1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Neuropharmacology. Author manuscript; available in PMC 2021 August 15.

-, HHS Public Access
«

Published in final edited form as:
Neuropharmacology. 2020 August 15; 173: 108131. doi:10.1016/j.neuropharm.2020.108131.

Endogenous opioid peptides in the descending pain modulatory
circuit

Elena E. Bagleyl, Susan L. Ingram?
1Discipline of Pharmacology and Charles Perkins Centre, University of Sydney, NSW, 2006.

2Department of Neurological Surgery, Oregon Health & Science University, Portland OR, 97239

Abstract

The opioid epidemic has led to a serious examination of the use of opioids for the treatment of
pain. Opioid drugs are effective due to the expression of opioid receptors throughout the body.
These receptors respond to endogenous opioid peptides that are expressed as polypeptide
hormones that are processed by proteolytic cleavage. Endogenous opioids are expressed
throughout the peripheral and central nervous system and regulate many different neuronal circuits
and functions. One of the key functions of endogenous opioid peptides is to modulate our
responses to pain. This review will focus on the descending pain modulatory circuit which consists
of the ventrolateral periaqueductal gray (PAG) projections to the rostral ventromedial medulla
(RVM). RVM projections modulate incoming nociceptive afferents at the level of the spinal cord.
Stimulation within either the PAG or RVM results in analgesia and this circuit has been studied in
detail in terms of the actions of exogenous opioids, such as morphine and fentanyl. Further
emphasis on understanding the complex regulation of endogenous opioids will help to make
rational decisions with regard to the use of opioids for pain. We also include a discussion of the
actions of endogenous opioids in the amygdala, an upstream brain structure that has reciprocal
connections to the PAG that contribute to the brain’s response to pain.
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1. Introduction

The opioid epidemic has thrust our dependence on opioids for the treatment of pain into the
media spotlight. Despite decades of research to identify new therapeutics for pain
management, opioids are still the gold standard for pain therapy. The analgesic effects of
opioid drugs are due to their binding and activation of opioid receptors throughout the body.
These receptors respond to endogenous opioid peptides, which are expressed as inactive
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polypeptide hormones that are activated through proteolytic cleavage. Endogenous opioids
are expressed throughout the peripheral and central nervous system and regulate many
different circuits and functions. One of the key functions of endogenous opioid peptides is to
modulate our response to pain. This review will focus on the descending pain modulatory
circuit which consists of the ventrolateral periaqueductal gray (PAG) projections to the
rostral ventromedial medulla (RVM) that modulate incoming nociceptive afferents at the
level of the spinal cord. Figure 1 shows our current understanding of the endogenous opioid
peptides and receptors in the adult rat amygdala, PAG and RVM.

Electrical stimulation within the PAG or RVM typically results in analgesia (Barbaro, 1988;
Fardin et al., 1984; Heinricher and Ingram, 2008; Hosobuchi, 1980; Mayer, 1984). Neurons
in the caudal ventrolateral PAG contribute to stimulation-induced analgesia (Adams, 1976a;
Akil et al., 1976; Bach and Yaksh, 1995; Hosobuchi et al., 1977). Opioids microinjected into
the PAG produce potent antinociception (Heinricher and Morgan, 1999) and the behavioral
antinociception produced by these agents is mediated by projections to the RVM
(Sandkuhler and Gebhart, 1984; Tortorici and Morgan, 2002). These early experiments
suggested that the PAG to RVM circuit was an “analgesia” circuit. In support of this, human
imaging studies find activation of this circuit is associated with opioid analgesia, reward, and
placebo responses (Eippert et al., 2009; Pecina et al., 2013; Wanigasekera et al., 2012).
However, substantial evidence has been mounting that this circuit provides bidirectional
modulation of pain and that facilitation of pain is also an important function of the circuit
(Heinricher, 2003; Porreca et al., 2002). Opto- and chemogenetic circuit mapping strategies
have identified a circuit from the amygdala through the PAG-RVM that contributes to
hyperalgesia in neuropathic pain states (Huang et al., 2019). The PAG also mediates
hyperalgesia associated with alcohol withdrawal (Avegno et al., 2018). Functional imaging
studies in humans have implicated dysfunction in descending control through the PAG-RVM
circuit in the etiologies of chronic pain syndromes (Bushnell et al., 2013; Yarnitsky, 2015).

As will become apparent throughout this review, anatomical distribution of endogenous
opioids was the focus of early studies following the discovery of the endogenous opioid
peptide gene family in the 1970s. Subsequent characterization of the receptors for these
peptides, as well as for morphine, led to an intense focus on exogenous opioid regulation of
the opioid receptor family of G protein-coupled receptors. Although these studies have
characterized myriad physiological functions of opioids, there are many basic questions
about endogenous opioids in the descending pain modulatory circuit that have yet to be
answered. These questions include what are the relevant stimuli that induce their release,
what are the temporal and spatial constraints on their release, and how chronic pain states
alter the release of endogenous opioids. New methods are being developed and adopted to
measure endogenous opioids (Al-Hasani et al., 2018) and define specific neuronal circuits
(Miller, 2006) that are modulated by opioids. Several transgenic tools have been developed
to study the neurons expressing endogenous opioids. These tools include knock-outs and
Cre-recombinase lines for proopiomelanocortin (POMC), preproenkephalin, enkephalin and
dynorphin. Additionally, tools to study the role of opioid receptors include mu opioid
receptor (MOR) (Matthes et al., 1996), delta opioid receptor (DOR) (Filliol et al., 2000), and
kappa opioid receptor (KOR) (Simonin et al., 1998) knockout mouse lines. Early studies
defining the behavioural consequences of removing opioid peptides and receptors have been
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carefully reviewed (Corder et al., 2018; Kieffer and Gaveriaux-Ruff, 2002), including
discussion of developmental adaptations in peptides and receptors in each knockout line. In
brief, enkephalin knockout mice have deficits in supraspinal analgesia and inflammatory
pain (Konig et al., 1996), p-endorphin knockouts show abnormal MOR regulation after
chronic pain (Narita et al., 2013; Petraschka et al., 2007), and dynorphin knockouts display
disrupted stress-induced behavioural responses (McLaughlin et al., 2003). Additional tools
include a MOR-knockout rat line (Arttamangkul et al., 2019) and various opioid receptor
Cre- and floxed-Cre mouse lines (Ehrich et al., 2015; Okunomiya et al., 2020; Reiss et al.,
2017; Weibel et al., 2013) that should help to increase our knowledge of specific circuits that
depend on endogenous opioid actions. Recent studies in the amygdala have begun to
precisely define the release and actions of endogenous opioids in neural circuits activated by
nociceptive stimuli (Winters et al., 2017), so we have included the amygdala, a brain
structure that coordinates emotional aspects of pain with sensory information, in our
discussion of the descending pain modulatory circuit.

2. PAG

The PAG integrates information from cortical and subcortical areas to modulate many
different behaviors, including defensive responses to pain, threat and stress (Bandler and
Keay, 1996; Keay and Bandler, 2001), as well as cardiovascular control (Carrive et al.,
1987), and control of respiration (Sessle et al., 1981), lactation (Lonstein and Stern, 1997)
and feeding (Sukikara et al., 2006). Heterogenous cell populations within the PAG surround
the cerebral aqueduct and are organized in rostral-caudal columns that mediate distinct
functions (Bandler and Shipley, 1994; Silva and McNaughton, 2019). Stimulation of the
ventrolateral column of the PAG elicits analgesia in humans and antinociception in rats
(Adams, 1976a; Akil et al., 1976; Bach and Yaksh, 1995; Barbaro, 1988; Hosobuchi et al.,
1977) that is sensitive to naloxone (Adams, 1976b; Akil et al., 1976; Hosobuchi et al., 1977)
indicating that stimulation of the ventrolateral PAG induces release of endogenous opioids.
The term antinociception is used to describe opioid effects in rats because we can only
measure their response to noxious stimuli, not their perception of pain. The behavioral
antinociception produced by opioids is mediated by activation of PAG output neurons
projecting to the RVM (Gebhart et al., 1984; Tortorici and Morgan, 2002).

It should be noted that the descending pain modulatory circuit has been shown to be sexually
dimorphic (Loyd and Murphy, 2009, 2014). Males rats have significantly higher levels of the
MOR in the ventrolateral PAG than cycling females and selective lesions of MOR disrupt
morphine analgesia in males, but not females (Loyd et al., 2008). Female rats have a higher
number of PAG to RVM projections but a lower percentage of these are activated by
morphine (Loyd et al., 2007) suggesting that there are fundamental sex-dependent
differences in circuitry. Indeed, differential responses to GABA were noted in the PAG in
female compared to male rats (Tonsfeldt et al., 2016). The majority of early studies on
endogenous opioid peptide localization and function used male rats so there is still a large
gap in knowledge about endogenous opioid peptides in this circuit in females.
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2.1 Endogenous opioids in PAG

Endogenous opioids, including met- and leu-enkephalin, and B-endorphin are widely
expressed in the brain (Bodnar, 2013; Gu et al., 2017), including the descending pain
modulatory circuit (Table 1 and Fig. 1). Enkephalin-containing terminals are observed
throughout the PAG but are notably most dense in the ventrolateral PAG. These terminals are
apposed to both GABA and non-GABA-containing dendrites, as well as PAG output neurons
that project to the RVM (Williams and Beitz, 1990). A portion of the PAG-RVM projection
neurons express mu opioid receptors (MOR) and delta opioid receptors (DOR) (Osborne et
al., 1996; Wang and Wessendorf, 2002) indicating that endogenous opioids directly inhibit
some PAG-RVM output neurons. The source of enkephalin terminals is not completely
characterized but the enkephalin-expressing neurons are distributed in discrete populations
throughout the PAG (Moss et al., 1983; Williams and Dockray, 1983). Enkephalin staining
in the monkey PAG resembles that of rat (Haber and Elde, 19823, b). Interestingly, some of
the enkephalin-containing neurons in the PAG send projections to the amygdala (Li et al.,
1990a) and the nucleus accumbens (Li et al., 1990b) indicating that opioid release in these
areas may help to coordinate the response to pain in higher structures.

B-endorphin-containing fibers from the arcuate nucleus of the hypothalamus project heavily
to the PAG (Finley et al., 1981; Ibata et al., 1985; Sim and Joseph, 1991). Stimulation of the
arcuate nucleus increases the release of B-endorphin in the PAG (Bach and Yaksh, 1995; Sun
et al., 2007) but stimulation of the PAG predominately increases release of met-enkephalin
(Bach and Yaksh, 1995). Both met-enkephalin and B-endorphin are full agonists at MORSs
(Alt et al., 1998). Endomorphin-2 (Tyr-Pro-Phe-Phe-NH2) is potentially another endogenous
opioid peptide (Zadina et al., 1997) that is found at high levels within the PAG (Martin-
Schild et al., 1999). Endomorphin 2-containing neurons from the hypothalamus project to
PAG (Chen et al., 2008) and RVM (Gu and Wessendorf, 2007). This peptide is a partial
agonist at MORs in the PAG (Narita et al., 2000). However, the status of endomorphin as an
endogenous opioid has not been fully established as the gene responsible for the production
of endomorphin or precursor peptides has not be found.

Nociceptive stimulation increases the release of opioid peptides in the ventrolateral PAG
(Del Rio et al., 1983; Williams et al., 1995). p-endorphin release in the PAG is associated
with stress-induced analgesia (Kulling et al., 1989), as well as peripheral injury (Nakamura
et al., 2013). Similar increases in endomorphin 2 levels were reported following neuropathic
pain (Sun et al., 2001). In addition, stimulation of the amygdala induces release of the KOR
agonist dynorphin in the PAG (Nakamura et al., 2013) but dynorphin does not elicit
analgesia when microinjected into the PAG (Fang et al., 1989). Thus, the endogenous opioid
system responds to painful situations by activating opioid receptors in the PAG, but the
physiological roles of the different peptides are not clearly understood.

It should be noted that the majority of studies to date have used adult rats. In neonatal rats,
activation of opioid receptors in the PAG actually elicit excitatory responses in the spinal
cord that shifts to an inhibitory response in adulthood (Kwok et al., 2014) suggesting that
endogenous opioids may play an important role in organizing the descending pain
modulatory pathway. Neonatal injury enhances opioid tone which presents as hypoalgesia to
painful stimuli in later life (Laprairie and Murphy, 2009) that is exacerbated in females
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(LaPrairie and Murphy, 2007) indicating that the descending pain modulatory pathway can
undergo experience-dependent plasticity that can affect overall pain thresholds. These
findings may extend to humans where pre-term infants with prior NICU experience have
decreased pain responses as teenagers (Hermann et al., 2006). This plasticity may play an
important role in individual differences in the development of chronic pain.

2.2 Opioid receptors in ventrolateral PAG

The MOR is the primary opioid receptor that mediates analgesia (Matthes et al., 1996). In
addition to high levels of MOR, neurons in the PAG also express DOR and KOR (Fig. 1), as
well as orphanin FQ (OFQ) receptors (Bobeck et al., 2016; Chiou et al., 2002; Gutstein et
al., 1998; Kalyuzhny and Wessendorf, 1998; Mansour et al., 1995). DORs are localized to
enkephalin-containing terminals (Commons et al., 2001) and may act as autoreceptors.
DOR-labeled non-GABA terminals synapse onto GABAergic neurons in the VIPAG
suggesting that they inhibit glutamate inputs onto GABAergic neurons (Commons et al.,
2001). Thus, they could contribute to analgesia by decreasing excitation of intrinsic
GABAergic neurons within the PAG.

Co-localization of MOR and KOR mRNA and protein is observed in both the PAG and
RVM (Gutstein et al., 1998), although opioids microinjected into the PAG produce robust
antinociception (Cheng et al., 1986; Morgan et al., 2006) primarily via the MOR (Bodnar et
al., 1988; Fang et al., 1989; Ossipov et al., 1995; Smith et al., 1988). The physiological roles
of KORs in the PAG are not currently understood.

MORs are expressed both pre- and postsynaptically in the ventrolateral PAG. Opioid binding
to postsynaptic MORs activates GIRK channels that hyperpolarize a subpopulation of PAG
neurons (Chieng and Christie, 1994a; Ingram et al., 2007; Vaughan et al., 2003), including
some PAG to RVM output neurons (Osborne et al., 1996). Postsynaptic MORs also couple
to calcium channels and inhibit their activation (Connor and Christie, 1998). In contrast,
MOR inhibition of GABA and glutamate release is observed in all PAG neurons (Chieng
and Christie, 1994b; Ingram et al., 1998). Opioid receptor expression is actually markedly
different in rats and mice. In mice, agonists of MOR, DOR and KOR receptors activate
GIRK channels, albeit in different subpopulations of neurons (Vaughan et al., 2003). KOR
agonists inhibit presynaptic GABA release in both mouse and rat PAG (Lau et al., 2020;
Vaughan et al., 2003). Opioid agonist inhibition of glutamate release has largely been
ignored because it is difficult to reconcile with the disinhibition hypothesis (see below) but a
recent study finds that MOR inhibition of GABA is more efficient than inhibition of
glutamate onto PAG-RVM projections neurons (Lau et al., 2020). These results provide
evidence that individual circuits and excitatory/inhibitory input balance are differentially
affected by opioids. Further studies examining the spatial and temporal release of
endogenous opioids in response to different stimuli will undoubtedly significantly enhance
our understanding of these circuits.

3. Disinhibition hypothesis of descending pain modulation

PAG output neurons to the RVM are inhibited by GABA under normal conditions. Removal
of this inhibition, termed disinhibition, results in activation of the descending pain
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modulatory circuit and analgesia (reviewed in (Heinricher and Ingram, 2008; Lau and
Vaughan, 2014). This hypothesis is supported by studies showing that GABA receptor
antagonists increase firing of ~75% of PAG neurons /1 vivo (Behbehani et al., 1990) and
direct injections of GABA, receptor antagonists or glutamate agonists into the PAG elicit
antinociception (Bobeck et al., 2014; Moreau and Fields, 1986; Morgan et al., 2003).
Inhibition of GABA release was shown to be the primary driver of PAG neuron excitability
when compared with opioid-induced hyperpolarization (Chiou and Huang, 1999). In
addition, met-enkephalin release is increased after an injection of morphine and the GABAA
receptor antagonist bicuculline (Williams et al., 1995) providing evidence that intrinsic
enkephalin-containing neurons in the PAG are disinhibited by morphine and increased
endogenous opioid release in turn disinhibits PAG output neurons. These results were further
solidified with chemogenetic studies in transgenic mice where selective activation of PAG
glutamatergic neurons decreased nociceptive responses and activation of GABAergic
neurons facilitated nociceptive responses (Samineni et al., 2017). Thus, disinhibition plays a
key role in the net effect of opioids in the PAG. However, outstanding questions remain in
regard to the role of endogenous opioids in the PAG, including the role for endogenous
opioids in regulating glutamatergic inputs and the temporal and spatial distribution of the
release.

In the rat, microinjections of opioids directly into the PAG elicit antinociception (Siuciak
and Advokat, 1987; Tortorici and Morgan, 2002; Tortorici et al., 2001; Yaksh et al., 1976)
through activation of MORs, not KORs (Fang et al., 1989). It is clear that activation of PAG
output neurons leads to antinociception but the exact circuitry between these PAG output
neurons and well-described populations of RVM neurons, namely RVM ON- and OFF-cells
(Heinricher and Ingram, 2008), is not understood. A simple model has been proposed in
which opioids inhibit PAG GABAergic interneurons to disinhibit glutamatergic PAG
projections to the RVM (Basbaum and Fields, 1984; Behbehani and Fields, 1979; Lau and
Vaughan, 2014; Samineni et al., 2017). However, there is evidence that the circuit is much
more complex due to the bi-directional nature of the descending pain modulatory circuit
(Barbaro et al., 1986, 1989; Burgess et al., 2002; Porreca et al., 2002; Urban and Gebhart,
1999; Wei and Pertovaara, 1999). Anatomical studies in the rat describe both glutamatergic
and GABAergic projections from the PAG to the RVM (Morgan et al., 2008). The
GABAergic inputs predominately impinge on GABAergic RVM neurons that project to the
spinal cord. Morphine microinjections into the PAG block glutamate activation of RVM
neurons supporting the anatomical data that there is an inhibitory connection between PAG
and RVM (Morgan et al., 1992). Thus, PAG to RVM circuitry is more complicated than
simply disinhibition of excitatory descending projections and probably reflects the existence
of parallel circuits contributing to the bidirectional control of pain mediated by the RVM
(Lau and Vaughan, 2014; Williams and Beitz, 1990). In addition, PAG neurons project to the
locus coeruleus and this circuit can also modulate nociceptive responses at the level of the
spinal cord (Kim et al., 2018) suggesting that there are multiple reciprocal circuits engaged
in response to pain.

A key issue in the field is potential species differences between rats and mice that may make
the use of transgenic mouse lines problematic for further delineation of PAG to RVM
circuitry. A retrograde labelling study from the RVM in a GAD67-GFP transgenic mouse
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line that labels GABAergic neurons found no overlap in the PAG between retrogradely
labelled PAG-RVM projection neurons and GABAergic neurons (Park et al., 2010). These
results suggest that there are no GABAergic projections from PAG to RVM in mice. This is
certainly not the case in rats (Morgan et al., 2008). It is possible that specific GABAergic
neuron markers label only a specific subpopulation of GABAergic neurons and this explains
the difference in anatomical data between rats and mice. However, significant differences in
activity of opioid receptors are also observed in mouse and rat (Chieng and Christie, 1994a;
Vaughan et al., 2003; Vaughan and Christie, 1997) as detailed in the sections above. Given
that the majority of studies characterizing the descending pain modulatory pathway have
used rats and that /n vivo characterization of RVM neurons in mice with respect to responses
to nociceptive stimuli is limited (Hellman et al., 2007), further studies examining basic PAG
and RVM physiology should be done in mice prior to use of transgenic mouse models. /n
vivo and in vitro studies are ongoing in rat models to further define this circuitry (Chen, et
al., 2017), although the genetic tools to study circuits in rats lag behind the plethora of
transgenic mouse models.

The PAG sends a dense projection to the RVM which is a brain structure that also integrates
information from both cortical and subcortical areas of the brain. The RVM provides the
predominant output from the descending pain modulatory circuit to the spinal cord
(Heinricher and Fields, 2013a; Heinricher and Ingram, 2008). RVM neurons respond to
nociceptive input through an ascending relay from the parabrachial area (Chen et al., 2017).
There are two cell classes identified via their responses to noxious stimuli: OFF-cells that
pause firing and ON-cells that fire a burst of action potentials in reponse to noxious input
(Fig. 1). Opioids in the RVM elicit antinociception (Azami et al., 1982; Dickenson et al.,
1979; Heinricher et al., 2001) via reducing the pause in RVM OFF-cells (Heinricher et al.,
1992; Heinricher et al., 1994). ON-cell firing is correlated with hyperalgesia and systemic
morphine reduces ON-cell firing (Barbaro et al., 1986; Heinricher et al., 1992) consistent
with the inhibition of ON-cell firing by iontophoresis of MOR agonists directly onto ON-
cells /in vivo (Heinricher and Neubert, 2004; Neubert et al., 2004). Dense enkephalin-
containing fibers impinge on RVM ON-cells (Mason et al., 1992) providing an anatomical
substrate for the modulation of ON-cells by endogenous opioid peptides.

4.1 Endogenous opioids in RVM

Similar to observations in the PAG, enkephalins are also prevalent in RVM (Guthrie and
Basbhaum, 1984; Khachaturian et al., 1983; Williams and Dockray, 1983)(Table 1).
Additionally, endomorphin fibers in the PAG impinge on serotonergic neurons expressing
MOR (Gu and Wessendorf, 2007). Neurons in the RVM express MOR, DOR and KOR at
lower levels than in the PAG (Drake et al., 2007; Gutstein et al., 1998; Kalyuzhny et al.,
1996; Wang and Wessendorf, 1999). Activation of these receptors results in both pre- and
postsynaptic actions in the RVM Jn vitro (Pan and Fields, 1996; Pan et al., 1990) supporting
the /in vivo electrophysiological studies showing direct inhibition of RVM ON-cells
(Heinricher and Neubert, 2004; Neubert et al., 2004) and indirect activation of OFF-cells
(Cheng et al., 1986; Heinricher et al., 1989; Heinricher et al., 1987; Morgan et al., 1992).
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There is evidence for interactions between MOR and DOR in the RVM (Marinelli et al.,
2005), especially in chronic pain states (Hurley and Hammond, 2000, 2001).

Recent work has used elegant retrograde tracing combined with Cre-drivers in transgenic
mouse lines to identify descending inputs from RVM to spinal cord (Cai et al., 2014;
Francois et al., 2017; Zhang et al., 2015). Selective expression of markers and opsins in
enkephalin-expressing RVM neurons find heterogeneous descending RVM circuits that are
involved in modulating responses to nociceptive stimuli. Some of the RVM neurons co-
expressed GABA and enkephalin and removing these neurons increased hypersensitivity to
nociceptive stimuli in the mice (Zhang et al., 2015). MOR and DOR are expressed on a
subpopulation of RVM neurons that project to the spinal cord in the rat (Kalyuzhny et al.,
1996; Wang and Wessendorf, 1999) but it is unclear what contributions these neurons have
to descending pain control.

The actions of KOR in the RVM are controversial. KOR agonists inhibit neurotransmitter
release and activate GIRK currents in a subpopulation of RVM neurons (Ackley et al., 2001;
Bie and Pan, 2003; Marinelli et al., 2002; Pan et al., 1997). The endogenous KOR agonist
dynorphin is found in some terminals in the RVM (Fallon and Leslie, 1986; Menetrey and
Basbaum, 1987). Although direct injections of KOR agonists into the RVM do not elicit
antinociception (Meng et al., 2005), antagonists or loss of the either the dynorphin or KOR
genes all result in hyperalgesia indicating there is a role for endogenous kappa agonists in
the RVM in the modulation of pain (Schepers et al., 2008a; Schepers et al., 2008b).

5. Amygdala

The central nucleus of the amygdala (CeA), through its dense synaptic outputs to the PAG,
plays a role in the “top-down” modulation of pain. The PAG sends projections to the lateral
and medial subregions of the central nucleus of the amygdala (Li and Sheets, 2018), and
both the lateral CeA (CeL) and the medial CeA (CeM) subdivisions project to the PAG, with
the strongest projection to the ventrolateral PAG from the CeM (Oka et al., 2008; Sun et al.,
2019) (Fig. 1). Thus, there is often particular interest in opioid actions in the CeM. However,
given the strong synaptic inputs from the CeL to the CeA (Grove, 1988; McDonald, 1982)
actions in both subdivisions of the CeA may ultimately influence the descending analgesic
pathway. Where possible the subdivision of CeA will be identified but in many studies the
subdivision is not specifically targeted or specified.

Electrical stimulation of the CeA produces analgesia (Oliveira and Prado, 2001). In addition,
opioid analgesia requires an intact CeA in rodents and primates (Manning, 1998; Manning et
al., 2001) and injection of MOR and DOR agonists into the CeA, such as morphine
(Helmstetter et al., 1993; Pavlovic et al., 1996a) or B-endorphin (Pavlovic et al., 1996a)
produce analgesia. Endogenous opioids acting in the CeA produce moderate analgesia
(Valverde et al., 1996). Both the analgesia resulting from electrical stimulation of the CeA
and opioid actions in the amygdala result from the CeA output neurons stimulating opioid
release in the PAG (Oliveira and Prado, 2001; Pavlovic et al., 1996b).
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5.1 Nociceptive activation of the amygdala

The amygdala is activated by acute (Bornhovd et al., 2002) and chronic pain (Baliki et al.,
2006). It receives nociceptive information through multiple pathways. First, the amygdala
receives nociceptive or threat information through a synaptic input to the capsular division of
the CeA (Padilla et al., 2018; Palmiter, 2018). This information is delivered by synaptic
inputs from the external lateral region of the parabrachial nucleus (PBel) that relays
nociceptive information received from the spinal cord (Bernard et al., 1993). This capsular
subdivision of the CeA has been termed the “nociceptive amygdala’ as it is preferentially
activated by noxious stimuli (Neugebauer and Li, 2002). Further, nociceptive inputs are
potentiated after acute (Kissiwaa and Bagley, 2018) and chronic (Fu and Neugebauer, 2008)
noxious stimuli. Second, the amygdala receives polymodal sensory information, including
nociceptive information, from multiple brain regions such as the thalamus (Moga et al.,
1995) and cortex (McDonald and Mascagni, 1997). This polymodal nociceptive information
is delivered to the basolateral amygdala (BLA) and likely results in the activation of a sub-
population of BLA pyramidal neurons (Corder et al., 2019). The BLA may also receive
purely nociceptive information as there is a population of neurons that are selectively
activated by nociceptive stimuli (Corder et al., 2019). Third, the intercalated cells receive
sensory, including nociceptive, information from the thalamus and sensory cortices (Asede
et al., 2015; Bienvenu et al., 2015). Thus, the BLA neurons that code for negative valence,
the capsular CeA neurons which are activated by nociceptive stimuli, and the intercalated
cells receiving noxious sensory information, all make synaptic connections with the medial
and lateral CeA (Beyeler et al., 2016; Cassell et al., 1999)

5.2 Endogenous opioids in the amygdala

The level of activity of the CeA neurons that project to the PAG is determined by both their
activation by glutamatergic synaptic inputs and their inhibition by GABAergic synaptic
inputs. Activation of MOR inhibits GABA release onto ~ 60% of CeA neurons projecting to
the PAG whilst leaving glutamate release mostly unchecked, with inhibitory effects observed
in only 23% of cells (Finnegan et al., 2005). This suggests that, similar to in the PAG
(Vaughan and Christie, 1997), MOR agonists activate the descending pain modulatory
pathway through disinhibition of CeA neurons projecting to the PAG.

The question then arises, how do endogenous opioids activate this descending pathway?
Both enkephalin and p-endorphin are expressed in the amygdala. Very modest levels of p-
endorphin positive fibres, likely from hypothalamic inputs, are found throughout the
amygdala (Gray et al., 1984). Given that g-endorphin is released from neurons in the arcuate
nucleus of the hypothalamus, this peptide may participate in stress-induced analgesia.
Enkephalin is expressed at high levels in the CeA, with higher expression in the CeL, (Gray
etal., 1984, Poulin et al., 2006) and one of its major input zones, the intercalated cells of the
amygdala (Gray et al., 1984; Jacobsen et al., 2006; Poulin et al., 2006). It is possible that
either endogenous opioid could participate in activation of the descending pathway.
However, two lines of evidence suggest that enkephalin is more important for activating
CeA-mediated projections to the PAG. First, there is significantly greater expression of
enkephalin in the CeA and the intercalated cells. Second, endogenous analgesia in the CeA
is potentiated by preventing peptidase activity and enkephalin is much more sensitive to
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peptidase degradation than g-endorphin (McKnight et al., 1982). Endogenous opioids,
presumably dynorphin, also inhibit GABAergic inhibition onto CeM neurons through their
actions at the KOR (Gilpin et al., 2014) although it is unknown whether these CeM neurons
project to the PAG as only the MOR sensitivity of this projection was determined (Finnegan
etal., 2005).

The endogenous opioids which produce analgesia in the CeA could be released from either
CeA cells themselves or intercalated neurons. When the opioid sensitivity of GABAergic
inputs onto CeA-PAG neurons was assessed, GABA release was stimulated indirectly by
BLA stimulation (Finnegan et al., 2005). Finnegan and colleagues suggested that the source
of this GABA could be from the intercalated neurons which are activated by the BLA
neurons (Winters et al., 2017) that send a strong GABAergic projection to the CeA
(Gregoriou et al., 2019). Likewise, endogenous opioid control of feedforward inhibition
plasticity in the CeM was suggested to rely on intercalated neurons (Blaesse et al., 2015).
Given this suggestion and the fact that endogenous opioids have been shown to be readily
released from intercalated cells (Winters et al., 2017), one possible scenario is that
intercalated cells release enkephalin which disinhibits CeA neurons that project to the PAG
and activates the descending pain modulatory pathway.

5.3 Endogenous opioids in the intercalated cells

The intercalated neurons express high levels of enkephalin (Jacobsen et al., 2006; Poulin et
al., 2006) which is packed into dense core vesicles ready for release (Winters et al., 2017).
The intercalated cells receive a dense glutamatergic input from the BLA and pairs of
electrical stimuli in the BLA excite the intercalated neurons sufficiently to release low levels
of enkephalin (Winters et al., 2017). Moderate trains of 5 stimuli in the BLA stimulate
enough enkephalin release to overcome the activity of peptidases and produce multiple
cellular effects. The released enkephalin acts as a retrograde neuromodulator and inhibits
release of glutamate from BLA terminals through activation of DOR (Figure 2, effect 1). Of
particular note is that whilst exogenously applied enkephalin inhibits glutamate release at
this synapse through activation of DOR or MOR, endogenously released enkephalin only
acts via DOR. This is an important distinction that highlights the complex actions of opioids
in circuits and suggests care should be taken when inferring the actions of endogenous
opioids from studies using application of exogenous agonists. Additionally, a DOR positive
allosteric modulator enhanced opioid inhibition at this synapse, but only at lower levels of
opioid release (Winters et al., 2017). This is consistent with the positive allosteric
modulators enhancing the affinity for agonists at the receptor and suggests that opioid
positive allosteric modulators may be useful in pathologies when endogenous opioid
signalling is reduced. The released enkephalin also acts via MOR on intercalated cells
themselves and inhibits their release of GABA (Figure 2, effect 2) and directly inhibits their
excitability through activation of a G protein-coupled inward rectifier potassium (GIRK)
channel (Winters et al., 2017). This combination of reduced glutamatergic drive and direct
inhibition would be expected to produce an overall inhibition of intercalated cell activity and
their release of GABA in their target zones, including the CeA. Consistent with this,
intercalated cell-mediated GABAergic inhibition of CeA neurons is reduced by exogenous
enkephalin (Gregoriou et al., 2019). It would be very interesting to know whether
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intercalated neurons directly inhibit the CeA neurons projecting to the PAG. Thus, it is
possible that nociceptive activation of the BLA produces feedforward activation of the
intercalated cells to stimulate endogenous opioid release which then reduces intercalated
cell-mediated GABAergic inhibition of the CeA neurons projecting to the PAG.

Although endogenous opioids could act at other sites in the amygdala, there are a couple of
factors that suggest that endogenous opioids are strong regulators of the intercalated cells.
Enkephalin is released in response to no or low levels of electrical stimulation. This is
distinct from other sites of peptide release where endogenous opioid actions at other
synapses require intense stimulation paradigms (Iremonger and Bains, 2009; Wagner et al.,
1993; Weisskopf et al., 1993). It is possible that release of dense core vesicles are differently
regulated in the intercalated cells, perhaps through differences in release machinery or
intracellular calcium handling. Alternatively, we may be able to detect low concentrations of
peptide that is released in response to low stimulation due to the high expression of opioid
receptors in the intercalated cells (Poulin et al., 2006).

6. Role of endogenous opioids in cortical processing of pain

Top-down afferents arise from a variety of cortical and subcortical brain regions, including
the anterior cingulate (ACC) and amygdala (Heinricher and Fields, 2013b; Keay and
Bandler, 2001; Silva and McNaughton, 2019). Changes in connectivity between the ACC
and the PAG are prominent in fMRI studies in chronic pain patients (Kong et al., 2010;
Mainero et al., 2011; Mills et al., 2018; Truini et al., 2016). In addition, lesions of the ACC
are generally agreed to reduce nociception in human patients (Davis et al., 1994; Foltz and
White, 1962; Talbot et al., 1995). The prefrontal cortex (PFC)/ACC-amygdala-PAG circuit
has been implicated in processing of aversive prediction-error signals (Roy et al., 2014).
Inactivation of the PAG decreases the acquisition of fear conditioning and expectation blocks
evoked responses due to aversive unconditioned stimuli in both the amygdala and PAG
(Johansen et al., 2010). Interestingly, endogenous opioids have been shown to play
important roles in conditioned fear for decades in studies utilizing naloxone to inhibit
endogenous opioid signaling (Fanselow and Bolles, 1979; Helmstetter and Fanselow, 1987;
McNally et al., 2011). Studies in humans find that naloxone induces sustained responses to
aversive unconditioned stimuli indicating that endogenous opioids dampen acquisition of
fear (Eippert et al., 2008). The use of systemic naloxone precludes determination of the sites
of action of endogenous opioids in the human studies but MORs in the PAG are critical for
fear learning (Cole and McNally, 2007; McNally and Cole, 2006). Collectively these results
suggest that pain may be a teaching signal and endogenous opioids allow for reduced
responses to expected pain (Eippert and Tracey, 2014).

More recently, additional projections from the PAG to the ventral tegmental area (VTA)
(Omelchenko and Sesack, 2010; Suckow et al., 2013) have been implicated in avoidance
behaviors in rodents associated with headache (Waung et al., 2019). Both glutamatergic and
GABAergic projections from PAG (Waung et al., 2019) impinge on both DA and
GABAergic neurons in VTA (Breton et al., 2019). Interestingly, although dopaminergic
neurons comprise the majority of the neurons within the VTA and dopamine in the PAG
modulates pain thresholds (Flores et al., 2004; Meyer et al., 2009), the VTA sends primarily
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GABAergic inputs to PAG (Ingram lab, unpublished observations). The role of endogenous
opioids in modulating this circuit is yet to be established.

7. Conclusion

The study of endogenous opioids has been limited by the crude methods of stimulation of
release and sensitivity of detection methods. Immunohistochemical methods have
characterized cells that express opioid peptides and their projections, as well as release sites
but there is little detailed information in terms of the temporal and spatial dimensions of
endogenous opioid release. One of the key take-home messages of the recent work in the
amygdala is that location of opioid receptors is important in determining their actions within
circuits and that exogenous administration of opioids is a “hammer” that negates the
intricate patterns of neural activity that are regulated by endogenous opioids. Further
understanding of endogenous opioid release and actions within circuits will allow better
manipulation of the circuits and novel therapies for pain.
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Schematic depicting known endogenous opioids and opioid receptors based on function in

the amygdala, PAG and RVM in naive adult rats. AMYGDALA: Endogenous opioid

peptides are released in the medial CeA (CeM). Enkephalin is likely released from lateral

CeA (CeL) neurons and the main island of the intercalated cells (Im). While B-endorphin is
release from hypothalamic terminals the source of dynorphin is not defined. The
predominant opioid receptor expressed in the CeM is the mu opioid receptor (MOR) whose

activation inhibits GABA release in the CeM. Kappa opioid receptors (KOR) are also
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expressed on GABA terminals. PAG: Endogenous opioid peptides are released in the PAG
from terminals arising from the amygdala and the hypothalamus. The predominant opioid
receptor in the PAG is MOR which is expressed on neurons in the PAG. MORs
hyperpolarize neurons via activation of G protein-coupled potassium channels (GIRKS).
MORs are also expressed on presynaptic glutamate and GABA terminals arising from
outside the PAG and inhibit neurotransmitter release. KOR are also expressed on presynaptic
terminals. Delta opioid receptors (DOR) have been observed on enkephalin terminals within
the PAG using immunohistochemistry. Output neurons (gray) are both glutamatergic and
GABAergic with heterogeneous sensitivity to opioids. RVM: In the RVM, OFF- and ON-
cells are defined functionally with /n vivo recordings but have been distinguished in /n vitro
studies as primary cells (OFF-like) that are opioid-insensitive and secondary cells (ON-like)
that are directly hyperpolarized by MOR agonists. A proportion of primary cells are
inhibited by KOR agonists. Both MOR and KOR receptors inhibit presynaptic glutamate and
GABA release onto both cell types. It should be noted that DOR-mediated functions in both
the PAG and RVM are increased with chronic morphine treatment or chronic pain. The
functions of various endogenous opioids with respect to the spatial and temporal release and
heterogeneous expression of opioid receptors in the descending pain circuit are not
understood.
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Figure2.
Endogenous opioid actions in the the intercalated cells (ITC) of the amygdala.

(1) Low to moderate stimuli at BLA-Intercalated (ITC) synapses promote release of
endogenous enkephalins from dense core vesicles (DCV) contained within ITC neurons.
Sufficient peptide release through moderate stimulation is required to overcome peptidases
and allow enkephalin signaling through DOR. Enkephalin reduces BLA-ITC synaptic
activity by decreasing presynaptic glutamate release. (2) Moderate stimuli, together with
peptidase inhibition, are required to overcome potential microarchitectural constraints to
allow enkephalin-induced MOR activation which reduces presynaptic GABA release at local
ITC-ITC synapses. (3) Activation of postsynaptic MORs by endogenously released opioids
activates G protein-coupled potassium (GIRK) channels. The resulting efflux of K* ions
through these teriaptin Q-sensitive GIRK channels hyperpolarizes ITCs, reducing their
excitability. Coincident synaptic activity could also be shunted (e.g. blue arrows) due to
decreased input resistance. Both outcomes are expected to reduce total ITC activity and limit
feedforward inhibition from the ITC, thus disinhibiting CeA outputs to regions, including
the PAG. (Figure adapted from Winters, et al., 2017).
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