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Abstract 

Chronic pain states are highly prevalent and yet poorly controlled by currently available analgesics, 

representing an enormous clinical, societal, and economic burden. Existing pain medications have 

significant limitations and adverse effects including tolerance, dependence, gastrointestinal 

dysfunction, cognitive impairment, and a narrow therapeutic window, making the search for novel 

analgesics ever more important. In this article, we review the role of an important endogenous pain 

control system, the endocannabinoid (EC) system, in the sensory, emotional, and cognitive aspects 

of pain. Herein, we briefly cover the discovery of the EC system and its role in pain 

processing pathways, before concentrating on three areas of current major interest in EC 

pain research; 1. Pharmacological enhancement of endocannabinoid activity (via blockade 

of EC metabolism or allosteric modulation of CB1 receptors); 2. The EC System and stress-

induced modulation of pain; and 3. The EC system & medial prefrontal cortex (mPFC) 

dysfunction in pain states. Whilst we focus predominantly on the preclinical data, we also 

include extensive discussion of recent clinical failures of endocannabinoid-related therapies, 

the future potential of these approaches, and important directions for future research on 

the EC system and pain. 
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1. Introduction 

1.1 Pain 

Pain is complex phenomena comprising an unpleasant sensory and emotional experience associated 

with actual or potential tissue damage (Loeser and Treede, 2008), serving a vital protective evolutionary 

function. Whilst acute pain can be considered adaptive, chronic pain in the absence of injury, following 

its resolution, or following damage to the nervous system (neuropathic pain) is a pathological condition 

of enormous clinical, societal, and economic significance (Apkarian et al., 2009). Chronic pain is the most 

commonly presented clinical complaint in the USA , afflicting ~10% of the adult population (Nahin, 2015), 

and representing the greatest economic burden of any pathological condition with an estimated annual 

cost of $565–635 billion in this region alone (Gaskin and Richard, 2012). Despite its prevalence, current 

treatments for pain provide inadequate duration and/or extent of relief (Vardeh et al., 2016), 

highlighting the urgent need for effective novel analgesic agents. Opioids, nonsteroidal anti-

inflammatory drugs, selective COX2 inhibitors (Coxibs), anti-depressants, anticonvulsants and local 

anaesthetics are all used clinically in the treatment of pain (Guindon et al., 2007b). Opioids, such as 

morphine derived from the opium poppy, have been utilised in pain relief for millennia (Holden et al., 

2005) whereas synthetic opioids (tramadol, fentanyl, remifentanil) are mainstays for  neuropathic and 

post-operative pain (Guindon et al., 2007b). These agents, nonetheless have significant limitations 

including constipation, tolerance and dependence which have contributed to an epidemic of addiction 

and drug-related deaths in the US in recent years (Kolodny et al., 2015). In the past few decades, a new 

target for pain relief, also taking advantage of an ancient pain relieving medication and an endogenous 

pain control pathway, has emerged. Preparations of the Cannabis sativa plant have been used as 

analgesics for centuries, but it was only in the 1960s that the major active constituent (∆9-

tetrahydrocannabinol) was identified (Mechoulam and Gaoni, 1967). It was not until the 1990s that the 

molecular targets mediating its effects were discovered (the cannabinoid receptors CB1 & CB2 - Devane 
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et al., 1988; Munro et al., 1993), and the mechanisms and sites of action elucidated (Gregg et al., 2012; 

Herkenham et al., 1990; Hohmann et al., 2005; Martin et al., 1999; Walker and Hohmann, 2005; Walker 

and Huang, 2002). This work revealed the existence of a second ubiquitous endogenous pain control 

pathway; the endocannabinoid (EC) system. In the past two decades, numerous tools to perturb the EC 

system have been developed, and a wealth of research has demonstrated the potential efficacy of this 

approach for pain relief (reviewed in Guindon and Hohmann, 2009; Sagar et al., 2009; Sagar et al., 2012; 

Woodhams et al., 2015). However, global targeting of the EC system is also associated with undesirable 

results, including deleterious effects on memory (Hall and Solowij, 1998), cognition (Pattij et al., 2008), 

and mood (Rubino et al., 2015), and the development of tolerance and dependence (Lichtman and 

Martin, 2005; Tappe-Theodor et al., 2007). This subject has been the topic of many excellent review 

articles in the past, and therefore in this Special Issue of Neuropharmacology, we briefly cover the 

history of EC research before focussing on three areas of current interest in the field of cannabinoid pain 

research – pharmacological enhancement of EC system activity via enzyme inhibitors (Section 2) or by 

allosteric modulation of CB1 (Section 3), the role of the EC system in stress-induced modulation of pain 

(Section 4), and actions on the cognitive aspects of pain via coupling of endocannabinoids and 

metabotropic glutamate receptors in the medial pre-frontal cortex (mPFC; Section 5).  

 

1.2 Pain & the EC system 

The subjective experience of pain involves integration of sensory, emotional, and cognitive aspects. This 

cannot be reported by the non-human animals on which basic pain research is conducted, and thus it is 

important to make the distinction between subjective pain and the measurable neuronal events and 

behavioural outputs underlying it, termed nociception (Loeser and Treede, 2008).  

Nociceptive signalling begins with the transduction of a noxious stimulus (thermal, mechanical, or 

chemical) in the periphery into neuronal activity in specialised classes of sensory afferent neurons. The 
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resultant action potentials travel to cell bodies located in dorsal root ganglia (DRG), then to a synapse in 

the superficial dorsal horn of the spinal cord. Here, local processing integrates peripheral input with 

descending supraspinal modulation, before transmitting the output via several ascending pathways to 

the brainstem, thalamus, and other higher brain regions involved in the sensory and affective 

components of pain (Millan, 1999). The components of the EC system, described in detail elsewhere in 

this Special Issue, comprise the G protein-coupled cannabinoid receptors CB1 & CB2, their endogenous 

ligands anandamide (AEA) and 2-arachidonyl glycerol (2-AG), and their respective major synthetic (N-

acylphosphatidylethanolamine phospholipase D [NAPE-PLD] & diacyglyerol lipase α [DAGLα]) and 

degradative (fatty acid amide hydrolase [FAAH] & monoacyglycerol lipase [MAGL]) enzymes. These 

components are expressed almost ubiquitously throughout nociceptive pathways, and thus targeting the 

system via exogenous cannabinoid ligands or enhancement of endogenous signalling can regulate 

nociceptive signalling at multiple sites; in the periphery (reviewed in Guindon and Beaulieu, 2009), the 

dorsal horn of the spinal cord (Hohmann, 2002; Nyilas et al., 2009; Richardson et al., 1998; Sagar et al., 

2010; Woodhams et al., 2012) and in supraspinal pain-associated regions of the brain, as summarized in 

Figure 1. Sections 2 & 3 detail effects of systemic or local modulation of EC activity at peripheral and 

central sites, whilst Sections 4 & 5 focus on the role of the EC system in supraspinal pain-associated 

regions. In neural circuits, endocannabinoids act as short-term circuit breakers (Katona and Freund, 

2008). Endocannabinoids (i.e. 2-AG) are generated on-demand in response to high levels of activity, and 

produce short-term antinociceptive effects via their actions as retrograde transmitters at presynaptic 

inhibitory CB1 G protein-coupled receptors (GPCRs), with duration of effect limited by their rapid 

enzymatic degradation. Endocannabinoids play a key role in the resolution of acute pain states (Alkaitis 

et al., 2010), and are elevated at various sites in nociceptive pathways in chronic pain (Guindon et al., 

2013; Sagar et al., 2009; Sagar et al., 2012), highlighting their role as endogenous analgesics.  
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Figure 1: Schematic of Nociceptive Pathways & Sites of EC System Expression 

Nociceptive stimuli are conducted from the periphery to the dorsal horn of the spinal cord, and then 

transmitted to the supraspinal regions via the spinothalamic tract (STT, blue) and spinoparabrachial tract 

(SPBT, red). The major descending modulatory control pathway (DMCP, purple) is displayed on the right. 

This pathway crosses the midline at the level of the medulla. Coloured areas indicate the position of 

synapses, and therefore sites of additional neuronal processing and endocannabinoid signalling, 

in each pathway. The positions of laminae I–VI in the dorsal horn are indicated by dotted lines, while the 

black region in the brain represents the lateral ventricles.  

Thal., thalamus; VMH, ventromedial hypothalamus; PbN, parabrachial nucleus; PAF, primary afferent 

fibre; PAG, periaqueductal grey matter; RVM, rostroventral medulla; Pyr., pyramidal tract; DRG, dorsal 

root ganglion.  

Adapted from (Hunt and Mantyh, 2001). 
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However, this rather simplistic picture is complicated by the ubiquity of EC system expression – 

components are localized not just on excitatory neurons, but also inhibitory neurons, peripheral immune 

cells, and glial cells in the central nervous system (Egertova et al., 2003; Egertova and Elphick, 2000; 

Gong et al., 2006; Gregg et al., 2012; Hegyi et al., 2009; Horváth et al., 2014).  

Furthermore, cannabinoid ligands and their metabolites are promiscuous (Alexander and Kendall, 2007), 

with some excitatory actions such as AEA agonism at TRPV1 (Ross, 2003), alongside inhibitory actions at 

CB1 and CB2 and the nuclear family of peroxisome proliferator-activated receptors (PPARs, reviewed in 

O'Sullivan, 2007; O'Sullivan, 2016). EC activity can therefore induce a complex interplay of actions, the 

result of which can be antinociceptive (Alkaitis et al., 2010) or pronociceptive (Pernia-Andrade et al., 

2009) depending on the site of expression and the underlying physiological state (Zeilhofer, 2010). 

 

2. Blockade of EC Metabolism as an Analgesic Approach: Past Issues and Future Directions 

As EC levels are known to be elevated specifically at sites of injury or excessive nociceptive signalling 

(Sagar et al., 2012), the use of specific enzyme inhibitors to augment their effects has received particular 

interest in the field of pain research. This approach targets areas of high EC turnover whilst sidestepping 

the undesirable effects of global cannabinoid receptor activation associated with application of 

exogenous cannabinoid ligands (reviewed in Ameri, 1999). In the following section we review the 

historical preclinical successes of this approach, the recent setbacks in translating into the clinic, and the 

promising future directions. 

 

2.1 FAAH Inhibition for Analgesia 

Anadamide (AEA) was the first endocannabinoid to be identified (Devane et al., 1992), and thus formed 

the central focus of the early years of endocannabinoid pain research, in which its efficacy as an 

analgesic was established in multiple preclinical models of acute pain (Calignano et al., 1998; Walker et 
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al., 1999). Fatty-acid amide hydrolase (FAAH) was identified as the major enzyme degrading  fatty-acid 

amides which bind to cannabinoid receptors, such as AEA, but also the related compounds 

oleoylethanolamine (OEA) and palmitoylethanolamine (PEA) which do not (Cravatt et al., 1996). This 

discovery led to the development of several classes of compounds capable of inhibiting FAAH and thus 

promoting signalling of AEA (PF3845 - Ahn et al., 2009; PF-04457845 - Ahn et al., 2011; OL135 - Chang et 

al., 2006; JNJ-1661010 - Karbarz et al., 2009; URB597 - Kathuria et al., 2003) and other fatty-acid amides. 

These compounds show high specificity for FAAH, significantly elevating levels of AEA, OEA, and PEA in 

the central nervous system and peripheral tissues. Whilst OEA and PEA are not endocannabinoids as 

they have no affinity for cannabinoid receptors, PEA has well-established anti-inflammatory 

properties via peroxisome proliferator-activated receptors (PPARs) (Alhouayek and Muccioli, 

2014; Lambert et al., 2002; LoVerme et al., 2006), and PEA and OEA are capable of elevating 

levels of AEA through substrate competition at FAAH (Di Marzo et al., 1994). Thus, these N-

acylethanolamines are of interest to the field of cannabinoid pain research.  

 

FAAH Inhibition in Models of Inflammatory Pain: Due to the dual analgesic and anti-inflammatory 

properties of FAAH substrates, inhibitors of FAAH have been preferentially evaluated as a therapeutic 

approach in preclinical models of inflammatory pain. These models involve application of noxious 

substances to the hindpaw, resulting in inflammation (oedema) and measureable nociceptive behaviour,  

including allodynia (heightened responses to non-noxious levels of cutaneous stimulation) and 

hyperalgesia (heightened responses to noxious levels of cutaneous stimulation), although the underlying 

signalling mechanisms generating inflammation differ. Both brain impermeant (Clapper et al., 2010) and 

brain permeant inhibitors of FAAH have been shown to suppress inflammatory pain induced by formalin, 

carrageenan, and Complete Freund’s Adjuvant (CFA) (for review, see Guindon and Hohmann, 2009). 

Systemic FAAH inhibition is anti-inflammatory via CB2 in the carrageenan model in mice (Holt et al., 
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2005), and produces CB1-mediated antinociception in the CFA model in rats (Wilson et al., 2005). Both 

CB1 and CB2 have been implicated in the antinociceptive effects of FAAH inhibition in this model (Ahn et 

al., 2011; Jayamanne et al., 2006), and a CB2 component is likely of increased importance in models of 

inflammatory pain due to potential involvement of CB2-expressing peripheral immune cells and glial cells 

of the CNS. Indeed, several distinct classes of FAAH inhibitors reduce nociceptive behaviour following 

hindpaw administration of LPS, and a detailed investigation of the mechanism implicates both CB1 and 

CB2, but not TRPV1, PPARα, or µ-opioid receptors (Booker et al., 2012).  

 

FAAH Inhibition in Models of Neuropathic Pain: The efficacy of FAAH inhibition is not limited to 

inflammatory pain states, and numerous studies have demonstrated antinociceptive effects of FAAH 

inhibition in models of neuropathic pain. In the chronic constriction injury (CCI) model in mice, several 

studies have demonstrated antinociceptive effects of FAAH inhibitors which appear to require both CB1 

and CB2 (Kinsey et al., 2010; Kinsey et al., 2009; Russo et al., 2007), as antagonism or genetic deletion of 

either receptor blocks the anti-allodynic effect (but also see discussion of Carey et al., 2016 below). In 

contrast, the antinociceptive effects of FAAH inhibition in the partial sciatic nerve ligation (PSNL) model 

in mice were dependent only on CB1 (Desroches et al., 2013), whilst that seen in the spinal nerve ligation 

(SNL) model in rats required both CB1 and CB2 (Chang et al., 2006; Jhaveri et al., 2006; Karbarz et al., 

2009). Interestingly, another study failed to find any effect of FAAH inhibition in the PSNL model in rats 

(Jayamanne et al., 2006), suggesting that there may be species- and model-specific mechanisms which 

complicate the interpretation of these data.  

 

Central and Peripheral Mechanisms of FAAH Inhibition: To investigate the major site of action of FAAH 

inhibition, several studies have used local administration of compounds into the hindpaw, spinal cord, or 

brain. Local administration of a FAAH inhibitor into the hindpaw in the rat carrageenan model is 
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antinociceptive, but not anti-inflammatory, blocking both pain behaviour and the receptive field 

expansion of dorsal horn neurons (Jhaveri et al., 2008; Sagar et al., 2008), a marker of central 

sensitisation, and thus development of an inflammatory pain state (Latremoliere and Woolf, 2009). 

Development of the peripherally-restricted FAAH inhibitor URB937 revealed a significant CB1-mediated 

peripheral component to the antinociceptive effects of FAAH inhibition in models of inflammatory pain, 

since the effects were completely blocked by administration of a CB1 antagonist (Clapper et al., 2010; 

Sasso et al., 2015b), in line with the suggestion that exogenous cannabinoids exert much of their pain 

relieving effects via peripheral CB1 receptors (Agarwal et al., 2007). It should be noted, however, that 

spinal and supraspinal mechanisms have also been described for FAAH inhibition in models of acute pain. 

In the surgical incision model of acute resolving pain in rats, spinal levels of AEA are reduced at early 

time points coinciding with maximal mechanical hypersensitivity, returning to baseline as nociceptive 

behaviour subsides (Alkaitis et al., 2010), whilst administration of a FAAH inhibitor to the periaqueductal 

grey matter altered thresholds to thermal stimuli in a biphasic manner (Maione et al., 2006). Global 

deletion of FAAH in mice results in 15-fold elevations in brain levels of AEA, reduced sensitivity to 

thermal and inflammatory pain, and augmented responses to exogenous AEA which are mediated by CB1 

(Cravatt et al., 2001). However, recent evidence has also demonstrated a pronociceptive phenotype 

when FAAH KO mice are challenged with the TRPV1 agonist capsaicin (Carey et al., 2016), and show 

elevations in numerous endovanilloids and other potentially bioactive lipids suggesting that persistent 

elevation of fatty-acid amides could potentially lead to sensitisation (e.g. of TRPV1 channels) in certain 

pathological pain states.  

 

FAAH Inhibitors in the Clinic – a bridge too FAAH?: The wealth of preclinical data demonstrating efficacy 

of FAAH inhibition as an analgesic strategy has led to completion of Phase I trials in humans (PF-

04457845 - Li et al., 2012; V158866 - Pawsey et al., 2016). However, despite being well-tolerated and 
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producing significant elevations in peripheral blood levels of AEA, PF-04457845 failed to produce 

significant analgesia in a Phase II trial in late-stage osteoarthritis (OA) patients (Huggins et al., 2012). 

Tolerance to persistently elevated AEA levels may occur with chronic FAAH inhibition, as indicated by a 

lack of effect of chronic FAAH inhibition in the rat carrageenan model of inflammatory pain (Okine et al., 

2012), or it could be that AEA levels at key central signalling sites are already maximally elevated in these 

patients and/or result in sensitisation of TRPV1 receptors. Better stratification of patients and targeting 

of pain conditions may result in more positive results. In the case of OA, for example, it may be beneficial 

to assess efficacy in earlier stages of disease when tolerance to chronically-elevated endocannabinoids 

has not occurred. Furthermore, recent clinical assessments of the efficacy of cannabinoids in pain states 

(reviewed in Lichtman and Chapman, 2011), have suggested that beneficial effects on pain comorbidities 

including mood disturbances, loss of appetite, and disturbed sleep, may outweigh those on sensory 

aspects of pain. Conditions such as fibromyagia, complex regional pain syndrome, MS, or cancer pain in 

which such factors play a more prominent role may therefore be better clinical targets for these 

compounds. 

 Another FAAH inhibitor, BIA-102474, led to severe neurological toxicity in a more recent Phase I trial, 

resulting in the death of one of the participants and permanent neurological damage in 5 others (Kaur et 

al., 2016; Moore, 2016). This tragic outcome would have the potential to kill any further clinical interest 

in FAAH inhibition, were it not for several important considerations. After extensive review of the data 

arising from this trial, it now seems that these shocking events reflect problems with the design of the 

trial and the specific molecule utilised, rather than with targeting FAAH in general (Kaur et al., 2016). 

These issues relate to the supramaximal dose administered, the decision to continue dosing other 

participants after adverse events first arose, the relatively low selectivity of the compound, potential 

irreversible interactions with non-FAAH serine hydrolases, its long half-life, and the lack of toxicity 

studies specifically relating to its known metabolites. Firstly, it should be noted that the dose 
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administered was 20-50 times that required for full FAAH inhibition (Bégaud et al., 2016), and 

furthermore that this dose was administered repeatedly, allowing for accumulated tissue concentrations 

at which off-target effects became inevitable. BIA-102474 reportedly showed 50-100 fold selectivity for 

FAAH over other serine hydrolases, and adverse events arose only on the 5th and 6th days of 50mg 

administration when concentrations likely exceeded those at which the drug was selective. Single 

administrations of up to 100mg showed no ill effects, strongly suggesting that the toxicity arose from 

accumulation of the drug. Although the cause of toxicity has not been fully established, and it remains 

possible that they may have arisen due to impurities in the batch of compound utilised in the trial, it 

seems likely that irreversible, off-target effects of BIA-102474 or one of its metabolites at alternative 

serine hydrolases was responsible. The lack of similar effects in multiple trials of chemically disparate 

classes of FAAH inhibitors argue strongly against a FAAH-mediated mechanism (Huggins et al., 2012; Li et 

al., 2012; Pawsey et al., 2016). In light of these trial and compound-specific issues and the wealth of 

preclinical data supporting efficacy of compounds directed at FAAH, we believe that FAAH inhibition still 

remains a promising target for the development of novel analgesics. 

 

2.2 MAGL Inhibition for Analgesia 

Although discovered a few years after AEA, 2-AG is now considered to be the major endocannabinoid 

ligand in the CNS (Stella et al., 1997), responsible for most of the well-characterised synaptic properties 

of CB1 activation (reviewed in Katona and Freund, 2012). Monoacyglycerol lipase (MAGL) was identified 

as the major enzyme responsible for terminating 2-AG signalling (Dinh et al., 2002; Dinh et al., 2004), and 

though other enzymes do contribute to 2-AG metabolism in vivo (Blankman et al., 2007; Marrs et al., 

2010), ~85% of hydrolytic activity in brain can be attributed to MAGL. Initially, attempts to develop 

selective MAGL inhibitors were unsuccessful due to off-target interactions with other serine hydrolases, 

including FAAH (King et al., 2007; Vandevoorde et al., 2007). Local injections of the O-biphenylcarbamate 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 11

URB602, an MAGL preferring inhibitor, reduced MGL activity, selectively elevated levels of 2-AG without 

altering levels of AEA, and produced antinociception, but was not potent enough to be used systemically 

(Hohmann et al., 2005). However, in 2009 a compound with 300-fold selectivity for MAGL over FAAH was 

developed from activity-based protein profiling of a diverse library of carbamates and lead optimization 

by the Cravatt group  (Long et al., 2009a). JZL184, administered systemically, produces 8-fold elevations 

in brain 2-AG without markedly elevating AEA levels, and increases acute thermal and mechanical pain 

thresholds in mice. Similar to FAAH inhibition, substantial antinociception has been demonstrated in 

rodent models of peripheral inflammatory pain (Ghosh et al., 2013; Guindon et al., 2011; Woodhams et 

al., 2012), visceral and gastrointestinal pain (Busquets-Garcia et al., 2011; Kinsey et al., 2011), 

neuropathic pain (Kinsey et al., 2010; Kinsey et al., 2009), chemotherapy-induced neuropathy (Guindon 

et al., 2013), and bone cancer pain (Khasabova et al., 2011). In models of acute pain, effects of MAGL 

inhibition appear to be largely mediated by CB1 (Long et al., 2009a) though a more prominent CB2-

mediated component has been identified in inflammatory and neuropathic pain models (Guindon et al., 

2007a; Guindon et al., 2011; Guindon and Hohmann, 2008), perhaps unsurprisingly since 2-AG is a full 

agonist at CB2 whilst AEA is only a weak partial agonist (Gonsiorek et al., 2000). However, no sooner had 

a specific MAGL inhibitor been developed, than findings questioning the long-term efficacy of this 

approach appeared. Full inhibition of MAGL via JZL184 produces many cannabinoid-like behaviours (Long 

et al., 2009a), suggesting that this approach may share some of the unwanted side-effects of 

cannabinoids. Furthermore, several studies have now revealed that sustained global elevation of 2-AG 

via genetic deletion of MAGL or persistent blockade of MAGL activity with enzyme inhibitors produces 

functional antagonism of the brain EC system, resulting in profound downregulation and desensitization 

of CB1 receptors in nociception-associated regions, and a loss of analgesic phenotype (Chanda et al., 

2010; Imperatore et al., 2015; Navia-Paldanius et al., 2015; Schlosburg et al., 2010). Chronic MAGL 
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blockade may also result in physical dependence, since a CB1 antagonist precipitated behavioural 

symptoms of withdrawal following repeated high dose JZL184 treatment (Schlosburg et al., 2009).  

 

However, these problems may not present an insurmountable obstacle. Chronic partial inhibition of 

MAGL produces sustained analgesia in the absence of cannabinoid side effects in mice (Busquets-Garcia 

et al., 2011; Kinsey et al., 2011). Furthermore, a new generation of MAGL inhibitors have been 

developed with more attractive therapeutic profiles (Ignatowska-Jankowska et al., 2014; MJN110 - 

Niphakis et al., 2013a). These compounds have greater selectivity for MAGL over FAAH than JZL184, 

producing antinociceptive effects in mouse models of acute and chronic pain with reduced 

cannabimimetic properties (Ignatowska-Jankowska et al., 2014; Ignatowska-Jankowska et al., 2015b).  

 

2.3 The Future of EC Metabolic Enzyme Inhibitors: Broadening the Appeal 

FAAH and MAGL degrade a variety of lipid signalling molecules which do not bind to cannabinoid 

receptors, and therefore, FAAH and MAGL inhibitors are not selective for the endocannabinoid system.  

Moreover, endocannabinoids also undergo oxidative metabolism by a variety of different enzymes such 

as cyclooxygenases (for reviews, see Guindon and Hohmann, 2009; Starowicz and Di Marzo, 2013). These 

observations raise the possibility that compounds targeting multiple enzymes may produce better 

analgesic efficacy than targeting a single enzyme in isolation. Complete ablation of EC catabolic enzyme 

activity may, therefore, not be the most effective therapeutic strategy for pain relief, as evidenced by the 

recent clinical failure of a FAAH inhibitor in osteoarthritic pain, and the uncovering of functional 

antagonism following chronic absence of MAGL activity. However, clinical trials fail for many reasons, 

including choice of target indication and lack of demonstration of target engagement, and there remains 

significant hope in this area of analgesic drug development due to the high safety profile observed with 

well-characterized FAAH inhibitors in humans. Many recent preclinical studies have utilized combined 
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inhibition of FAAH and MAGL, or inhibitors of other pain-related enzymes, and/or pain-relieving drugs to 

produce analgesia in the absence of side-effects. Multifunctional compounds often have improved safety 

profiles compared to highly specific single target molecules, and this work suggests that a more broad-

spectrum approach may finally allow translation of the pre-clinical promise of EC-directed therapies to 

the clinic. Finally, the allosteric modulatory site (Price et al., 2005) on the cannabinoid CB1 receptor is 

also a promising target for small molecule analgesic drug development (Ignatowska-Jankowska et al., 

2015a). 

 

Combined FAAH/MAGL Inhibition: Alongside JZL184, Long and colleagues developed an analogue 

compound with dual inhibitory properties at MAGL and FAAH (Long et al., 2009b). Systemic 

administration of JZL195 produces greater cannabimimetic effects than full inhibition of MAGL or FAAH 

alone (Long et al., 2009b), but unlike synthetic cannabinoid agonists, the effective dose for 

antinociception is significantly lower than that producing unwanted side-effects, indicating a potential 

therapeutic window (Adamson Barnes et al., 2016). Similarly, a recent study employed full FAAH 

inhibition with partial MAGL inhibition via co-administration of PF-3845 and JZL184 (Ghosh et al., 2015), 

producing a synergistic augmentation of antinociceptive potency in models of neuropathic and 

inflammatory pain, in the absence of cannabimimetic side effects, and with an apparent lack of tolerance 

and dependence following chronic dosing. In accordance with these data, a novel dual FAAH/MAGL 

inhibitor with markedly greater potency at FAAH than MAGL (SA-57 - Niphakis et al., 2013b), produces 

antinociception in mouse models of neuropathic and inflammatory pain (Wilkerson et al., 2016a). 

Interestingly, this compound can be used in combination with morphine to produce synergistic 

analgesia, and even appears to alleviate tolerance to opioid analgesia. A similar effect has also been 

noted using low dose MAGL inhibition via MJN110 in combination with morphine in a rodent model of 

neuropathic pain (Wilkerson et al., 2016b), suggesting this is an exciting avenue for future research. 
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Combined FAAH Inhibition/TRPV1 Antagonism: FAAH inhibition can produce biphasic effects in pain 

models, with antinociception via AEA actions at CB1 at low concentrations, and pronociceptive effects via 

the activation, but not desensitisation, of TRPV1 when AEA levels are highly elevated (Maione et al., 

2006; Ross, 2003). Dual FAAH inhibition in combination with TRPV1 antagonism is therefore an attractive 

therapeutic target (Fowler et al., 2009). Indeed, TRPV1 antagonism in its own right was once a promising 

analgesic strategy (Ghilardi et al., 2005; Swanson et al., 2004), but clinical development of TRPV1 

inhibitors was stalled due to adverse hyperthermic effects (Gavva, 2009; Gavva et al., 2008). In contrast, 

the dual FAAH inhibitor/TRPV1 antagonist compounds AA-5-HT (Hohmann et al., 2005; Maione et al., 

2007) and OMDM-198 (Maione et al., 2013) produce antinociception in the absence of hyperthermia. 

AA-5-HT has antinociceptive efficacy in the formalin and carrageenan models of inflammation, and the 

CCI and SNI models of neuropathic pain (Costa et al., 2010; de Novellis et al., 2008; de Novellis et al., 

2011; Maione et al., 2007; Malek et al., 2016), whilst OMDM-198 is effective in the formalin and 

carrageenan models of inflammatory pain (Maione et al., 2013), and a rat model of osteoarthritic pain 

(Malek et al., 2015). A significant supraspinal component to these effects has been described via 

microinjection of AA-5-HT into the PAG, resulting in CB1-, and TRPV1-dependent analgesia, and a 

restoration of the excitation-inhibition balance in prefrontal cortex (de Novellis et al., 2008; de Novellis 

et al., 2011). Thus, this approach may even be effective at neutralising the affective component of pain 

(see Section 3) and the cortical dysfunctions associated with chronic pain states (see Section 4), however 

further research is still ongoing to determine the clinical potential of these preliminary data.  

 

FAAH/COX2 Inhibition: Cyclooxygenase enzymes in CNS neurons play a critical role in inflammatory 

pains state through their actions in generating prostanoids (Vardeh et al., 2009), and are the central 

target for the non-steroidal anti-inflammatory drug (NSAID) class of analgesics. However, COX2 can also 

metabolise AEA when other catabolic pathways are blocked (Fowler, 2007), reducing AEA tone, and 
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potentially contributing to the clinical failure of FAAH (Starowicz and Di Marzo, 2013). Strong evidence 

demonstrates that NSAIDs can act as FAAH inhibitors (Fowler et al., 1999; Seidel et al., 2003), and co-

administration of FAAH inhibitors and NSAIDs produces synergistic antinociceptive effects in preclinical 

models of pain (Grim et al., 2014; Guindon and Beaulieu, 2006; Guindon et al., 2006), providing a 

powerful rationale for the design of compounds with dual activity at these two enzymes. One such 

compound, ARN2508, has recently been developed and showed efficacy in a model of intestinal 

inflammation (Sasso et al., 2015a). Notably, this drug produced antinociception in the absence of gastric 

damage, and may thus avoid a major side-effect of chronic NSAID treatment. In addition, substrate-

specific inhibitors of COX2 have been developed which selectively block the hydrolysis of AEA, but spare 

other molecules (Hermanson et al., 2014; Hermanson et al., 2013). These compounds have shown 

efficacy at treating preclinical models of stress-induced neuropsychiatric disorders (Gamble-George et 

al., 2016), highlighting the link between the endocannabinoid system and stress, which forms the basis 

of a subsequent section of this review.  

 

 3. Positive Allosteric modulators of cannabinoid CB1 receptor signalling 

The identification of allosteric binding site(s) (Price et al., 2005) on the CB1 GPCR has facilitated drug 

discovery efforts aimed at harnessing the therapeutic potential of endocannabinoid signalling. Positive 

allosteric modulators enhance the affinity and/or efficacy of the endogenous ligand at the classical 

(orthosteric) binding site. Because allosteric modulators bind to sites distinct from the orthosteric 

binding site, they might be expected to show a more limited spectrum of unwanted cannabimimetic 

effects compared to direct agonists like THC. Positive allosteric modulators that have been evaluated for 

antinociceptive efficacy in the published literature include lipoxin A4 (Pamplona et al., 2012) and ZCZ011 

(Ignatowska-Jankowska et al., 2015a). Of these, the best characterized is ZCZ011, as Lipoxin A4 is an 

endogenous lipid mediator that could not be administered systemically. Nonetheless, following 
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intraventricular administration Lipoxin A4 produces typical CB1-mediated cannabimimetic effects 

following intraventricular administration (i.e. reduces locomotor activity in the open field, produces 

catalepsy in the ring test, hypothermia) and produces antinociception in the hotplate test (Pamplona et 

al., 2012). ZCZ011 suppressed neuropathic and inflammatory pain behaviour in mice through a CB1 

mechanism (Ignatowska-Jankowska et al., 2015a). ZCZ011 also increased the potency of orthosteric 

cannabinoid agonists in the tetrad (antinociception in tail-flick, hypothermia, catalepsy and locomotor 

activity) did not exhibit the discriminative stimulus effects of CP55,940 or ananadamide (Ignatowska-

Jankowska et al., 2015b). Antinociceptive efficacy was also preserved following 6 days of repeated dosing 

(Ignatowska-Jankowska et al., 2015b). Moreover, ZCZ011 did not produce conditioned place preference 

or aversion (Ignatowska-Jankowska et al., 2015b).  

GAT211 and GAT229 are other recently described CB1 positive allosteric modulators (Laprairie et al., 

2017). The in vivo profile of GAT211 has only recently been reported (Slivicki et al., 2016).  GAT211 

suppresses both inflammatory and neuropathic pain without producing typical CB1-mediated 

cannabimimetic effects (Slivicki et al., 2016). Moreover, GAT211 shows synergistic antinociceptive effects 

with inhibitors of both FAAH and MAGL, suggesting it is not acting in a probe-specific manner to enhance 

2-AG over anandamide signaling or vice versa (Laprairie et al., 2017; Slivicki et al., 2016). Unlike 

orthosteric CB1 agonists and MAGL inhibitors, GAT211 did not produce tolerance over a 20 day interval 

of once daily dosing (Slivicki et al., 2016). Moreover, GAT211 also failed to produce conditioned place 

preference or reward (Slivicki et al., 2016). The similar features shared by GAT211 and ZCZ011 support 

the importance of allosteric modulatory site(s) on the CB1 receptor as a target for analgesic drug 

development. Although preclinical studies are still at an early stage CB1 positive allosteric modulators 

show potential for suppressing chronic pain in a manner that is safe, effective and lacks unwanted side 

effects of orthosteric CB1 agonists. It should also be noted that several exogenous and endogenous 

substances have also been identified as negative allosteric modulators of CB1, suggesting complex 
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regulation of CB1 signalling. This topic is covered in detail elsewhere in this Special Issue (Khurana et al., 

2017). 

 

4. The EC System and Stress-Induced Modulation of Pain 

The intensity of perceived pain does not necessarily correlate with the degree of tissue damage, injury or 

inflammation, and the importance of modulation of pain by context and emotion is now widely 

recognized. Stress, fear, and anxiety can modulate pain (Asmundson and Katz, 2009; Burke et al., 2015; 

Butler and Finn, 2009; Fitzgibbon et al., 2015; Ford and Finn, 2008; Jennings et al., 2014; Olango and 

Finn, 2014; Rhudy and Meagher, 2000; Rhudy and Meagher, 2001; Wiech and Tracey, 2009). Negative 

emotions with low to moderate arousal tend to exacerbate pain through the phenomenon of stress-

induced hyperalgesia (SIH), while negative emotions with high arousal tend to inhibit pain through the 

phenomenon of stress-induced analgesia (SIA) (de Wied and Verbaten, 2001; Dougher, 1979; Meagher et 

al., 2001; Rhudy and Meagher, 2000; Rhudy and Meagher, 2001; Rhudy and Meagher, 2003). 

Cannabinoid receptors are localized in brain regions involved in the modulation of pain, stress, and 

emotion including the RVM, PAG, amygdala and PFC (Herkenham et al., 1991; Tsou et al., 1998, see 

figure 1). Stress and fear have been shown to alter levels of endocannabinoids in these brain regions 

(Carrier et al., 2005; Gregg et al., 2012; Hill et al., 2013; Hill et al., 2005; Hohmann et al., 2005; Morena et 

al., 2015; Olango et al., 2012; Patel et al., 2005; Rademacher et al., 2008). In this section, we will review 

the role of the endocannabinoid system in SIA and SIH, with an emphasis on the sites and mechanisms 

involved.  

 

4.1 Stress-Induced Analgesia (SIA) 

SIA is a form of adaptive pain suppression, an evolutionarily conserved response to stress that has 

survival value (Amit and Galina, 1986; Butler and Finn, 2009; Ford and Finn, 2008). Early studies indicated 
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that SIA was mediated via both opioid and non-opioid mechanisms, and in 2000 it was shown that CB1 

receptor knock-out mice do not exhibit opioid-mediated antinociception following a forced swim in 

water at 34oC (Valverde et al., 2000), suggesting that the endocannabinoid and opioid systems interact 

to mediate this form of SIA. In 2004, Finn and colleagues demonstrated that systemic administration of 

the CB1 receptor antagonist/inverse agonist rimonabant completely prevented the suppression of 

formalin-evoked nociceptive behaviour expressed in rats upon re-exposure to an aversively conditioned 

context previously paired with footshock (i.e. fear-conditioned analgesia; FCA) (Finn et al., 2004). A series 

of studies from Hohmann and colleagues demonstrated a key role for the EC system in an opioid-

independent form of unconditioned SIA in rats (footshock followed immediately by tail-flick testing) and 

identified some of the brain regions involved. Systemic administration of CB1 receptor antagonists 

(Hohmann et al., 2005), or their direct microinjection into the dorsolateral PAG (Hohmann et al., 2005; 

Suplita et al., 2005), brainstem RVM (Suplita et al., 2005), basolateral amygdala (BLA) (Connell et al., 

2006), but not spinal cord (Suplita et al., 2006), attenuated SIA. Footshock stress was shown to increase 

the formation of AEA and 2-AG in the dorsolateral PAG (Gregg et al., 2012; Hohmann et al., 2005) and 

either systemic or intra-PAG administration of drugs which inhibit the enzymatic degradation or 

transport of endocannabinoids potentiated SIA (Hohmann et al., 2005; Suplita et al., 2005). Potentiation 

of SIA was also observed following direct injection of a FAAH inhibitor into the RVM (Suplita et al., 2005) 

or intrathecal injection of FAAH and MAGL inhibitors (Suplita et al., 2006). Thus, although 

endocannabinoids at the spinal level are capable of modulating this form of unconditioned SIA, 

mediation of this behavioural response was critically dependent on endocannabinoid-CB1 signalling in 

supra-spinal sites including the PAG and RVM, key components of the descending pain pathway.  

 

The ability of footshock stress to trigger the mobilization of endocannabinoids such as 2-AG led to the 

use of this model of stress antinociception to probe the biochemical mechanisms underlying on demand 
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formation of 2-AG in vivo (Gregg et al., 2012). The results of behavioural, pharmacological studies, and  

immunohistochemical studies, along with RNA interference, quantitative PCR and lipidomic analyses of 

endocannabinoid content also show that activation of type 5 metabotropic glutamate receptors 

(mGluR5) leads to a Ca2+-dependent increase in the activity of the enzyme diacylglycerol lipase-α (DAGL-

α), which in turn initiates both 2-arachidonoylglycerol formation in the dorsolateral PAG and 

endocannabinoid mediated analgesia (Gregg et al., 2012). Stimulation of mGluR5 receptors in the dlPAG 

with the group 1 mGluR agonist (S)-3,5-dihydroxyphenylglycine (DHPG) initiated 2-AG formation and 

enhanced endocannabinoid-mediated stress antinociception through a mechanism that required both 

presynaptic CB1 receptors and DAGL-α. Pharmacological inhibition of DAGL activity in the dlPAG with 

tetrathydrolipstin decreased levels of 2-AG in the PAG with no change in levels of anandamide. 

Moreover, virally mediated RNA silencing of DAGL-α but not the DAGL-β isoform suppressed both 2-

AG formation and stress antinociception. These effects of RNA silencing of DAGL-α mRNA were mimicked 

by multiple pharmacological inhibitors of DAGL injected into the same site. Finally, 2-AG is likely to act as 

a retrograde messenger in the dlPAG because CB1 was confined to presynaptic terminal whereas DAGL-

α, which resided in dendritic spines, colocalized with mGluR5 (Gregg et al., 2012).  A similar molecular 

architecture of 2-AG signalling and CB1-mediated potentiation of stress antinociception was found in the 

lumbar spinal cord (Nyilas et al., 2009). Thus, stress-induced synthesis of 2-AG within the dorsolateral 

PAG and lumbar spinal cord is dependent on mGluR5-induced stimulation of postsynaptic DAGLα (Gregg 

et al., 2012; Nyilas et al., 2009). Although intra-BLA administration of rimonabant suppressed 

unconditioned SIA, inhibitors of endocannabinoid hydrolysis had no effect on SIA when injected into this 

brain region (Connell et al., 2006). Unlike SIA, FCA was not prevented by intra-BLA rimonabant (Roche et 

al., 2010; Roche et al., 2007), but was attenuated by intra-BLA administration of another CB1 receptor 

antagonist/inverse agonist, AM251 (Rea et al., 2013). The model of FCA used by Finn and co-workers has 

an opioid-mediated component. Thus, enhancement of FCA in this model, by systemic administration of 
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the FAAH inhibitor URB597, is prevented by co-administration of the opioid receptor antagonist 

naloxone, as well as by rimonabant and the selective CB2 receptor antagonist SR144528 (Butler et al., 

2008). Like SIA, it has been shown that FCA in rats is fully attenuated by intra-dlPAG injection of the CB1 

receptor antagonist/inverse agonist rimonabant and is associated with increased tissue levels of AEA in 

this PAG column (Olango et al., 2012). The ventral hippocampus is another locus of endocannabinoid-

mediated FCA in rats (Ford et al., 2011).  Additional work in mice has suggested that interactions 

between the endocannabinoid system and the cholecystokininergic (CCK) system (particularly CCK 2 

receptors) are important for expression of an opioid-dependent form of unconditioned SIA (Kurrikoff et 

al., 2008).   

By contrast, endocannabinoid-mediated SIA was attenuated in rats tolerant to the cannabinoid receptor 

agonists WIN55,212-2 or ∆9-THC (Hohmann et al., 2005; Suplita et al., 2008) but not in rats rendered 

tolerant to morphine (Hohmann et al., 2005), suggesting that endocannabinoid mediation of this form of 

SIA occurs independently of µ-opioid receptors. Furthermore, rats acutely exposed to footshock were 

hypersensitive to the antinociceptive effects of WIN55,212-2 and ∆9-THC and, in turn, acute ∆9-THC and 

WIN55,212-2 administration potentiated SIA, suggesting a bidirectional sensitization between 

endocannabinoid-mediated SIA and exogenous cannabinoid-induced antinociception. In summary, it is 

clear that the endocannabinoid system plays a key role in mediating non-opioid and opioid-dependent 

forms of endogenous pain suppression in response to either unconditioned or conditioned stressors. 

 

4.2 Stress-Induced Hyperalgesia (SIH) 

Stress and anxiety do not invariably suppress pain; they can also enhance nociception and exacerbate 

pain in a phenomenon referred to as stress-induced hyperalgesia (SIH). Despite the well-established role 

of the endocannabinoid system in stress, anxiety, and pain (Finn, 2010), few studies have investigated 

the role of endocannabinoids in SIH. Systemic administration of the CB1 receptor agonist arachidonyl-2-
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chloro ethylamine (ACEA) significantly reduced the enhanced visceromotor reflex to colorectal distention 

(i.e. number of abdominal contractions) and also attenuated changes in electromyogram response in rats 

stressed by partial restraint, whereas, the CB1 receptor antagonist/inverse agonist (rimonabant) had 

opposing effects on this stress-induced visceral hypersensitivity  (Shen et al., 2010). In the same study, a 

stress-induced up-regulation of CB1 receptors was demonstrated in the colon. In another study, visceral 

motor response increased significantly in water avoidance stressed rats, indicating hyperalgesia (Hong et 

al., 2009). Treatment of water avoidance stressed rats with the cannabinoid receptor agonist, WIN 

55,212-2, also prevented the development of visceral hyperalgesia. Levels of anandamide in the dorsal 

root ganglia of stressed rats were increased, while CB1 receptor expression was decreased (Hong et al., 

2009). These results suggest that endocannabinoid signalling through CB1 may play an important role in 

stress-induced visceral hyperalgesia.  

 

Chronic unpredictable stress (CUS), a widely used model for inducing anxiety and depressive-like 

behaviour in mice, enhances thermal (hot plate test) and mechanical (von Frey) hyperalgesia (Shi et al., 

2010). CUS has also been shown to induce long-lasting widespread hyperalgesia in mice following 

repeated intramuscular injection of nerve growth factor (NGF) which induces spinal sensitization 

accompanied by hyperalgesia (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 induced via combined CUS 

and NGF in this study, while JZL184 had no significant effect (Lomazzo et al., 2015). These data suggest a 

role for a FAAH substrate in this form of 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 an anxio-depressive phenotype and 
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hyper-sensitivity to stress, compared with other rat strains, including Sprague-Dawley (SD) rats (Burke, et 

al., 2010; O'Mahony, et al., 2010). Recently, impairment in pain-related mobilization of AEA and 2-AG, 

along with their synthesising enzymes, NAPE-PLD and DAGL, respectively, has been demonstrated 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 CB1 receptors in the RVM. These data suggest that impaired endocannabinoid-CB1-dependent 

signalling in the RVM underlies the hyper-sensitivity to noxious stimuli in WKY rat model of negative 

affective state (Rea et al., 2014).  More recently, further work from Finn and colleagues has identified a 

role for non-cannabinoid receptor targets of the endocannabinoids in hyperalgesia in WKY rats, 

specifically PPARγ (Okine et al., 2017), and TRPV1 (Madasu et al., 2016) in the PAG. The role of the EC 

system in the effects of repeated exposure to forced swim stress on formalin-evoked nociceptive 

behaviour in stress normo-responsive (SD) and stress hyper-responsive (WKY) rat strains has also been 

investigated. Formalin-evoked nociceptive behaviour was increased in SD rats following ten days of 

forced swim stress (Jennings et al., 2016). Anandamide levels were reduced in the contralateral 

amygdala (relative to formalin injection) of SD rats but not WKY rats. Strain differences in components of 

the endocannabinoid system within the amygdala were also observed. For example, decreased levels of 

anandamide and 2-AG were reported 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 endocannabinoid system in the amygdala in SIH, as well as implicating it in the 

strain differences seen between WKY and SD rats (Jennings et al., 2016). Additional studies are 

warranted to fully understand the role of the endocannabinoid system in in SIH, particularly in 

neuropathic pain models and studies in human subjects. Preclinical studies could, for example, 

investigate the effects of pharmacological or genetic manipulation of the endocannabinoid 
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system on stress-induced enhancement of hyperalgesia in rodent models of neuropathic pain. 

Clinical studies could assess the potential utility of endocannabinoids (and related lipids) as 

biomarkers for stress-induced exacerbation of chronic pain, and co-morbidity of chronic pain 

with affective disorders, in addition to investigating whether mechanisms elucidated in rodents 

translate to human patients and might be modulated pharmacologically for therapeutic benefit. 

Taken together, the data to date, reviewed above, suggest that endocannabinoid-CB1 receptor 

signalling in key components of the descending pain pathway mediates SIA, while a deficit in 

endocannabinoid-CB1 receptor signalling may underlie SIH. 

 

5. The EC System & Medial Prefrontal Cortex (mPFC) Dysfunction in Pain States: CB1 and mGluR5 in a 

Model of Arthritic Pain 

Alongside key involvement in the sensory and stress-induced aspects of pain processing, the EC system is 

also involved in the accompanying affective-emotional and cognitive dysfunctions which underlie the 

negative mood aspects of chronic pain in human patients. In the final section of this review, we 

introduce mPFC-amygdala interactions as a recently identified major player in chronic pain states, and 

the potential for alleviating dysfunctions by targeting the functional coupling of cannabinoid and 

metabotropic glutamate receptors. 

 

5.1 mPFC deactivation in pain 

The mPFC is responsible for executive functions and is closely connected to other limbic areas playing 

key roles in emotion, such as the amygdala. The infralimbic mPFC (area 25) exerts top-down control of 

amygdala function to inhibit aversive behaviours in a process referred to as “fear extinction” (Herry et 

al., 2010; Likhtik et al., 2005; Marek et al., 2013; Orsini and Maren, 2012; Pape and Pare, 2010; Sotres-
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Bayon and Quirk, 2010). Decreased infralimbic activity has been implicated in extinction deficits (Chang 

and Maren, 2010; Hefner et al., 2008; Kim et al., 2010; Sierra-Mercado et al., 2011). Accumulating 

evidence suggests that dysfunction in mPFC-amygdala interactions plays an important role in pain 

(Neugebauer, 2015). Functional and structural abnormalities in the mPFC have been detected in human 

pain patients (Apkarian et al., 2004b; Mayer et al., 2005) and in acute and chronic models of pain states 

(Cardoso-Cruz et al., 2013; Ji et al., 2010; Metz et al., 2009). Decreased activity of output neurons 

(pyramidal cells) in the infralimbic and prelimbic (area 32) regions of the mPFC has been demonstrated in 

rodent models of arthritis (Ji and Neugebauer, 2011, 2014; Ji et al., 2010) and neuropathic pain (Wang et 

al., 2015; Zhang et al., 2015). Brain slice physiology studies show that decreased infralimbic and 

prelimbic mPFC output is the consequence of abnormally enhanced glutamatergic activation of 

parvalbumin-expressing GABAergic interneurons (Ji and Neugebauer, 2011; Ji et al., 2010; Kiritoshi et al., 

2016; Zhang et al., 2015). Mechanisms of this abnormal feedforward inhibition, however, remained to be 

determined, and form the subject of the following two sections. 

 

5.2 Synaptic mechanisms 

A major source of input to the infralimbic and prelimbic mPFC are long-range projections from the 

basolateral amygdala (BLA) (Cheriyan et al., 2016; Little and Carter, 2013; Senn et al., 2014). The BLA is a 

major site for the integration of sensory and other inputs in the amygdala, forwarding this highly 

processed information to the amygdala output region (central nucleus, CeA) as well as to extra-

amygdalar brain regions such as the mPFC. In contrast to pain-related deactivation of the mPFC, the 

amygdala (CeA and BLA) develops synaptic plasticity and hyperactivity in pain states, which critically 

contribute to the emotional-affective aspects of pain and the facilitation of pain sensitivity (Neugebauer, 

2015). Increased activity in the amygdala has also been described in experimental and clinical human 

pain states (reviewed by Neugebauer, 2015).  
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Increased BLA output has been causally linked to mPFC deactivation. Pharmacological studies in an 

arthritis pain model (knee joint monoarthritis induced by intraarticular kaolin/carrageenan, 5-6 hours 

post-induction; Neugebauer et al., 2007) showed that normalizing activity of BLA neurons with 

stereotaxic intra-amygdala injection of a corticotropin-releasing factor 1 (CRF1) receptor antagonist 

partially restored the decreased activity of layer V mPFC pyramidal neurons (Ji et al., 2010). The 

mechanism by which BLA projection neurons decrease mPFC pyramidal cell activity is glutamate-driven 

activation of GABAergic mPFC interneurons, resulting in feedforward inhibition of mPFC pyramidal cells 

(Figure 2). Whole-cell patch-clamp recordings of layer V pyramidal cells in the infralimbic and prelimbic 

mPFC showed increased inhibitory synaptic transmission (inhibitory postsynaptic currents, IPSCs) in brain 

slices from rats with a knee joint monoarthritis (5-6 hours post-induction by intraarticular 

kaolin/carrageenan) compared to controls (Ji et al., 2010; Kiritoshi et al., 2016). IPSCs were evoked by 

focal electrical stimulation of fiber tracts containing anterogradely labeled BLA axons, and by more 

selective optogenetic activation of BLA terminals in the mPFC expressing a light sensitive channel 

(channel rhodopsin 2, ChR2) 4 weeks after injection of viral vector (rAAV5/CaMKIIa-ChR2(H134R)-eYFP) 

into the BLA (Ji et al., 2010; Kiritoshi et al., 2016). Increased feedforward inhibition of prelimbic layer V 

pyramidal cells was also detected 10 days after induction of SNI neuropathic pain in the mouse (Zhang et 

al., 2015).  

Feedforward inhibition of mPFC pyramidal cells involves activation of GABAergic interneurons mediated 

by metabotropic glutamate receptor subtype mGluR1, but not mGluR5 (Ji and Neugebauer, 2011; Sun 

and Neugebauer, 2011). Since blockade of mGluR1 restored mPFC activity only partially (Ji and 

Neugebauer, 2011), other mechanisms and targets to increase and restore mPFC activity were explored. 

The EC system has subsequently emerged as a likely candidate, based on the evidence for an important 

role of CB1 receptors in the infralimbic mPFC in fear extinction (Lin et al., 2009; Marsicano et al., 2002). 
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5.3 Role of CB1 and mGluR5 Interaction in Control of Cortical Feedforward Inhibition.  

ECs act as retrograde signalling molecules on presynaptic CB1 receptors to inhibit excitatory or inhibitory 

synaptic transmission (Di Marzo, 2011; Guindon and Hohmann, 2009; Kano et al., 2009; Lovinger, 2008). 

In the rodent mPFC, CB1 is predominantly if not exclusively expressed in GABAergic interneurons 

(Marsicano and Lutz, 1999; Wedzony and Chocyk, 2009) and therefore well positioned to reduce the 

abnormal synaptic inhibition observed in pain models (see 4.2). Indeed, CB1-mediated depolarization-

induced suppression of synaptic inhibition (DSI) has been detected in layer V infralimbic pyramidal cells 

in brain slices from normal rats (Kiritoshi et al., 2016; Kiritoshi et al., 2013). DSI is a form of short-term 

synaptic plasticity, involving postsynaptic calcium influx following depolarization, activation of DAGLα, 

synthesis and release of 2-AG, and retrograde activation of CB1 receptors on the presynaptic terminal to 

inhibit transmitter release (Di Marzo, 2011; Kano et al., 2009; Lovinger, 2008; Rivera et al., 2014). A 

selective CB1 agonist (ACEA) decreased frequency, but not amplitude, of miniature IPSCs and increased 

synaptically-evoked spiking (E–S coupling, a measure of output function), suggesting that presynaptic CB1 

controls inhibitory transmission onto mPFC pyramidal cells (Kiritoshi et al., 2013). 

In addition to DSI, mGluR5 has been linked to the production of ECs and synaptic depression (Robbe et 

al., 2002). As previously discussed (see Section 4), mGluR5 can activate the phospholipase C - DAGLα 

pathway that leads to the formation of 2-AG (Gregg et al., 2012; Nyilas et al., 2009). Complementary to 

pre-synaptically-expressed CB1, mGluR5 in the mPFC is expressed mostly on post-synaptic elements 

(Muly et al., 2003), has excitatory effects on layer V pyramidal cells (Fontanez-Nuin et al., 2011; Kiritoshi 

et al., 2013; Marek and Zhang, 2008), and plays a role in fear extinction (Fontanez-Nuin et al., 2011; 

Sepulveda-Orengo et al., 2013; Xu et al., 2009). CB1-expressing axon terminals synapse onto mPFC 

pyramidal cells expressing mGluR5 and DAGLα (Lafourcade et al., 2007), and a selective mGluR5 

activator (VU0360172 - Rodriguez et al., 2010) decreased synaptic inhibition of infralimbic pyramidal 

cells, in a CB1-sensitive manner (Kiritoshi et al., 2013). VU0360172 increased pyramidal output (E-S 
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coupling), which was blocked by intracellular inhibition of DAGLα with tetrahydrolipstatin (THL) or by the 

CB1 antagonist/inverse agonist AM251 (Kiritoshi et al., 2016; Kiritoshi et al., 2013). These data suggest 

that mGluR5 increases pyramidal output by controlling synaptic inhibition through 2-AG-CB1 signalling 

(Figure 2).  

Unexpectedly, this mGluR5-CB1-mediated effect is absent in a model of arthritic pain. In brain slices from 

arthritic animals (kaolin/carrageenan model, 5-6 h post-induction), DSI was impaired, mGluR5 activation 

with VU0360172 had no effect on the output (E-S coupling) of infralimbic pyramidal cells, and ACEA no 

longer decreased feedforward inhibition (Kiritoshi et al., 2016; Kiritoshi et al., 2013). This breakdown of 

mGluR5-CB1 signalling in the mPFC leads to abnormally enhanced feedforward inhibition, and may 

explain the decreased mPFC output seen in this model. The mechanism underlying the loss of CB1-

mediated control of synaptic inhibition appears to be a lack of available 2-AG, rather than of functional 

CB1 receptors or impaired release of endocannabinoids. This has been demonstrated by the restoration 

of mGluR5-CB1 facilitation of mPFC output via use of specific enzyme inhibitors. Increasing availability of 

2-AG in the postsynaptic cell via inhibition of the postsynaptic 2-AG hydrolyzing enzyme ABHD6 with 

intracellular WWL70,  MAGL via JZL184, or by blocking GABAergic inhibition with intracellular picrotoxin 

were all effective at restoring mGLuR5-CB1 disinhibition of mPFC output (Kiritoshi et al., 2016).  

A rescue strategy has been devised to increase 2-AG availability, thus removing abnormal inhibition and 

increasing mPFC output. In the arthritic pain state (kaolin/carrageenan model), the combined application 

of VU0360172 and ACEA into the mPFC restored DSI, decreased IPSCs and increased output of mPFC 

pyramidal cells measured as synaptically-evoked spiking (E-S coupling) in rat brain slices (Kiritoshi et al., 

2016; Kiritoshi et al., 2013). This combination strategy also increased background and evoked activity 

(action potentials) of infralimbic mPFC neurons recorded extracellularly in anesthetized rats in vivo (Ji 

and Neugebauer, 2014). Importantly, a TRPV1 receptor antagonist (AMG9810) did not block the restored 
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control of synaptic inhibition by the combination strategy, arguing against the involvement of TRPV1 

receptors, which have been implicated in some actions of the endocannabinoid AEA. 

 

 

Figure 2: Schematic of mGLuR5-CB1 coupling in mPFC-amygdala interaction in pain states 

The amygdala (green dashed box) sends glutamatergic (Glu) projections from the basolateral nucleus, 

(BLA) to mPFC (blue dashed box) pyramidal cells activating mGluR5, and to mPFC GABAergic 

interneurons inhibiting mPFC pyramidal cells (“feedforward inhibition”). mGluR5 couples to 2-AG 

synthesis via DAGLα. 2-AG release acts on presynaptic CB1 to inhibit synaptic inhibition hence increasing 

mPFC output. mPFC pyramidal cells send glutamatergic projections to GABAergic interneurons in the 

amygdala (intercalated cells, ITC) to control amygdala output from the central nucleus (CeA). 

 

5.4 Role of CB1 and mGluR5 Interaction in Control of Amygdala Function.  

A major limbic target of mPFC output is the amygdala (Gabbott et al., 2005; McDonald, 1998). Cortical 

control of amygdala function has been identified as a critical mechanism of fear extinction (Herry et al., 
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2010; Likhtik et al., 2005; Marek et al., 2013; Orsini and Maren, 2012; Pape and Pare, 2010; Sotres-Bayon 

and Quirk, 2010). In various pain models, amygdala activity and output have been shown to be 

abnormally increased due to uncontrolled excitatory glutamatergic and peptidergic drive onto neurons 

of the CeA (Neugebauer, 2015). At the center of this dysfunction is impaired activation of an inhibitory 

gating mechanism centered on feedforward inhibition of CeA neurons by a cluster of GABAergic neurons 

in the intercalated (ITC) cell mass, which is in turn driven by glutamatergic projections from BLA and 

mPFC (Ren et al., 2013) (Figure 2). The infralimbic mPFC is known to target these GABAergic ITC cells 

(Amir et al., 2011; Berretta et al., 2005; Busti et al., 2011; Pinard et al., 2012). 

Co-activation of CB1 and mGluR5 in the infralimbic mPFC with stereotaxic application of VU0360172 and 

ACEA increased background and evoked activity of infralimbic pyramidal cells in a model of arthritic pain 

(kaolin/carrageenan monoarthritis, 5-6 h postinduction) and inhibited the pain-related increase of 

background and evoked activity in CeA neurons, but had no effect under normal conditions (Ji and 

Neugebauer, 2014). The data suggest that infralimbic mPFC neurons are inversely linked to amygdala 

output and that restoring mPFC output with a combination strategy of mGluR5-CB1 activation can 

engage cortical control of abnormally enhanced amygdala output in pain.  

 

5.5 Role of CB1 and mGluR5 Interaction in Cortical Control of Pain Behaviour  

Pain is a multidimensional disorder with sensory, emotional-affective, and cognitive aspects. Pain-related 

neuroplastic changes in the amygdala circuitry generate emotional responses such as vocalizations, and 

anxiety-like and depression-related behaviours, but also contribute to increased pain sensitivity 

(Neugebauer, 2015). mPFC dysfunction has been linked to fear extinction deficits (Fontanez-Nuin et al., 

2011; Sepulveda-Orengo et al., 2013; Xu et al., 2009) as well as to pain-related cognitive deficits such as 

in decision-making (Apkarian et al., 2004a,b; Ji et al., 2010; Moriarty et al., 2011; Pais-Vieira et al., 2009 

(Apkarian et al., 2004a; Apkarian et al., 2004b; Ji et al., 2010; Moriarty et al., 2011). Restoring mPFC 
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output would therefore be expected to mitigate the cognitive deficits as well as the amygdala-

dependent aspects of pain. 

Co-activation of CB1 and mGluR5 in the infralimbic mPFC via stereotaxic application of VU0360172 and 

ACEA increases pyramidal cell output, and effectively inhibits spinal withdrawal reflexes and audible and 

ultrasonic vocalizations (reflecting sensory and emotional-affective responses, respectively), evoked by 

mechanical compression of the knee joint in the kaolin-carrageenan model of arthritic pain (5-6 h post-

induction). Importantly, stereotaxic injections of VU0360172 and ACEA into the anterior cingulate cortex 

(area 24b) had no significant effect on hindlimb withdrawal thresholds and vocalizations of arthritic rats, 

suggesting that this is a region-specific mechanism.  

This rescue strategy also mitigated cognitive deficits observed in this arthritic pain model by measuring 

reward-based decision-making in a rodent gambling task model (Ji et al., 2010; Sun and Neugebauer, 

2011). In this task, normal animals switch from preferring the "high-risk" lever that provides 3 chocolate 

coated food pellets in only 3 of 10 trials to preferring the “low-risk” lever that provides one food reward 

consistently in 9 of 10 trials. Arthritic rats persist in preferring the high-risk lever, suggesting that they fail 

to switch strategies. Stereotaxic co-application of VU0360172 and ACEA into the infralimbic mPFC 

restored the ability of arthritic rats to switch strategies and to prefer the low-risk lever like normal rats 

(Kiritoshi et al., 2016).  

Consistent with these observations, optogenetic silencing of parvalbumin-expressing interneurons in the 

mPFC decreased mechanical and thermal hypersensitivity of mice in SNI neuropathic pain model, while 

optogenetic activation of these interneurons exacerbated pain sensitivity (Zhang et al., 2015). In the 

conditioned place preference test, optogenetic activation or silencing of parvalbumin-expressing 

interneurons in the mPFC decreased or increased, respectively, preference of neuropathic mice for the 

conditioned chamber compared to sham controls (Zhang et al., 2015). This optogenetic silencing of 

inhibitory mPFC interneurons also attenuated escape behaviour in neuropathic mice (Zhang et al., 2015). 
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These studies collectively suggest that pain is associated with the disruption of mGluR5-endocannabinoid 

signalling in the mPFC, resulting in decreased output due to uncontrolled feedforward inhibition driven 

by amygdala (BLA) inputs. Restoring mPFC output by co-activation of mGluR5 and CB1 inhibits 

abnormally enhanced amygdala activity, hypersensitivity and emotional-affective pain responses and 

also restores cognitive functions in a decision-making task, suggesting that this approach may have utility 

in treating the non-sensory aspects of chronic pain states. 

 

Conclusions 

The EC system is a major endogenous pain control system, running in parallel to the opioid system and 

playing crucial roles the development and resolution of pain states, and the affective and cognitive 

aspects of pain. The initial promise of augmenting EC signalling via specific enzyme inhibitors has been 

diminished by recent clinical failures. However, greater understanding of the role of the EC system in 

non-opioid and opioid-dependent forms of endogenous pain suppression and exacerbation in response 

to stress, and the dysfunction of forebrain-limbic circuitry in pain states in humans will aid the 

development of future analgesic strategies, especially with respect to targeting particular populations of 

patients. Because FAAH and MAGL inhibitors are not specific for the endocannabinoid system, more 

work is also necessary to understand the biological roles of other lipid mediators that are generated by 

these inhibitors that do not bind to cannabinoid receptors. Allosteric modulators of CB1 receptors may 

therefore be a useful strategy for amplifying effects of endocannabinoids only at sites where they are 

produced and released on demand.  

Nonetheless, multifunctional compounds targeting the EC system allied to inhibition of COX2, 

antagonism of TRPV1, or in combination with opioids or NSAIDs have great potential to produce a 
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superior therapeutic profile that harnesses the therapeutic potential of the endocannabinoid signalling 

system while minimizing unwanted cannabimimetic side effects. 

Future Directions 

Within the field of endocannabinoid research, significant fundamental questions remain unanswered. 

We still do not completely understand how these hydrophobic lipid signalling molecules are transported 

across aqueous environments such as the synaptic cleft or cytoplasm to reach their target receptors. 

Fatty acid binding proteins have been strongly implicated (e.g. Kaczocha et al., 2009; Kaczocha et al., 

2015; Kaczocha et al., 2014), but their roles have yet to be full elucidated. Furthermore, not only are ECs 

promiscuous, but CB1 has been demonstrated to have constitutive activity in the absence of ligand 

signalling (Howlett et al., 2011; Lee et al., 2015), and can form heterodimers with several other GPCRs 

(Hudson et al., 2010), further complicating interpretation of the pharmacology of EC-directed 

therapeutics. Some mystery still surrounds the role of AEA in EC signalling. Anatomical evidence suggests 

that its purported major synthetic enzyme, NAPE-PLD, is localized pre-synaptically (Nyilas et al., 2008) 

whilst FAAH is found post-synaptically (Gulyas et al., 2004), in stark contrast to the established 

complementary post-synaptic position of the 2-AG synthesizing enzyme DAGLα (Gregg et al., 2012; 

Nyilas et al., 2009) and pre-synaptic position of MAGL (Gulyas et al., 2004; Horváth et al., 2014). 

Revealing the answers to these questions will facilitate better understanding of the function of EC 

signalling under physiological and pathological situations, and greatly aid the development of future 

therapeutic interventions 

Whilst much has been achieved in the past few decades, more work is necessary to characterize both 

efficacy and safety profiles of existing EC-directed therapeutic strategies, and to answer these 

fundamental questions about EC function, so that the clinical potential of modulating the 

endocannabinoid system for analgesia can be realized. 
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NEUROPHARM-D-17-00302: Highlights 

 

• The endocannabinoid (EC) system is a key endogenous pain control system. 

• Elevating or enhancing EC signalling is antinociceptive in preclinical models. 

• Recent clinical failures suggest study limitations and gaps in basic knowledge. 

• Future directions and strategies to improve clinical translation are discussed.  


