsujino, N., & Sakurai, T. (2009). Orexin/hypocretin: a neuropeptide at the interface of sleep,
energy homeostasis, and reward system. Pharmacol Rev, 61(2), 162-176.

Turk, D. C. (2002). Clinical effectiveness and cost-effectiveness of treatments for patients with
chronic pain. Clin J Pain, 18(6), 355-365.

Ueda, N., Tsuboi, K., Uyama, T., & Ohnishi, T. (2011). Biosynthesis and degradation of the
endocannabinoid 2-arachidonoylglycerol. Biofactors, 37(1), 1-7.

Valverde, O., Ledent, C., Beslot, F., Parmentier, M., & Roques, B. P. (2000). Reduction of
stress-induced analgesia but not of exogenous opioid effects in mice lacking CB1
receptors. Eur J Neurosci, 12(2), 533-539.

Van Sickle, M. D., Duncan, M., Kingsley, P. J., Mouihate, A., Urbani, P., Mackie, K., et al.
(2005). Identification and functional characterization of brainstem cannabinoid CB2
receptors. Science, 310(5746), 329-332.

Vanegas, H., Barbaro, N. M., & Fields, H. L. (1984). Tail-flick related activity in medullospinal
neurons. Brain Res, 321(1), 135-141.

Vaughan, C. W., Connor, M., Bagley, E. E., & Christie, M. J. (2000). Actions of cannabinoids
on membrane properties and synaptic transmission in rat periaqueductal gray neurons
in vitro. Mol Pharmacol, 57(2), 288-295.

Vazquez, E., Escobar, W., Ramirez, K., & Vanegas, H. (2007). A nonopioid analgesic acts
upon the PAG-RVM axis to reverse inflammatory hyperalgesia. Eur J Neurosci, 25(2),
471-479.

Vos, T., Flaxman, A. D., Naghavi, M., Lozano, R., Michaud, C., Ezzati, M., et al. (2012). Years
lived with disability (YLDs) for 1160 sequelae of 289 diseases and injuries 1990-2010:
a systematic analysis for the Global Burden of Disease Study 2010. Lancet, 380(9859),
2163-2196.

Walker, J. M., & Hohmann, A. G. (2005). Cannabinoid mechanisms of pain suppression.
Handb Exp Pharmacol(168), 509-554.

Walker, J. M., Huang, S. M., Strangman, N. M., Tsou, K., & Sanudo-Pena, M. C. (1999). Pain
modulation by release of the endogenous cannabinoid anandamide. Proc Natl Acad Sci
USA, 96(21), 12198-12203.

Wedzony, K., & Chocyk, A. (2009). Cannabinoid CB1 receptors in rat medial prefrontal cortex
are colocalized with calbindin- but not parvalbumin- and calretinin-positive GABA-
ergic neurons. Pharmacol Rep, 61(6), 1000-1007.

Welch, S. P., Huffman, J. W., & Lowe, J. (1998). Differential blockade of the antinociceptive
effects of centrally administered cannabinoids by SR141716A. J Pharmacol Exp Ther,
286(3), 1301-1308.

Welch, S. P., Thomas, C., & Patrick, G. S. (1995). Modulation of cannabinoid-induced
antinociception after intracerebroventricular versus intrathecal administration to mice:
possible mechanisms for interaction with morphine. J Pharmacol Exp Ther, 272(1),
310-321.

Werka, T. (1994). Post-stress analgesia in rats with partial amygdala lesions. Acta Neurobiol
Exp (Wars), 54(2), 127-132.

Werka, T. (1997). The effects of the medial and cortical amygdala lesions on post-stress
analgesia in rats. Behav Brain Res, 86(1), 59-65.

46



Werka, T., & Marek, P. (1990). Post-stress analgesia after lesions to the central nucleus of the
amygdala in rats. Acta Neurobiol Exp (Wars), 50(1-2), 13-22.

Wiech, K., & Tracey, I. (2009). The influence of negative emotions on pain: behavioral effects
and neural mechanisms. Neuroimage, 47(3), 987-994.

Wilson-Poe, A. R., Pocius, E., Herschbach, M., & Morgan, M. M. (2013). The periaqueductal
gray contributes to bidirectional enhancement of antinociception between morphine
and cannabinoids. Pharmacol Biochem Behav, 103(3), 444-449.

Wilson, A. R., Maher, L., & Morgan, M. M. (2008). Repeated cannabinoid injections into the
rat periaqueductal gray enhance subsequent morphine antinociception.
Neuropharmacology, 55(7), 1219-1225.

Woodhams, S. G., Sagar, D. R., Burston, J. J., & Chapman, V. (2015). The role of the
endocannabinoid system in pain. Handb Exp Pharmacol, 227, 119-143.

Yamamoto, T., Yamamoto, A., Watanabe, M., Matsuo, T., Yamazaki, N., Kataoka, M., et al.
(2009). Classification of FABP isoforms and tissues based on quantitative evaluation
of transcript levels of these isoforms in various rat tissues. Biotechnol Lett, 31(11),
1695-1701.

Zhang, H. Y., Gao, M., Liu, Q. R., Bi, G. H., Li, X,, Yang, H. J., et al. (2014). Cannabinoid
CB2 receptors modulate midbrain dopamine neuronal activity and dopamine-related
behavior in mice. Proc Natl Acad Sci U S A, 111(46), E5007-5015.

Zygmunt, P. M., Chuang, H., Movahed, P., Julius, D., & Hogestatt, E. D. (2000). The
anandamide transport inhibitor AM404 activates vanilloid receptors. Eur J Pharmacol,
396(1), 39-42.

47



Class of Pharmacological | Route of Species Model Effect Reference
pharmacological | or genetic administration
compound intervention
CB1/CB:> WIN 55,212-2 Y2 Rat Spinal Transection; | Inhibits noxious (Hohmann, Tsou,
Agonist Tail Flick activity; blocked | & Walker, 1999)
by spinal
transection
THC; CP 55,940 |i.c.v. Rat Spinal Transection; | Antinociception; | (Lichtman &
CB1/CB:> tail flick blocked by Martin, 1991,
Agonist rimonabant 1997)
THC I.C.v. Mouse Tail Flick Enhances the (Welch, Thomas,
antinociceptive & Patrick, 1995)
CB:1/CB: effects of
Agonist morphine
WIN 55,212-2; I.C.v. Rat Tail Flick Antinociception (Martin, Lai,
CP-55,940 Patrick, Tsou, &
Walker, 1993)
CBi1/CB:
Agonist WIN 55,212-2; I.C.v. Mouse Tail Flick Dose-related (Raffa, Stone, &
THC antinociception Hipp, 1999)
WIN 55,212-2 V. Rats Pressure stimulus to | Decrease in (Martin,
CB1/CB: hindpaw; nociceptive Hohmann, &
Agonist Electrophysiological | transmission in Walker, 1996)
recording of the thalamus
nociceptive neurons
CB1/CB:> in thalamus
Agonist
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CB1/CB:
Agonist

CB1/CB:
Agonist

CB1Antagonist/

inverse agonist

CB2 Agonist

FAAH Inhibitor

WIN 55,212-2

WIN 55,212-2

Rimonabant

JWH-133

FAAH (-/-);
URB597
PF3945

FAAH (-/-)

Microinjection;
GiA, Thalamus,
noradrenergic A5
region

i.C.V.

I.c.v.; It
intraperitoneal

Intra-VPL

Rats

Mice

Mouse

Rats

Mice

Mice

Tail Flick

Tail Flick; Paw
Withdrawal in the
lamp-foot-flick
assay

Tail Flick

Spinal Nerve
Ligation

Nitroglycerin-
induced migraine-
like pain

Tail immersion,

Antinociception
when
administered to
each region

Antinociception

Rimonabant
exhibits greater
efficacy
supraspinally
rather than
spinally.

Reduced noxious
activity in SNL
rats; blocked by
SR144528 (CB2
antagonist)

FAAH (-/-),
URB597 and
PF3945 reduce
nociceptive
behaviour;
blocked by
rimonanbant

FAAH (-/-)

(Martin et al.,
1999)

(Fang et al.,
2012)

(Welch,
Huffman, &
Lowe, 1998)

(Jhaveri et al.,
2008)

(Nozaki, Markert,
& Zimmer, 2015)
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FAAH Inhibitor;
MAGL Inhibitor

TRPV1
Antagonist

URB597; JZL.184

A-784168

Capsazepine

i.C.v.

i.C.v.

Mice

Rats

Mice

hot plate, formalin
tests, CCl and
carageenan

CUS; NGF
hyperalgesia; tail
flick; hot plate

Model of
osteoarthritis
(Sodium
monoiodoacetate);
Complete Freund’s
Adjuvant (chronic
inflammatory pain)

Formalin

increased
response latency
in tail immersion
and hot plate test;
reduced formalin-
evoked
nociceptive
behaviour.
Anti-hyperalgesic
in carrageenan
model

Effects in CUS
mice - Enhanced
levels of AEA
and 2-AG;
decreased thermal
hyperalgesia;
URB597
decreased NGF
hyperalgesia

Decreased weight
bearing;
decreased chronic
inflammatory
thermal
hyperalgesia

Attenuation of
nociceptive

(Lichtman,
Shelton, Advani,
& Cravatt, 2004)

(Lomazzo et al.,
2015)

(Cui et al., 2006)
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TRPV1
Antagonist

PPARY agonist

CB:
Antagonist/inverse
agonist; Opioid
Antagonist

GPR55(-/-)

GPR55(-/-)

Rosiglitazone;
15d-PGJ(2)

Rimonabant;
naloxone; CCK>
knockout mice

URBS597

i.C.v.

Mice

Mice

Rats

Mice

Rats

Inflammatory
mechanical
hyperalgesia (von
Frey; Complete
Freuds Adjuvent)

Nerve ligation;
mechanical
hyperalgesia

Plantar carageenan
model of
inflammatory pain

SIA - footshock;
tail flick

FCA - Conditioned
fear (footshock) and
formalin test

behaviour

Hyperalgesia
absent in
GPR55(-/-)

Mechanical
hyperalgesia
absent following
nerve ligation in
GPR55(-/-)

Anti-
inflammatory and
anti-hyperalgesia
effects

Rimonabant
prevented SIA, an
effect not seen in
CCK2 knockout
mice; naloxone
weakened SIA in
wild type and
CCK2 knockout
mice

URB597
enhances FCA;
attenuated by

(Santos &
Calixto, 1997)

(Castane et al.,
2006; Staton et
al., 2008)

(Staton, et al.,
2008)

(Morgenweck et
al., 2010)

(Kurrikoff, Inno,
Matsui, & Vasar,
2008)
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rimonabant, (Butler, Rea,
SR144528 and Lang, Gavin, &
naloxone Finn, 2008)

FAAH Inhibitor

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 summarised in Tables 2-5). CB12 - 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 - Monoacylglycerol lipase; PPARa - Peroxisome proliferator-activated receptor alpha; TRPVL1 - 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
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Class of Pharmacological | Route of Species Model Effect Reference
pharmacological | or genetic administration
compound intervention
CB1/CB: WIN 55,212-2; Intra-RVM Rat Tail Flick Nociceptive (Martin, Tsou, &
Agonists HU210 behaviour Walker, 1998)
suppression
WIN 55,212-2 Intra-RVM Rat Tail Flick Increased tail flick | (Meng &
CB1/CB2 Agonist latency; inhibition | Johansen, 2004)
of on-cell activity;
increase in off-
cell activity;
effects blocked by
rimonabant
WIN 55,212-2 Intra-GIiA Rat Tail Flick Increased (Monhemius,
CB1/CB2 Agonist antinociception; Azami, Green, &
blocked by Roberts, 2001)
rimonabant
WIN 55,212-2 Intra-GiA Rat Partial nerve Decrease in (Monhemius, et
CB1/CB2 Agonist ligation; formalin | formalin-evoked | al., 2001)
test nociceptive
behaviour

following nerve
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CB1 Antagonist/
Inverse agonist;
Dual
FAAH/TRPV1
Inhibitor

CB1 Antagonist/
Inverse agonist;
FAAH Inhibitor

Rimonabant; AA-
5-HT

AM251; URB597

Intra-RVM;

intraperitoneal
(AM251 and
URB597); Intra-
RVM AM251

Rats

Wistar-Kyoto and
Sprague Dawley
rats

SIA —Footshock,
Formalin

Formalin

ligation; reversed
by rimonabant

Suppression of
SIA by
rimonabant;
enhancement of
SIA by AA-5-HT

Systemic AM251
potentiates
hyperalgesia in
WKY, URB597
attenuates
hyperalgesia in
WKY associated
with impaired
pain-related
mobilization of
ECs in RVM of
WAKY rats as seen
from Intra-RVM
AM251.

(Suplita i,
Farthing,
Gutierrez, &
Hohmann, 2005)

(Reaet al., 2014)

Table 2. Summary of studies investigating the role of the endocannabinoid system in the RVM in pain and its modulation by stress.

CB12- 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
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Class of
pharmacological
compound

Pharmacological
or genetic
intervention

Route of
administration

Species

Model

Effect

Reference

CB1/CB2 Agonist

CB1/CB2 Agonist

CB1/CB2 Agonist

CB1/CB2 Agonist

HU-210

HU210

CP-55,940

WINS5,212-2

VIPAG; systemic

Intra-dPAG

Intra-vIPAG;
Intra-dPAG;

Intra-dPAG

Rat

Rat

Rat

Rats

Hot late test

Formalin

Tail Flick

Tail Flick

HU210 enhanced
antinociceptive
effect of morphine
and morphine
enhanced the
antinociceptive
effect of HU210

Reduced formalin-
evoked nociceptive
behaviour; blocked
following
rimonabant
administration

Intra-vIPAG
microinjection
produced
antinociception;
intra-dPAG had no
effect

(Wilson-Poe,
Pocius,
Herschbach, &
Morgan, 2013).

(Finn et al., 2003)

(Lichtman, Cook,
& Martin, 1996)
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CB1 Antagonist/
Inverse agonist

TRPV1 Agonist

TRPV1 Agonist;
TRPV1
Antagonist

FAAH Inhibitor

AM251

Capsaicin (low
dose); Capsaicin
(high dose)

Capsaicin;
Capsazepine

URB597

Intra-PAG: Intra-
RVM

Intra-dIPAG

Intra-dIPAG

Intra-vIPAG

Rat

Rat

Rat

Rat

Metazinol
induced
antinociception in
a carrageenan
model of
inflammation

Plantar test

Tail Flick

Plantar test

Increased tail flick
latency

Reverses metazinol-
induced analgesia

Low dose —
Antinociception;
High dose —
Blocked
antinociception

Capsaicin —
hyperalgesia
followed by
antinociception;
Capsazepine —
blocked
hyperalgesic effect
of capsaicin

Low dose —
Hyperalgesia —
coadministration
with AM251
converted

(William J.
Martin, Patrick,
Coffin, Tsou, &
Walker, 1995)

(Escobar et al.,
2012)

(Palazzo et al.,
2002)

(McGaraughty et
al., 2003)

(Maione et al.,
2006)
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Dual
FAAH/TRPV1
Inhibitor; CB1
Antagonist/Inverse
agonist; TRPV1
antagonist; FAAH
Inhibitor

CB:
Antagonist/Inverse
agonist; MAGL
Inhibitor

CB;
Antagonist/Inverse

AA-5-HT,;
AM251; I-RTX;
URBS597

Rimonabant;
URB602

Rimonabant; AA-
5-HT

Intra-PAG

Intra-dIPAG

Intra-dIPAG;

Rat

Rat

Rat

Tail Flick;

SIA - Footshock
and Tail Flick

SIA — Footshock
and Tail Flick

hyperalgesia to
analgesia —
coadministration
with capsazepine
and AM251
abolished any effect
of URB597;

High dose —
Antinociception;
Intermediate dose —
biphasic response —
blocked by AM251,
hyperalgesic
following
coadministration of
URB597 with
capsazepine

AA-5-HT induced
antinociception —
blocked by AM251
and I-RTX;
URB597 and I-RTX
induced analgesia

Rimonabant-
Attenuation of SIA;
URB602 -
Enhances SIA.

(de Novellis et
al., 2008)

(Hohmann et al.,
2005)
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agonist; Dual
FAAH/TRPV1
Inhibitor

CB;
Antagonist/Inverse
agonist

Rimonabant

Intra-dIPAG

Rat

FCA - Formalin
and Footshock

Rimonabant-
Suppression of SIA;
AA-5-HT -
enhances SIA

Rimonabant
attenuated FCA

(Suplita li, et al.,
2005)

(Olango, Roche,
Ford, Harhen, &
Finn, 2012)

Table 3. Summary of studies investigating the role of the endocannabinoid system in the PAG in pain and its modulation by stress. CB1.2
- Cannabinoid receptor type 1/2; TRPV1 - transient receptor potential cation channel subfamily V member 1; FAAH - Fatty acid
amide hydrolase; MAGL - Monoacylglycerol lipase; PAG - periaguaductal grey; VIPAG — ventrolateral periaquaductal grey; dPAG -
dorsal periaguaductal grey; RVM - Rostral ventromedial medulla; dIPAG - dorsolateral periaquaductal grey; SIA — stress-induced
analgesia; FCA - fear-conditioned analgesia

58




Class of Pharmacological | Route of Species Model Effect Reference
pharmacological | or genetic administration
compound intervention
CB1/CB2 Agonist | WIN55,212-2 Intra-BLA,; Intra- | Rat Tail Flick Increased tail flick | (Martin et al.,
CeA latency 1999)
CB1/CB2 Agonist | WIN55,212-2 Intra-BLA Rat Formalin; Tail Increased tail flick | (Hasanein,
flick latency; decreased | Parviz,
formalin evoked Keshavarz, &
nociceptive Javanmardi,
behaviour - 2007)
attenuated via
AM251
CB1/CB2 Agonist | WIN 55,212-2; Intra-CeA, Intra- | Rats Tail Flick Antinociception
BLA.
(Manning,
Martin, & Meng,
CB1/CB2 Agonist | WIN 55,212-2 Intramuscularly Rhesus monkey | Warm-water tail- | Dose-dependent 2003)
withdrawal assay | antinociception;
attenuated via
bilateral amygdala | (Manning, Merin,
lesions Meng, & Amaral,
2001)
Rimonabant Intra-BLA Rat
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CB;
Antagonist/Inverse
agonist

CB:
Antagonist/Inverse
agonist

FAAH Inhibitor

CB:
Antagonist/Inverse
agonist

Rimonabant

URB597

AM251

Intra-BLA

intraperitoneal

intraperitoneal,
Intra-BLA,; Intra-
CeA

Rat

Rat

Rat

SIA - Tail Flick,
Footshock

FCA - Formalin,
Footshock

FCA - Formalin,
Footshock

FCA - Formalin,
Footshock

Suppression of
SIA

Reduced
formalin-evoked
nociceptive
behaviour; no
effect on FCA

URB597
enhances FCA;
weakened by
rimonabant and
SR144528; FCA
associated with
enhanced
phospho-ERK in
the amygdala

AMZ251 prevents
expression of
FCA following
intraperitoneal

and intra-BLA but

not intra-CeA
injection

(Connell, Bolton,
Olsen, Piomelli,
& Hohmann,
2006)

(Roche et al.,
2007, 2010)

(Butler, et al.,
2008)

(Reaet al., 2013)

Table 4. Summary of studies investigating the role of the endocannabinoid system in the amygdala in pain and its modulation by stress.
CB1 - 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




Class of Pharmacological | Route of Species Model Effect Reference
pharmacological | or genetic administration
compound intervention
Dual AA-5-HT Intra-PrL; Intra-I1L | Rats Noxious Reduced (Giordano et al.,
FAAH/TRPV1 mechanical mechanical 2012)
Inhibitor stimuli (Von allodynia in rats
Frey); SNIrats | following SNI

Dual AA-5-HT,; Intra-PrL; Intra-I1L | Rats SNI rats All drugs (de Novellis et
FAAH/TRPV1 URB597; I-RTX produced al., 2011)
Inhibitor; FAAH antinociception;
Inhibitor; TRPV1 AA-5-HT
Antagonist produced

antinociception

more efficiently

than URB597 or

I-RTX
PPARa antagonist; | GW6471, Intra-mPFC Rats Formalin GW6471, but not | (Okine et al.,
PPAR« agonist GW7647 GW?7647, delayed | 2014)

onset of the
second phase of
formalin-evoked
nociceptive
behaviour
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CB:
Antagonist/Inverse
agonist

AM251

Intra-PrL

Rat

FCA - Tail Flick,
Footshock

Attenuated FCA

(Freitas, Salgado-
Rohner, Hallak,
Crippa, &
Coimbra, 2013)

Table 5. Summary of studies investigating the role of the endocannabinoid system in the PFC in pain and its modulation by stress. CB1 -
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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Figure legends:

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 cortex;
ACC: anterior cingulate cortex; PrL: prelimbic cortex; IL: infralimbic cortex; BLA: basolateral
amygdala; CeA: central nucleus of the amygdala; PAG: periaquaductal grey; RVM: rostral
ventromedial medulla; GiA: gigantocellular reticular nucleus; TRPV1: transient receptor
potential vanilloid 1; PPARs: peroxisome proliferator-activated receptors.

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 amygdala; PAG:
periaquaductal grey; dIPAG: dorsolateral PAG; RVM: rostral ventromedial medulla; TRPV1:
transient receptor potential vanilloid 1; WKY': Wistar-Kyoto rat.
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Brain Region

Receptor Event

Functional
Consequence

ACC

CB; receptor activation

Decreased pain-related
behaviour 'nociception

rACC

CB; receptor inhibition

Increased pain-related
behaviour /'nociception

IL/PrL

CB; receptor activation
coupled with TRPV1
inhibition

Decreased pain-related
behaviour/nociception

ACC

PPARw mhibition

Decreased pain-related
behaviour/nociception

BELA

CB; receptor inhibition

Decreased pain-related

behaviour /'nociception

Ced

CB; receptor inhibition

Decreased pain-related
behaviour/nociception

CeABLA

CB; receptor activation

Decreased pain-related
behaviour/'nociception

PAG

CB; receptor activation

Decreased pain-related
behaviour/nociception

PAG

TEPV1 activation.
opposite at higher dose

Decreased pain-related
behaviour 'nociception,
opposite at higher dose

PAG

CB; receptor activation
coupled with TRPV1
inhibition

Increased pain-related
behaviour /nociception

RVM

CB; receptor activation

Decreased pain-related
behaviour/nociception

CB; receptor activation

Decreased pain-related
behaviour/nociception

mPFC

Amygdala

PAG

RVM



Brain Region Receptor Event Functional
Consequence

BLA CB; receptor Decreased SIA
inhibition

Amygdala eCB dysfunction in Decreased SIH
WEY rats

dIPAG CB; receptor Decreased SIA
inhibition

dIPAG CB; receptor Increased SIA
activation

dIPAG CB; receptor Increased SIA
activation coupled
with TRPV1 inhibition

RVM CB; receptor Decreased SIA
inhibition

EVM CB; receptor Increased SIA
activation coupled
with TRPV1 inhibition

EVM eCB dysfunction in Decreased SIH

WEY rats

Amygdala

PAG

RVM



Class of Pharmacological | Route of Species Model Effect Reference
pharmacological | or genetic administration
compound intervention
CB1/CB:> WIN 55,212-2 Y2 Rat Spinal Transection; | Inhibits noxious (Hohmann, Tsou,
Agonist Tail Flick activity; blocked | & Walker, 1999)
by spinal
transection
THC; CP 55,940 |i.c.v. Rat Spinal Transection; | Antinociception; | (Lichtman &
CB1/CB:> tail flick blocked by Martin, 1991,
Agonist rimonabant 1997)
THC I.C.v. Mouse Tail Flick Enhances the (Welch, Thomas,
antinociceptive & Patrick, 1995)
CB:1/CB: effects of
Agonist morphine
WIN 55,212-2; I.C.v. Rat Tail Flick Antinociception (Martin, Lai,
CP-55,940 Patrick, Tsou, &
Walker, 1993)
CBi1/CB:
Agonist WIN 55,212-2; I.C.v. Mouse Tail Flick Dose-related (Raffa, Stone, &
THC antinociception Hipp, 1999)
WIN 55,212-2 V. Rats Pressure stimulus to | Decrease in (Martin,
CB1/CB: hindpaw; nociceptive Hohmann, &
Agonist Electrophysiological | transmission in Walker, 1996)
recording of the thalamus
nociceptive neurons
CB1/CB:> in thalamus

Agonist




CB1/CB:
Agonist

CB1/CB:
Agonist

CB1Antagonist/

inverse agonist

CB2 Agonist

FAAH Inhibitor

WIN 55,212-2

WIN 55,212-2

Rimonabant

JWH-133

FAAH (-/-);
URB597
PF3945

FAAH (-/-)

Microinjection;
GiA, Thalamus,
noradrenergic A5
region

i.C.V.

I.c.v.; It
intraperitoneal

Intra-VPL

Rats

Mice

Mouse

Rats

Mice

Mice

Tail Flick

Tail Flick; Paw
Withdrawal in the
lamp-foot-flick
assay

Tail Flick

Spinal Nerve
Ligation

Nitroglycerin-
induced migraine-
like pain

Tail immersion,

Antinociception
when
administered to
each region

Antinociception

Rimonabant
exhibits greater
efficacy
supraspinally
rather than
spinally.

Reduced noxious
activity in SNL
rats; blocked by
SR144528 (CB2
antagonist)

FAAH (-/-),
URB597 and
PF3945 reduce
nociceptive
behaviour;
blocked by
rimonanbant

FAAH (-/-)

(Martin et al.,
1999)

(Fang et al.,
2012)

(Welch,
Huffman, &
Lowe, 1998)

(Jhaveri et al.,
2008)

(Nozaki, Markert,
& Zimmer, 2015)




FAAH Inhibitor;
MAGL Inhibitor

TRPV1
Antagonist

URB597; JZL.184

A-784168

Capsazepine

i.C.v.

i.C.v.

Mice

Rats

Mice

hot plate, formalin
tests, CCl and
carageenan

CUS; NGF
hyperalgesia; tail
flick; hot plate

Model of
osteoarthritis
(Sodium
monoiodoacetate);
Complete Freund’s
Adjuvant (chronic
inflammatory pain)

Formalin

increased
response latency
in tail immersion
and hot plate test;
reduced formalin-
evoked
nociceptive
behaviour.
Anti-hyperalgesic
in carrageenan
model

Effects in CUS
mice - Enhanced
levels of AEA
and 2-AG;
decreased thermal
hyperalgesia;
URB597
decreased NGF
hyperalgesia

Decreased weight
bearing;
decreased chronic
inflammatory
thermal
hyperalgesia

Attenuation of
nociceptive

(Lichtman,
Shelton, Advani,
& Cravatt, 2004)

(Lomazzo et al.,
2015)

(Cui et al., 2006)




TRPV1
Antagonist

PPARY agonist

CB:
Antagonist/inverse
agonist; Opioid
Antagonist

GPR55(-/-)

GPR55(-/-)

Rosiglitazone;
15d-PGJ(2)

Rimonabant;
naloxone; CCK>
knockout mice

URBS597

i.C.v.

Mice

Mice

Rats

Mice

Rats

Inflammatory
mechanical
hyperalgesia (von
Frey; Complete
Freuds Adjuvent)

Nerve ligation;
mechanical
hyperalgesia

Plantar carageenan
model of
inflammatory pain

SIA - footshock;
tail flick

FCA - Conditioned
fear (footshock) and
formalin test

behaviour

Hyperalgesia
absent in
GPR55(-/-)

Mechanical
hyperalgesia
absent following
nerve ligation in
GPR55(-/-)

Anti-
inflammatory and
anti-hyperalgesia
effects

Rimonabant
prevented SIA, an
effect not seen in
CCK2 knockout
mice; naloxone
weakened SIA in
wild type and
CCK2 knockout
mice

URB597
enhanced FCA,
attenuated by

(Santos &
Calixto, 1997)

(Castane et al.,
2006; Staton et
al., 2008)

(Staton, et al.,
2008)

(Morgenweck et
al., 2010)

(Kurrikoff, Inno,
Matsui, & Vasar,
2008)




rimonabant, (Butler, Rea,
SR144528 and Lang, Gavin, &
naloxone Finn, 2008)

FAAH Inhibitor

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 summarised in Tables 2-5). CB12 - 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 - Monoacylglycerol lipase; PPARa - Peroxisome proliferator-activated receptor alpha; TRPVL1 - 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






Class of Pharmacological | Route of Species Model Effect Reference
pharmacological | or genetic administration
compound intervention
CB1/CB2 WIN 55,212-2; Intra-RVM Rat Tail Flick Nociceptive (Martin, Tsou, &
Agonists HU210 behaviour Walker, 1998)
suppression
WIN 55,212-2 Intra-RVM Rat Tail Flick Increased tail flick | (Meng &
CB1/CB2 Agonist latency; inhibition | Johansen, 2004)
of on-cell activity;
increase in off-
cell activity;
effects blocked by
rimonabant
WIN 55,212-2 Intra-GiA Rat Tail Flick Increased (Monhemius,
CB1/CB2 Agonist antinociception; Azami, Green, &
blocked by Roberts, 2001)
rimonabant
WIN 55,212-2 Intra-GIiA Rat Partial nerve Decrease in (Monhemius, et
CB1/CB2 Agonist ligation; formalin | formalin-evoked | al., 2001)
test nociceptive
behaviour
following nerve
ligation; reversed
by rimonabant
Rimonabant; AA- | Intra-RVM,; Rats SIA —Footshock, | Suppression of (Suplita i,
5-HT Formalin SIA by Farthing,




CB1 Antagonist/
Inverse agonist;
Dual
FAAH/TRPV1
Inhibitor

CB1 Antagonist/
Inverse agonist;
FAAH Inhibitor

AM251; URB597

intraperitoneal
(AM251 and
URB597); Intra-
RVM AM251

Wistar-Kyoto and
Sprague Dawley
rats

Formalin

rimonabant;
enhancement of
SIA by AA-5-HT

Systemic AM251
potentiates
hyperalgesia in
WKY, URB597
attenuates
hyperalgesia in
WKY associated
with impaired
pain-related
mobilization of
ECs in RVM of
WKY rats as seen
from Intra-RVM
AM251.

Gutierrez, &
Hohmann, 2005)

(Reaet al., 2014)

Table 2. Summary of studies investigating the role of the endocannabinoid system in the RVM in pain and its modulation by stress.

CBu12 - 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







Class of
pharmacological
compound

Pharmacological
or genetic
intervention

Route of
administration

Species

Model

Effect

Reference

CB1/CB2 Agonist

CB1/CB2 Agonist

CB1/CB2 Agonist

CB1/CB2 Agonist

HU-210

HUZ210

CP-55,940

WINS55,212-2

VIPAG; systemic

Intra-dPAG

Intra-vIPAG;
Intra-dPAG;

Intra-dPAG

Rat

Rat

Rat

Rats

Hot late test

Formalin

Tail Flick

Tail Flick

HU210 enhanced
antinociceptive
effect of morphine
and morphine
enhanced the
antinociceptive
effect of HU210

Reduced formalin-
evoked nociceptive
behaviour; blocked
following
rimonabant
administration

Intra-vIPAG
microinjection
produced
antinociception;
intra-dPAG had no
effect

Increased tail flick
latency

(Wilson-Poe,
Pocius,
Herschbach, &
Morgan, 2013).

(Finn et al., 2003)

(Lichtman, Cook,
& Martin, 1996)

(William J.
Martin, Patrick,
Coffin, Tsou, &
Walker, 1995)




CB1 Antagonist/
Inverse agonist

TRPV1 Agonist

TRPV1 Agonist;
TRPV1
Antagonist

FAAH Inhibitor

AM251

Capsaicin (low
dose); Capsaicin
(high dose)

Capsaicin;
Capsazepine

URB597

Intra-PAG: Intra-
RVM

Intra-dIPAG

Intra-dIPAG

Intra-vIPAG

Rat

Rat

Rat

Rat

Metazinol
induced
antinociception in
a carrageenan
model of
inflammation

Plantar test

Tail Flick

Plantar test

Reverses metazinol-
induced analgesia

Low dose —
Antinociception;
High dose —
Blocked
antinociception

Capsaicin —
hyperalgesia
followed by
antinociception;
Capsazepine —
blocked
hyperalgesic effect
of capsaicin

Low dose —
Hyperalgesia —
coadministration
with AM251
converted
hyperalgesia to
analgesia —
coadministration
with capsazepine
and AM251

(Escobar et al.,
2012)

(Palazzo et al.,
2002)

(McGaraughty et
al., 2003)

(Maione et al.,
2006)




Dual
FAAH/TRPV1
Inhibitor; CB1
Antagonist/Inverse
agonist; TRPV1
antagonist; FAAH
Inhibitor

CB:
Antagonist/Inverse
agonist; MAGL
Inhibitor

CB;
Antagonist/Inverse
agonist; Dual
FAAH/TRPV1
Inhibitor

AA-5-HT,;
AM251; I-RTX;
URB597

Rimonabant;
URB602

Rimonabant; AA-
5-HT

Intra-PAG

Intra-dIPAG

Intra-dIPAG;

Rat

Rat

Rat

Tail Flick;

SIA - Footshock
and Tail Flick

SIA — Footshock
and Tail Flick

abolished any effect
of URB597;

High dose —
Antinociception;
Intermediate dose —
biphasic response —
blocked by AM251,
hyperalgesic
following
coadministration of
URB597 with
capsazepine

AA-5-HT induced
antinociception —
blocked by AM251
and I-RTX;
URB597 and I-RTX
induced analgesia

Rimonabant-
Attenuation of SIA;
URB602 -
Enhances SIA.

Rimonabant-
Suppression of SIA;
AA-5-HT -
enhances SIA

(de Novellis et
al., 2008)

(Hohmann et al.,
2005)

(Suplita li, et al.,
2005)




CB;
Antagonist/Inverse
agonist

Rimonabant

Intra-dIPAG

Rat

FCA - Formalin
and Footshock

Rimonabant
attenuated FCA

(Olango, Roche,
Ford, Harhen, &
Finn, 2012)

Table 3. Summary of studies investigating the role of the endocannabinoid system in the PAG in pain and its modulation by stress. CB1.2
- Cannabinoid receptor type 1/2; TRPV1 - transient receptor potential cation channel subfamily V member 1; FAAH - Fatty acid
amide hydrolase; MAGL - Monoacylglycerol lipase; PAG - periaquaductal grey; VIPAG — ventrolateral periaquaductal grey; dPAG —

dorsal periaquaductal grey; RVM - Rostral ventromedial medulla; dIPAG — dorsolateral periaquaductal grey; SIA — stress-induced
analgesia; FCA — fear-conditioned analgesia




Class of Pharmacological | Route of Species Model Effect Reference
pharmacological | or genetic administration
compound intervention
CB1/CB2 Agonist | WIN55,212-2 Intra-BLA, Intra- | Rat Tail Flick Increased tail flick | (Martin et al.,
CeA latency 1999)
CB1/CB2 Agonist | WIN55,212-2 Intra-BLA Rat Formalin; Tail Increased tail flick | (Hasanein,
flick latency; decreased | Parviz,
formalin evoked Keshavarz, &
nociceptive Javanmardi,
behaviour - 2007)
attenuated via
AM251
CB1/CB2 Agonist | WIN 55,212-2; Intra-CeA, Intra- | Rats Tail Flick Antinociception
BLA.
(Manning,
Martin, & Meng,
CB1/CB2 Agonist | WIN 55,212-2 Intramuscularly Rhesus monkey | Warm-water tail- | Dose-dependent 2003)
withdrawal assay | antinociception;
attenuated via
bilateral amygdala | (Manning, Merin,
lesions Meng, & Amaral,
2001)
CB: Rimonabant Intra-BLA Rat SIA - Tail Flick, | Suppression of
Antagonist/Inverse Footshock SIA
agonist
(Connell, Bolton,
Olsen, Piomelli,
CB: Rimonabant Intra-BLA Rat FCA - Formalin, | Reduced & Hohmann,
Antagonist/Inverse Footshock formalin-evoked | 2006)
agonist nociceptive




FAAH Inhibitor

CB:
Antagonist/Inverse
agonist

URBS597

AM251

intraperitoneal

intraperitoneal,
Intra-BLA,; Intra-
CeA

Rat

Rat

FCA - Formalin,
Footshock

FCA - Formalin,
Footshock

behaviour; no
effect on FCA

URB597
enhances FCA,;
weakened by
rimonabant and
SR144528; FCA
associated with
enhanced
phospho-ERK in
the amygdala

AMZ251 prevents
expression of
FCA following
intraperitoneal
and intra-BLA but
not intra-CeA
injection

(Roche et al.,
2007, 2010)

(Butler, et al.,
2008)

(Reaet al., 2013)

Table 4. Summary of studies investigating the role of the endocannabinoid system in the amygdala in pain and its modulation by stress.
CB1 - 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




Class of Pharmacological | Route of Species Model Effect Reference
pharmacological | or genetic administration
compound intervention
Dual AA-5-HT Intra-PrL; Intra-I1L | Rats Noxious Reduced (Giordano et al.,
FAAH/TRPV1 mechanical mechanical 2012)
Inhibitor stimuli (Von allodynia in rats
Frey); SNI rats following SNI

Dual AA-5-HT,; Intra-PrL; Intra-IL | Rats SNI rats All drugs (de Novellis et
FAAH/TRPV1 URB597; I-RTX produced al., 2011)
Inhibitor; FAAH antinociception;
Inhibitor; TRPV1 AA-5-HT
Antagonist produced

antinociception

more efficiently

than URB597 or

I-RTX
PPARa antagonist; | GW6471, Intra-mPFC Rats Formalin GW6471, but not | (Okine et al.,
PPAR« agonist GW7647 GW7647, delayed | 2014)

onset of the

second phase of

formalin-evoked

nociceptive

behaviour
CB: AM251 Intra-PrL Rat FCA - Tail Flick, | Attenuated FCA (Freitas, Salgado-
Antagonist/Inverse Footshock Rohner, Hallak,

agonist

Crippa, &
Coimbra, 2013)




Table 5. Summary of studies investigating the role of the endocannabinoid system in the PFC in pain and its modulation by stress. CB1 -
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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