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STATE-DEPENDENT OPIOID

CONTROL OF PAIN

Howard Fields

Agonists for the pi-opioid receptor are powerful analgesics and are highly addictive; however, the
contribution of the &- and k-opioid and opioid receptor-like receptors to motivational states is less
clear. Agonists at each receptor modulate neurons in a circuit that selectively controls nociceptive
transmission. This circuit can operate in both pain-inhibiting and pain-facilitating states, and the
action of opioids contributes to and is determined by the state of the circuit. There is growing
evidence that the state of the circuit is determined by aversive and appetitive motivational states,
and that this contributes to adaptive behavioural choice.

Although the perception of pain is widely considered
to be the invariant consequence of the activation of
peripheral nociceptors by potentially tissue-damaging
stimuli, such stimuli are just one of the many factors
that are involved. There have been reports that, under
conditions of great threat or strong emotion, people
with severe injuries (including open wounds and bone
fractures) report little or no pain*. Drug actions can
also be highly variable; for example, opioid drugs that
are selective for a single receptor can either relieve or
worsen pain, depending on an animal’s behavioural
state. Such top—down variability of pain intensity and
drug action highlights the importance of using a
systems neuroscience approach to study pain modula-
tion. This review focuses on the properties of an
opioid-sensitive pain-modulating circuit: how the
synapses of its component neurons are affected
by opioids, how this action modulates nociceptive
transmission, and how such modulation contributes
to behavioural choice.

Opioids such as morphine and heroin are not only
powerful analgesics; they also produce profound
appetitive motivational actions. They can be addictive
when used recreationally, and can enhance food
and alcohol consumption. For these reasons, opioid
receptors have received widespread interest from
clinicians and basic scientists alike. Investigations into
pain have focused largely on the p-opioid receptor
(MOR/OPRM), because its activation is necessary for

the action of the most potent analgesics?3. Other
members of the opioid receptor family regulate pain,
but their contribution has been more difficult to study
because their pain-relieving actions are neither as
robust nor as consistent as those of MOR ligands. So,
the functional significance of opioid receptor diversity
remains puzzling. However, experiments are beginning
to shed light on the inconsistencies and paradoxes in
the field, and a deeper understanding is emerging
about how the members of this family of closely related
receptors interact to provide a flexible choreography
for pain control. Crucial to this improved understand-
ing has been the systems neuroscience approach;
the analysis of the firing properties and anatomical
connectivity of neurons in defined opioid-sensitive
pain-modulating circuits.

Matching neural circuits to behaviour

Whether one’s goal is to explain the pharmacology of
an exogenously applied opioid or to understand the
physiology of endogenous opioid peptide function, the
systems neuroscience approach has contributed to
the discovery process by producing mechanistic models
of opioid function that are detailed and that have
great predictive power. Because the biologically relevant
output of the nervous system is behaviour, circuits are
meaningfully defined in relation to a specific behaviour.
Consequently, tracing a circuit requires the selection of
the behaviour of interest.
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The first step in determining how a drug affects
behaviour is to inject it directly into nuclei that are part
of the behaviourally-defined circuit. The effect of the
drug is then explained by determining how it changes
the firing of neurons in that nucleus. Using innate
nocifensive withdrawal reflexes as behavioural surro-
gates for pain, an opioid-sensitive circuit that selectively
controls nociceptive transmission has been defined*®.
Locally acting opioids robustly alter the activity of
neurons in several serially-connected relays within this
circuit. These neurons modulate nociceptor-driven
behaviours®® and the synaptic mechanisms by which
opioids directly regulate their activity have been deter-
mined®*, Furthermore, through the use of selective
opioid receptor antagonists, usefully constrained
hypotheses of endogenous opioid function have been
tested. Importantly, circuit models have been tested in
human subjects through the use of functional imaging
and opioid antagonists. Pain is a subjective experience
and only humans can give ‘direct’ reports about what
they feel, so the ability to conduct relevant experiments
in humans provides a rare opportunity to validate
hypotheses about human subjective experience based
on animal research. Therefore, the circuit analytical
approach allows us to establish a chain of causality from
molecular events at the synapse to human perception
and behaviour.

Pain and pain-modulating circuits

The process that leads to pain perception is typically
initiated by the activation of peripheral receptors, which
selectively detect intense, potentially tissue-damaging
stimuli. These primary afferent nociceptors have been
studied extensively in animals and humans. We now
know a great deal about the molecular mechanisms of
transduction and the relationship of the firing of these
neurons to stimulus intensity and to the psychophysics
of perceived pain intensity'?4, Furthermore, although
much remains to be learned about central processing,
there is broad agreement on the general outlines of
the afferent transmission pathways from primary affer-
ent nociceptors through the dorsal horn and on to the
thalamus and cortex® (FIG. 1).

At each of the identified nociceptive relay nuclei in
rodents, cats and primates, neurons have been recorded
with activity increasing as a function of stimulus intensity
across the noxious range. Studies combining functional
imaging and psychophysics have shown that activations
in human thalamic and cortical nociceptive-receiving
areas correlate with perceived pain intensity3.
Furthermore, pain perception in humans is blocked by
lesions in spinal cord and brain areas that are homolo-
gous to those identified as pain pathways in animals. The
consistent and lawful relationships between stimulus
intensity, neuronal firing and human reports of pain
intensity, and the striking anatomical homologies across
species have provided a simple, powerful and relatively
complete explanation of the sensory processing that
underlies pain perception. This robust and highly
conserved afferent circuit provides a firm foundation for
the study of pain modulation.
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Figure 1 | Schematic of afferent pathways underlying the
sensation of pain. Injury activates the primary afferent
nociceptor (PAN), which transmits information to the dorsal horn
of the spinal cord. The terminals of the PAN contact neurons in
specific laminae of the dorsal horn where they release glutamate
and peptides to activate the second order neurons. The axons of
nociceptive dorsal horn neurons cross to the contralateral
anterolateral quadrant to form an ascending tract, which
terminates in the brainstem and several distinct areas of the
thalamus, which contain higher order neurons that project to
various cortical regions that mediate different aspects of the pain
experience. These regions include somatosensory, anterior
cingulate and insular cortices. SMT, spinomesencephalic tract;
SRT, spinoreticular tract.

Anterolateral
system

Defining the pain-modulation circuit. In the early 1970s,
the circumstances were in place for explosive growth
in our understanding of pain-modulation circuits.
Recording from single neurons in the CNS led to the
conceptual breakthrough that these neurons are feature
detectors that are tuned to detect tissue-damaging stim-
uli. Building on this discovery, scientists were able to show
that specific laminae (1, 11 and IV=V1) of the spinal cord
dorsal horn were a vital relay for nociceptive signals. A
key advance in the modulatory field was Wall’s discovery
that nociceptive neurons in these laminae are subject to
powerful control by supraspinal sites*.
Stimulation-produced analgesia was the next crucial
discovery. Working in rats and using simple withdrawal
reflexes as the pain measure, Reynolds® and later
Liebeskind and colleagues'®? showed that stimulation of
a specific region of the midbrain — the periaqueductal
grey (PAG) — inhibited behavioural responses to nox-
ious stimulation. In a dramatic extension of this finding,
electrical stimulation of the midbrain PAG in humans
was reported by several neurosurgical groups to produce
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LIMBIC

A term that refers to a collection
of cortical and subcortical
structures that are important for
processing memory and
emotional information.
Prominent structures include
the hippocampus and amygdala.

AMYGDALA

A small almond-shaped
structure, comprising 13 nuclei,
buried in the anterior medial
section of each temporal lobe.

clinically significant pain relief (for reviews, see REFS 21,22).
Importantly, stimulation of this midbrain site inhibited
nociceptive dorsal horn neurons, indicating that
the behavioural changes were due to control of sensory
transmission rather than motor responses?#,

Subsequent work using a combination of methods
(brain mapping by electrical stimulation, anatomical
tract tracing, inhibition of withdrawal reflexes and dorsal
horn electrophysiology) rapidly led to detailed knowledge
of the anatomy, physiology and pharmacology of this
pathway’. The PAG receives direct inputs from the hypo-
thalamus and from the uimeic forebrain, including several
regions of the frontal neocortex and the central nucleus of
the amvepaLa (FIG.2). The PAG controls nociceptive trans-
mission indirectly by means of connections through
neurons in the rostral ventromedial medulla (RVM) and
the dorsolateral pontine tegmentum (DLPT). These two
regions project through the spinal cord dorsolateral
funiculus and selectively target the dorsal horn laminae
that house the nociceptive relay neurons. So, the selective
control of pain by this circuit is explained by its anatomi-
cal selectivity for primary afferent nociceptor terminals
and somata of dorsal horn neurons that respond to
noxious stimulation.

Opioids in the pain-modulation circuit. Morphine is the
prototypical MOR agonist. MOR agonists produce
analgesia through both pre- and postsynaptic mecha-
nisms at multiple CNS sites (FiG. 3). MOR agonists can
directly inhibit pain transmission at spinal levels
through actions on primary afferents?> and nociceptive
relay neurons in the dorsal horn?2’, but this review will
focus on supraspinal modulatory circuits. The MOR is
present in all of the known supraspinal components of
the pain-modulation circuit including the insular
cortex, amygdala, hypothalamus, PAG, DLPT, RVM and
spinal cord dorsal horn22-%, Microinjection of MOR
agonists into each of these sites inhibits behavioural
responses to noxious stimulation**3%, Inactivating the
RVM or cutting the axons of RVM neurons that project
to the spinal cord dorsal horn reduces analgesia
produced by morphine that has been given systemically
or microinjected into supraspinal sites. This shows
that MOR-agonist analgesia depends on activation of
supraspinal neurons that project by way of the RVM to
the spinal cord dorsal horn (FIG. 2).

Beyond its distributed MOR agonist sensitivity,
another distinctive feature of the pain-modulation circuit
is that the serial linkage of its component nuclei involves
the release of endogenous opioids. The behavioural effect
of activating the circuit at one site can be blocked by
microinjection of opioid antagonists at a downstream site
in the pathway. For example, analgesia produced by MOR
agonists microinjected into the posterior hypothalamus
or basolateral amygdala is reversed by a MOR antagonist
in the PAG®, and PAG-elicited analgesia is blocked by
naloxone or selective MOR antagonists microinjected
into the RVM®*%®, Although the endogenous opioid that
mediates these effects has not been identified, the fact that
an enkephalinase inhibitor injected into the RVM
produces analgesia implicates the enkephalins®.
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Figure 2 | Outline of opioid-sensitive pain-modulating
circuit. This is a top—down pathway that can be activated by
both exteroceptive stimuli and certain motivational states.
Limbic forebrain areas, including the anterior cingulate cortex
(ACC), other frontal cortical areas, the hypothalamus (H) and
central nucleus of the amygdala project to the midbrain
periaqueductal grey (PAG), which can be thought of as a main
output pathway of the limbic system. The PAG, in turn,
indirectly controls pain transmission in the dorsal horn through
the rostral ventromedial medulla (RVM). This pathway can
exert both inhibitory (green) and facilitatory (red) control. A
separate control channel through serotonergic neurons in the
RVM (yellow) can also modulate pain in a state-dependent
manner. T, thalamus.

Physiological activation of opioid circuits

So far, we have described the connectivity of the pain-
modulation circuit and some of its pharmacological
features. Clearly, the circuit can operate in a serial,
opioid-linked fashion; but how is it normally activated?
Noxious stimuli that are prolonged and inescapable are
particularly effective for activation of the PAG-RVM
network. For example, forepaw shock in rats produces
an acute anti-nociceptive effect that is blocked by the
opioid antagonist naloxone and by RVM lesions®"%,
There is evidence that similar mechanisms operate in
humans (see Rer. 7 for a review). First, rodent and
human opioid receptors are almost pharmacologically
identical. Second, endogenous opioid peptides and opi-
oid receptors are present in human brain areas that are
homologous to brainstem pain-modulating nuclei.
Third, analgesia has been produced in people by stimu-
lating the PAG. Last, naloxone enhances experimental
and clinical postoperative pain in human subjects who
have not received exogenous opioids®“°,
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Figure 3 | Synaptic actions of p-opioid receptor (MOR) agonists in the rostral
ventromedial medulla (RVM). Reproduced, with permission, from REF. 66 [J (1990) The
Physiological Society. a | MOR agonists reduce release of GABA (y-aminobutyric acid) through
a dose-dependent presynaptic action. Reduced GABA-mediated inhibition accounts for the
activation (disinhibition) of off cells by MOR agonists. b | By contrast, MOR agonists directly
inhibit on cells (secondary cells in vitro) through activation of a potassium conductance.
AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid; DAMGO, [p-Ala?, N-Me-Phe?*,
Gly-ollenkephalin; GIRK, G-protein-coupled inwardly rectifying potassium channel;

ME, [met®lenkephalin; NMDA, N-methyl-o-aspartate.

Bidirectional control of pain transmission

One of the more striking and informative discoveries
about the pain-modulating circuit is that it can facilitate
as well as inhibit nociceptive transmission*:*3, In
addition to the inhibition discussed above, stimulation
of the RVM can enhance behavioural and dorsal horn
neuronal responses to noxious stimulation*-,
Furthermore, prolonged nociceptor inputs, including
thermal and chemical stimulation, inflammation or
nerve injury produce a state of generalized hyperalgesia
that is reversed by lesions or reversible inactivation of the
RVM#24748 S0, the activation of RVM neurons can gen-
erate either facilitation or inhibition of pain transmission
under different conditions. How are we to understand
this apparent paradox?

Itis now clear that this dual control results from the
activity of two neuronal subpopulations. The two cell
classes, which are present in the PAG, DLPT and RVM,
exhibit phasic reciprocal changes in firing that precede
nociceptor-elicited withdrawal reflexes*4%%°, One class,
termed ‘off cells’, shows a pause in firing that begins
before the withdrawal reflex. The other class — ‘on cells’
— shows a burst of activity that begins before the reflex
(FIG. 4a). Consistent with their role in pain modulation,
RVM on- and off-cell axons project directly and
selectively to dorsal horn laminae that relay nociceptive
signals®.

When MOR agonists are administered systemically,
either into the PAG or locally in RVM, off-cell firing
accelerates and becomes continuous (FIG. 4c). With-
drawal reflexes are inhibited and no off-cell pause
is seen. Selective blockade of off-cell activation
prevents morphine’s anti-nociceptive effect®2. There-
fore, off-cell activation is necessary for the pain-
inhibitory effects of MOR ligands given systemically
or supraspinally®®,

On cells and pain facilitation. The correlation of on-cell
discharge with withdrawal reflexes indicates that their
action is to facilitate such responses and their dorsal
horn projection target indicates that this effect is
achieved through control of nociceptive transmission.
Several independent lines of evidence support this idea.
Analgesic doses of MOR agonists silence on cells. On
cells in the RVM contribute to the enhanced nocicep-
tion that accompanies various manipulations, including
nerve injury, inflammation, tonic activation of nocicep-
tors and systemic cytokine administration (see table 1
in REF. 42). Tonic activation of nociceptors results in
prolonged on-cell activity, which enhances certain with-
drawal reflexes**%5. Furthermore, destruction of RVM
on cells by a MOR-selective neurotoxin blocks the
hyperalgesic state elicited by nerve injury®®5”. Finally,
selective activation of on cells enhances responses to
noxious stimulation®.

Reciprocal and state-dependent neuronal activity.
Recordings of pairs of neurons in the RVM of lightly
anaesthetized rats demonstrate that on- and off-cell
populations are active at different times®%8%. In fact,
these cells show reciprocal patterns of activity under vari-
ous conditions (FIG. 4a—, TABLE 1). Despite the tendency
towards reciprocal firing, each population is capable of
independent action. For example, one can block the
reflex-related on-cell burst without affecting the off-cell
pause®. Conversely, the activation of off cells by opioids
can be blocked without affecting the on-cell burst. These
findings indicate that the reciprocity of activity in the
two RVM populations depends on shared upstream con-
nectivity rather than direct inhibitory connectivity
within the RVM.

One of the more striking features of the pattern of
activity for both on- and off-cell populations is that it
consistently varies with the animal’s state of arousal®:.
For example, in awake unrestrained rats, the off-cell
population fires intermittently, only to accelerate and
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Figure 4 | Two populations of neurons exert opposing modulatory actions. a | Recordings from neurons in the rostral
ventromedial medulla (RVM) during application of noxious heat to the tail reveals one class that pauses (off cells) and one that
bursts (on cells) just prior to the withdrawal tail flick (TF). A, amygdala; H, hypothalamus; PAG, periaqueductal grey;

R, recording electrode; SC, spinal cord. b | In the absence of imposed stimuli, RVM cycles between periods of off- and on-cell

GPROTEIN

A heterotrimeric GTP-binding
and -hydrolysing protein that
interacts with cell-surface
receptors, often stimulating or
inhibiting the activity of a
downstream enzyme. G proteins
consist of three subunits: the
a-subunit, which contains the
guanine-nucleotide-binding site;
and the - and y-subunits, which
function as a heterodimer.

activity. Reproduced, with permission, from REF. 59 [J (1989) Taylor and Francis. c | Reciprocal firing is also seen when
H-receptor agonists are microinjected directly into the RVM; off-cell discharge accelerates and on cells shut down with
concomitant inhibition of the TF (open triangles). Reproduced, with permission, from REF. 70 [J (1994) Elsevier Science.
d | On cells facilitate and off cells inhibit nociceptive transmission at the level of the dorsal horn. PAN, primary afferent

nociceptor; T, pain transmission neuron.

become continuously active during slow-wave sleep®.
Conversely, on cells show markedly reduced activity
during slow-wave sleep. Taken together, these findings
indicate that the modulatory circuit can operate in one
of two opposing states: an on-cell state that enhances
nociceptive transmission and an off-cell state that
inhibits nociceptive transmission. Administration of
MOR ligands changes the circuit into the off-cell state,
whereas the presence of a prolonged somatic noxious
stimulus changes it into an on-cell state. The concept
that the modulatory circuit can operate in two distinct
modes is crucial for understanding how a given opioid
ligand can have different behavioural effects when given
at different times.

The opioid receptor family and pain modulation

The known opioid receptors are members of the large
c-prOTEIN-COUpled receptor family. There are currently
four well-established members of the opioid receptor
family — , & (DOR/OPRD), k (KOR/OPRK1) and
opioid receptor-like (ORL1/OPRL) (for reviews, see
REFS63,64). The first three were defined on the basis of
ligand-binding studies, and subsequent cloning of their
genes revealed high sequence homology. The ORL1
receptor was identified on the basis of its high sequence
homology with the other three receptors. The anatomical
distributions of DOR, KOR and ORL1 receptors parallel
that of the MOR; they are present in the component
nuclei of the pain-modulating circuit??30&&, | jgands
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INWARDLY RECTIFYING
POTASSIUM CHANNELS
Potassium channels that allow
long depolarizing responses, as
they close during depolarizing
pulses and open with steep
voltage dependence on
hyperpolarization. They are
called inward rectifiers because
current flows through them more
easily into than out of the cell.

Table 1 | Rostral ventromedial medulla (RVM) neurons and behavioural state

Oncell Off cell
MOR agonist - +
Acute MOR abstinence 4 -
Tonic noxious stimulus + -
Low dose neurotensin (In RVM) + 0
Threat or appetitive motivational state - +

Nociceptive Blocked by MOR Blocked by ORL

response antagonist or KOR agonists
- Y Y

+ N/A Y

+ N/A N/A

+ N/A N/A

- Y Y

+, increases; —, decreases; 0, no effect. KOR, k-opioid receptor; MOR, p-opioid receptor; N/A, not applicable; ORL, opioid receptor-like; Y, yes.

that are selective for each opioid receptor regulate various
motivated behaviours including feeding, alcohol and
psychostimulant consumption and pain.

Actions of MOR ligands on pain-modulating neurons.
Morphine is the prototypical opioid ligand, and its
actions require the MOR?, In vitro studies of neurons in
pain-modulating nuclei have revealed several types
of synaptic actions by MOR ligands (FiG.3). Direct post-
and presynaptic inhibition of GABA (y-aminobutyric
acid) release have been related to the nociception-
modulating function of the PAG and RVM (FiG.3). Direct
postsynaptic inhibition of subsets of PAG and RVM
neurons is produced by MOR agonists through activation
of an INWARDLY RECTIFYING POTASSIUM CHANNEL'%6, In vivo
iontophoresis of morphine in the RVM selectively
inhibits on-cells, and blocks their excitation by applied
glutamate. This shows that neurons in this region that are
postsynaptically inhibited by MOR agonists are on cells®’.

A subset of RVM neurons, which must include off
cells, is not hyperpolarized by MOR agonists but does
have GABA-releasing inputs that are presynaptically
inhibited by MOR ligands®’. Presynaptic inhibition of
GABA-releasing inputs by MOR agonists has also been
demonstrated in PAG neurons of rats and mice®%. RVM
off cells are activated by local infusion of either MOR
selective ligands or the GABA, receptor antagonist bi-
cuculline™™, and this leads to an anti-nociceptive effect.
Because in vitro studies show no direct excitatory
effect of MOR ligands on any cell class, RVM off-cell
excitation by local microinfusion of MOR agonists is at
least partly due to inhibition of GABA-releasing inputs.
Although presynaptic inhibition of glutamatergic trans-
mission to on cells in both the RVM and PAG could
contribute under some circumstances’™, the analgesic
effect of MOR agonists acting in both PAG and RVM is
probably due to disinhibition of off cells.

Contribution of the &-opioid receptor. The role of the
DOR in pain modulation is puzzling (reviewed by REr. 7).
DOR agonists microinjected into the PAG produce little
or no anti-nociceptive effect in the rat™. Consistent with
this observation, in vitro experiments have failed to show
either hyperpolarization of neurons or inhibition of
transmitter release by DOR agonists in rat PAG737", By
contrast, in the C57B16/J mouse, DOR agonists hyperpo-
larize a small subset of PAG neurons (24% compared
with 72% for MOR agonists)®™. In the RVM, DOR is
present on axon terminals, and DOR selective antagonists

can block the analgesia that is produced by PAG activa-
tion™", Furthermore, in the RVM, DOR agonists
produce weak to moderate analgesia® and changes
in RVM on and off cells that are similar to but weaker
than those produced by MOR agonists®. There are no
published studies of DOR synaptic actions in the RVM.

The modest cellular and behavioural effects of selec-
tive agonists imply a relatively minor contribution of the
DOR to pain modulation. However, another possibility
is that synthesis or cellular trafficking of the DOR is
variable, and more potent DOR effects could be
demonstrated under the right conditions. For example,
inflammation increases the targeting of the DOR to the
plasma membrane in the spinal cord dorsal horn®,
Furthermore, prolonged inflammation is associated with
an enhanced anti-nociceptive effect for a DOR-selective
ligand (deltorphin) in the RVM®, These results indicate
that DOR function might be more robust if the receptor
is studied under appropriate conditions.

State-dependent effects of KOR and ORL1 ligands. KOR-
selective agonists have at least two synaptic actions in the
RVM. They directly hyperpolarize neurons that are not
hyperpolarized by MOR agonists (off and/or neutral
cells), and they inhibit excitatory glutamatergic inputs to
RVM neurons, including those that are hyperpolarized by
MOR agonists (on cells). Nociceptin, a ligand that is selec-
tive for the ORLL1 receptor, strongly hyperpolarizes all
classes of neurons in the RVM and PAG through activa-
tion of an inwardly rectifying potassium channel®. In
addition, nociceptin inhibits GABA release by a pre-
synaptic action®4#, In vivo, RVM microinjection of the
same ORL1 ligand strongly inhibits all on and off cells®.
In summary, KOR agonists act presynaptically and ORL1
agonists act postsynaptically to inhibit both on and
off cells in the RVM. FIGURE 5b summarizes the synaptic
distribution of opioid receptors in the RVM on and off
cell circuits. The cells of origin of the opioid-regulated
afferent terminals of RVM on and off cells have not been
definitively identified.

In contrast to the robust cellular and synaptic actions
of KOR and ORL1 in vitro, their behavioural effects on
pain transmission are highly variable. Various effects of
supraspinal injection of ORL1 agonists have been
reported; no effect, enhancement of nociceptive respon-
siveness or enhancement followed by inhibition
(reviewed by Rer.87). Similarly, in comparison to MOR
agonists, KOR agonists produce analgesia that is weaker
and more dependent on the type of noxious stimulus
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Figure 5 | Shifts in nociceptive modulatory state during morphine analgesia and acute
naloxone-induced abstinence. a | Morphine activates off cells to inhibit pain (lower left),
whereas when naloxone is used to precipitate acute abstinence, on cells are activated and
produce a hyperalgesic state (lower right). b | Synaptic distribution of opioid receptors within the
rostral ventromedial medulla (RVM). p-Opioid receptor (MOR) is located on GABA (y-aminobutyric
acid)-releasing terminals at off cells and the somadendritic region of on cells. Both cell classes
have somadendritic opioid receptor-like (ORL1) receptors and both are excited by k-opioid
receptor (KOR)-bearing glutamatergic terminals (glut) that arise from different input neurons.
Whereas MOR agonists produce anti-nociceptive effects by inhibiting on cells and disinhibiting off
cells, ORL1 and KOR agonists acting in the RVM can block analgesia by inhibiting off cells or
block hyperalgesia by inhibiting on cells. PAG, periaqueductal grey.

that is used®®%, In addition, KOR agonists can
functionally antagonize MOR-mediated analgesia®*%-,

How can we resolve the discrepancy between the
robust and consistent synaptic actions of KOR and
ORL1 agonists and their weak and variable behavioural
effects? The key is that the pain-modulating circuit has
two opposing states, and that the behavioural effect
of an opioid depends on whether the circuit is in the on-
cell or off-cell state. These points are clearly illustrated
by recent studies of the effects of KOR and ORL1
agonists on nociceptor-elicited behaviours, and on the
activity of RVM neurons during morphine analgesia
(off-cell state) and during naloxone-precipitated
morphine abstinence (on-cell state).

When morphine is administered (systemically or into
the PAG), the on cells become silent and the off cells fire
continuously (FIG. 4cand FIG. 52). In the off-cell state,
dorsal horn neurons and withdrawal reflexes are inhib-
ited. This inhibition is reversed by inactivation of
the RVM or selective inhibition of off-cell firing. In the
off-cell state, microinjection of either an ORL1 or KOR
agonist will inhibit off cells and will have an anti-
analgesic (pain-promoting) action*5, Conversely, if
naloxone is given following systemic administration of
an analgesic dose of morphine, off-cell firing is shut
down, on-cell firing increases and becomes continuous,
and withdrawal reflexes are enhanced® % (riG. 5). In this
on-cell state, microinjection of an ORL1 or KOR agonist
will inhibit on cells and will have an anti-hyperalgesic
(pain-reducing) action*%,

These experiments illustrate the power (and the
necessity) of using neural circuit analysis to explain
behavioural pharmacology. In addition to the descending
control that is exerted by on and off cells, serotonergic
neurons in the RVM that project to the dorsal horn
provide a third, state-dependent element that controls
nociceptive transmission (BOX 1).

The biological imperative for pain modulation
Although the concept of state dependence is helpful for
understanding the role of different opioid receptorsin
pain control, it raises an intriguing question: what is the
biological meaning of a ‘behavioural state™ The available
evidence indicates that the most promising framework
for approaching this question is to conceptualize pain
as primarily a motivational state that has a powerful
influence on decision making.

Noxious stimuli produce distinctly unpleasant
sensations and elicit various innate behaviours that are
appropriate to a continuing physical threat such as
escape, defence and vocalization®. Following injury,
nociceptive inputs elicit recuperative behaviours such as
quiescence, licking and guarding®. The nociceptive
input that activates and maintains these behaviours
can be conceptualized as inducing a drive state with
powerful motivational effects®. Because they induce a
motivational state, noxious stimuli serve as teaching
signals, allowing animals to avoid situations that have
either caused or threatened tissue injury in the past®’.
The powerful behavioural demand that is produced by
noxious stimuli presents the animal with a biological
problem. There will be circumstances — for instance,
the presence of a predator — in which choosing to
respond overtly to a noxious stimulus, such as with
vocalization or sudden movement, places the animal at
risk of even greater injury or death®. Exhibiting certain
‘pain’ behaviours in the presence of a competing domi-
nant male conspecific might significantly reduce repro-
ductive efficiency. So, when the motivational demand
for a behaviour that is typically elicited by a noxious
stimulus occurs in the presence of a biological cost for
its execution, a mechanism that can block the behaviour
confers a potential evolutionary advantage.

Opioid-mediated inhibition of pain has been
demonstrated in these situations. For example, naloxone-
reversible analgesia is induced in male rodents by
the presence of a predator®, or an aggressive male con-
specific®. Through classical conditioning, initially neutral
contextual cues can acquire the motivational power to
elicit opioid-mediated analgesia. In the conditioned fear
model, after contingent pairing with an inescapable foot
shock, an initially neutral light or tone can elicit an
anti-nociceptive effect. This conditioned analgesia is
blocked by microinjection of MOR- but not KOR- or
DOR-selective antagonists into the basolateral amygdala,
PAG and RVM-192_ Similar to the analgesia that is
elicited by PAG MOR agonists, the analgesia that accom-
panies conditioned fear is inhibited by the microinjection
of a KOR agonist in the RVIM'®, Activation of the opioid-
mediated anti-nociceptive network is part of the process
of deciding to respond to the anticipated threat rather
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Box 1 | Serotonergic neurons and pain modulation

There is little doubt that serotonin (5-hydroxytryptamine, 5-HT) contributes to
brainstem control of nociceptive transmission at spinal levels®-'?6127 However, the
weight of evidence indicates that rostral ventromedial medulla (RVM) serotonergic
neurons are part of a pathway that is anatomically coextensive and that interacts with,
but is functionally distinct from, the opioid-mediated pain-modulatory circuit. In
adult rodents, about 20% of RVM neurons are serotonergic, and most project through
the dorsolateral funiculus to innervate the dorsal horn. However, cytochemical studies
of physiologically identified RVM neurons have clearly shown that serotonergic
neurons in the RVM are neither on nor off cells; the response of serotonergic RVM
neurons to noxious stimulation is weak and variable'?, Furthermore, in vivo studies in
adult animals indicate that serotonergic RVM neurons are not robustly affected by
either PAG stimulation or morphine at doses that are sufficient to inhibit nociceptive
transmission®:. By contrast, in vitro studies of spinally projecting serotonergic RVM
neurons in young rats have shown postsynaptic inhibition by p-opioid receptor
(MORY)- and k-opioid receptor (KOR)-selective agonists?®, and MOR-mediated
presynaptic inhibition of both glutamate and GABA (y-aminobutyric acid)
transmission’. Serotonin has both excitatory and inhibitory synaptic actions on
nociceptive dorsal horn neurons'***%! and spinally administered 5-HT receptor
antagonists reduce both the pain-facilitating and inhibiting-effects of RVM
stimulation®*21%®, The discharge patterns of serotonergic RVM neurons have been
studied in anaesthetized cats. Their activity closely tracks periodic shifts in the
sleep—wake cycle, being highest during waking, lower during slow-wave sleep and
lowest during paradoxical sleep. In summary, serotonergic RVM neurons provide a
state-dependent and potentially bidirectional modulatory channel that is parallel to,
but operationally distinct from, the controls exerted by on and off cells. In vitro studies
indicate that the serotonergic channel might be subject to opioid control under certain,
as yet unspecified, conditions. The three channels converge at the level of the dorsal
horn. The dynamic interplay between serotonin and the action of on and off cells
represents an important field for future research.

BASAL GANGLIA

A group of interconnected
subcortical nuclei in the
forebrain and midbrain that
includes the striatum (putamen
and caudate nucleus), globus
pallidus, subthalamic nucleus,
ventral tegmental area and
substantia nigra.

than the ongoing tissue-damaging stimulus. The decision
is the outcome of a computation of the relative cost and
probability of the threat compared with that of the
noxious stimulus®.

Consistent with a crucial role in decision making,
opioid-mediated pain-modulatory circuits can be
engaged during appetitive as well as aversive motiva-
tional states. Feeding sucrose to animalst®%or human
infants?% produces a naloxone-reversible analgesic
effect. Sucrose-induced analgesia in rodents is blocked
by lesions of the ventromedial hypothalamus*®’, which
projects to both the PAG and RVM. Interestingly, the
RVM on-cell burst and off-cell pause are reduced dur-
ing food or water consumption®2, Furthermore, the
anticipation of a food reward can have the same effect.
For example, placing animals in an environment where
they have previously received a desired food raises their
withdrawal threshold, and this effect is blocked by
naloxone®. This demonstrates that food consumption
or food predictive sensory cues activate an opioid-
mediated pain-modulatory circuit, increasing the
probability that the animal will consume the food
despite conflicting drives. Consistent with a direct link
between opioid analgesia and appetitive choice,
microinjection of MOR (or MOR and DOR) agonists
into the nucleus accumbens (a region of the sasac
cancLIA that is crucial for linking motivation to
action) induces both anti-nociception®® and con-
sumption of sweet and rich foods and ethanol**,
So, instinctive as well as learned motivational states

with either appetitive or aversive valence are associated
with activation of opioid-mediated anti-nociceptive
mechanisms.

Reward expectancy, opioids and placebo

The concept that activation of opioid-mediated
pain-modulatory circuits is driven primarily by
motivational state provides a heuristic basis for inter-
preting the literature on neural mechanisms of placebo
analgesia. Shortly after the discovery of endogenous
opioids in the mid-1970s, placebo analgesia was
shown to be blocked by naloxone'* — a result that has
been replicated several times''23, An important
mediating process that underlies placebo analgesia is
expectancy,

Expectancy can be induced verbally by telling an
individual that they are about to receive a powerful
analgesic, or by conditioning**; for example, by giving
an individual a treatment (pill, ointment or intravenous
infusion) that produces a powerful analgesic effect.
After conditioning, giving the subject a physiologically
inert treatment that closely resembles the appearance of
the actual analgesic produces a powerful, naloxone-
reversible analgesic effect!!®. By contrast, informing
the subject that they are getting an inert placebo will
‘reverse’ the effect of conditioning and prevent
the placebo-induced analgesic response!'’. From the
standpoint of motivational processes, an effective
placebo manipulation can be considered to be a
reward-predictive cue because pain relief is ‘rewarding’
(negative reinforcement). So, by virtue of leading
to the expectation of pain relief, placebo analgesics
have appetitive motivational power. Just as the rodent
anticipating a desired food reward engages its opioid-
mediated analgesia circuit, so might a person anticipating
pain relief engage a homologous opioid-mediated
circuit (see Rer. 118). A sugar pill that resembles a pre-
viously administered analgesic would have the advantage
of directly engaging opioid-mediated circuits through
its sweet taste as well as the cognitive expectation of
pain relief.

Functional imaging studies support the idea that
expectancy, and expectation of pain relief in particular,
can engage opioid-mediated pain-modulating circuitry.
Using positron emission tomography and an experi-
mental pain model, Petrovic and colleagues'*® studied
brain areas that are activated by the powerful MOR
agonist remifentanyl. The same subjects were then
given a saline infusion with the instruction that it was a
powerful analgesic. Subjects who experienced significant
relief with the placebo infusion showed activation in
areas that were largely coextensive with those activated
by the MOR agonist. These areas included the rostral
anterior cingulate, and brainstem areas that overlap with
nuclei that have been implicated in pain modulation.
Wager and colleagues took the story further by showing
that activation of the anterior cingulate cortex (ACC)
and midbrain PAG correlated with placebo analgesia in
human subjects®. Through its connection to the PAG,
the ACC is anatomically linked to the opioid-mediated
pain-modulatory circuit'?,
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to the nucleus accumbens'?*, which, as noted above,
is crucial for linking motivation to action. It is note-
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Melzack, R. & Wall, P. D. Acute pain in an emergency clinic:
latency of onset and descriptor patterns related to different
injuries. Pain 14, 33-43 (1982).

Akil, H. et al. Endogenous opioids: overview and current
issues. Drug Alcohol Depend. 51, 127-140 (1998).

Kieffer, B. L. & Gaveriaux-Ruff, C. Exploring the opioid
system by gene knockout. Prog. Neurobiol. 66, 285-306
(2002).

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

Yaksh, T. L. & Rudy, T. A. Narcotic analgetics: CNS sites and
mechanisms of action as revealed by intracerebral injection
techniques. Pain 4, 299-359 (1978).

This is a thorough review of the initial mapping
studies of CNS sites that are sensitive to the analgesic
effect of opioids.

Heinricher, M. M. & McGaraughty, S. in State-Dependent
Processing in Somatosensory Pathways (ed. Soja, P. J.)
487-503 (CRC Press, San Diego, 1998).

Fields, H. L. & Basbaum, A. I. in Textbook of Pain (eds Wall,
P. D. & Melzack, R.) 309-329 (Churchill Livingstone,
Edinburgh, 1999).

Neubert, M. J., Kincaid, W. & Heinricher, M. M. Nociceptive
facilitating neurons in the rostral ventromedial medulla. Pain
(in the press).

By selectively activating on cells, the authors provide
definitive evidence that these cells facilitate
nociceptive transmission.

Ackley, M. A., Hurley, R. W., Virnich, D. E. & Hammond, D. L.
A cellular mechanism for the antinociceptive effect of a
K-opioid receptor agonist. Pain 91, 377-388 (2001).

The authors demonstrate presynaptic control of
glutamatergic inputs by KOR agonists in vitro.

Chieng, B. & Christie, M. J. Hyperpolarization by opioids
acting on p-receptors of a sub-population of rat
periaqueductal gray neurones in vitro. Br. J. Pharmacol.
113, 121-128 (1994).

Pan, Z. Z., Tershner, S. A. & Fields, H. L. Cellular mechanism
for anti-analgesic action of agonists of the k-opioid receptor.
Nature 389, 382-385 (1997).

Julius, D. & Basbaum, A. . Molecular mechanisms of
nociception. Nature 413, 203-210 (2001).

Price, D. D. Psychological Mechanisms of Pain and
Analgesia (IASP Press, Seattle, 1999).

A classic book in which the author presents a
thorough review of the psychophysics of pain, and of
the cognitive and experiential modifiers of pain. He
puts this perceptual evidence into a neurobiological
and clinical perspective.

Willis, W. D. & Coggeshall, R. E. Sensory Mechanisms of the
Spinal Cord (Plenum, New York, 1991).

Wall, P. D. & Melzack, R. (eds) Textbook of Pain (Churchill
Livingstone, Edinburgh, 1999).

Casey, K. L. & Bushnell, M. C. (eds) Pain Imaging (IASP
Press, Seattle, 2000).

Wall, P. D. The laminar organisation of dorsal horn and
effects of descending impulses. J. Physiol. (Lond.) 188,
403-423 (1967).

This is a seminal description of dorsal horn neurons
as feature detectors with response properties that
are subject to top—down modulation. Wall
demonstrated that each dorsal horn lamina
contained neurons with distinct physiological
properties, and he placed the main focus of pain
research on the spinal cord.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

Reynolds, D. V. Surgery in the rat during electrical analgesia
by focal brain stimulation. Science 164, 444-445 (1969).
The original description of stimulation-produced
analgesia in rodents.

Mayer, D. J., Wolfe, T. L., Akil, H., Carder, B. & Liebeskind, J. C.
Analgesia from electrical stimulation in the brain stem of the
rat. Science 174, 1351-1354 (1971).

Mayer, D. J. & Liebeskind, J. C. Pain reduction by focal
stimulation of the brain: an anatomical and behavioural
analysis. Brain Res. 68, 73-93 (1974).

Hosobuchi, Y., Adams, J. E. & Linchitz, R. Pain relief by
electrical stimulation of the central gray matter in humans in
its reversal by naloxone. Science 197, 183-186 (1977).
Baskin, D. S. et al. Autopsy analysis of the safety, efficacy
and cartography of electrical stimulation of the central gray
in humans. Brain Res. 371, 231-236 (1986).

Holden, J. E., van Poppel, A. Y. & Thomas, S.
Antinociception from lateral hypothalamic stimulation may
be mediated by NK1 receptors in the A7 catecholamine cell
group in rat. Brain Res. 953, 195-204 (2002).

Liebeskind, J. C., Guilbaud, G., Besson, J. M. & Oliveras, J. L.
Analgesia from electrical stimulation of the periaqueductal
gray matter in the cat: behavioral observations and inhibitory
effects on spinal cord interneurons. Brain Res. 50, 441-446
(1973).

Stein, C., Schafer, M. & Machelska, H. Attacking pain at its
source: new perspectives on opioids. Nature Med. 9,
1003-1008 (2003).

Grudt, T. J. & Wiliams, J. T. p-opioid agonists inhibit spinal
trigeminal substantia gelatinosa neurons in guinea pig and
rat. J. Neurosci. 14, 1646-1654 (1994).

Glaum, S. R., Miller, R. J. & Hammond, D. L. Inhibitory
actions of 8,, 3,, and p-opioid receptor agonists on
excitatory transmission in lamina Il neurons of adult rat spinal
cord. J. Neurosci. 14, 4965-4971 (1994).

This study demonstrates both pre- and postsynaptic
actions of opioids at the first relay from primary
afferent nociceptors to second-order dorsal horn
neurons.

Mansour, A., Khachaturian, H., Lewis, M. E., Akil, H. &
Watson, S. J. Anatomy of CNS opioid receptors. Trends
Neurosci. 11, 308-314 (1988).

Mansour, A., Fox, C. A. & Watson, S. J. Opioid-receptor
MRNA expression in the rat CNS: anatomical and functional
implications. Trends Neurosci. 18, 22-29 (1995).

A concise survey of MOR, KOR and DOR distribution
in the CNS.

Arvidsson, U. et al. Distribution and targeting of a p-opioid
receptor (MOR1) in brain and spinal cord. J. Neurosci. 15,
3328-3341 (1995).

Manning, B. H., Morgan, M. J. & Franklin, K. B. J. Morphine
analgesia in the formalin test: evidence for forebrain and
midbrain sites of action. Neuroscience 63, 289-294 (1994).
Burkey, A. R., Carstens, E., Wenniger, J. J., Tang, J. &
Jasmin, L. An opioidergic cortical antinociception triggering
site in the agranular insular cortex of the rat that contributes
to morphine antinociception. J. Neurosci. 16, 6612-6623
(1996).

Tershner, S. A. & Helmstetter, F. J. Antinociception produced
by p-opioid receptor activation in the amygdala is partly
dependent on activation of p-opioid and neurotensin
receptors in the ventral periaqueductal gray. Brain Res. 865,
17-26 (2000).

Kiefel, J. M., Rossi, G. C. & Bodnar, R. J. Medullary pand &
opioid receptors modulate mesencephalic morphine
analgesia in rats. Brain Res. 624, 151-161 (1993).

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Conclusions

As outlined above, our knowledge of the biological
significance of opioid receptors and endogenous opioid
peptides has leaned heavily on the use of opioid antago-
nists. Although the pain inhibition that is associated with
conditioned fear is primarily a MOR-mediated effect,
most published work has used non-selective opioid
antagonists such as naloxone and naltrexone, so the func-
tion of endogenous agonists for the other opioid receptor
classes is currently obscure. Addressing their contribution
to motivational control will require the use of selective
antagonists and some ingenuity to determine the behav-
ioural conditions that are required to activate circuits that
release endogenous ligands for DOR, KOR and ORL1.

Roychowdhury, S. M. & Fields, H. L. Endogenous opioids
acting at a medullary p-opioid receptor contribute to the
behavioral antinociception produced by GABA antagonism
in the midbrain periaqueductal gray. Neuroscience 74,
863-872 (1996).

Al-Rodhan, N., Chipkin, R. & Yaksh, T. L. The
antinociceptive effects of SCH-32615, a neutral
endopeptidase (enkephalinase) inhibitor, microinjected into
the periaqueductal, ventral medulla and amygdala. Brain
Res. 520, 123-130 (1990).

Watkins, L. R. & Mayer, D. J. Organization of endogenous
opiate and nonopiate pain control systems. Science 216,
1185-1192 (1982).

Watkins, L. R., Young, E. G., Kinscheck, |. B. & Mayer, J. D.
The neural basis of footshock analgesia: the role of
specific ventral medullary nuclei. Brain Res. 276, 305-315
(1983).

Levine, J. D., Gordon, N. C., Jones, R. T. & Fields, H. L. The
narcotic antagonist naloxone enhances clinical pain. Nature
272, 826-827 (1978).

The first direct evidence that endogenous opioids
modulate pain in humans. The authors used dental
postoperative pain as the measure of action of the
opioid-mediated analgesia system.

Pollo, A. et al. Response expectancies in placebo analgesia
and their clinical relevance. Pain 93, 77-84 (2001).

Fields, H. L. Is there a facilitating component to central pain
modulation? APS J. 1, 139-141 (1992).

Porreca, ., Ossipov, M. H. & Gebhart, G. F. Chronic pain
and medullary descending facilitation. Trends Neurosci. 25,
319-325 (2002).

Urban, M. O. & Gebhart, G. F. Supraspinal contributions to
hyperalgesia. Proc. Natl Acad. Sci. USA 96, 7687-7692
(1999).

Zhuo, M. & Gebhart, G. F. Characterization of descending
inhibition and facilitation from the nuclei reticularis
gigantocellularis and gigantocellularis pars alpha in the rat.
Pain 42, 337-350 (1990).

Zhuo, M. & Gebhart, G. F. Characterization of descending
facilitation and inhibition of spinal nociceptive transmission
from the nuclei reticularis gigantocellularis and
gigantocellularis pars alpha in the rat. J. Neurophys. 67,
1599-1614 (1992).

Urban, M. O., Coutinho, S. V. & Gebhart, G. F. Biphasic
modulation of visceral nociception by neurotensin in rat
rostral ventromedial medulla. J. Pharmacol. Exp. Ther. 290,
207-213 (1999).

Watkins, L. R. et al. Neurocircuitry of illness-induced
hyperalgesia. Brain Res. 639, 283-299 (1994).

Morgan, M. M., Heinricher, M. M. & Fields, H. L. Inhibition
and facilitation of different nocifensor reflexes by spatially
remote noxious thermal stimuli. J. Neurophysiol. 72,
1152-1160 (1994).

Haws, C. M., Wiliamson, A. M. & Fields, H. L. Putative
nociceptive modulatory neurons in the dorsolateral
pontomesencephalic reticular formation. Brain Res. 483,
272-282 (1989).

Heinricher, M. M., Cheng, Z. F. & Fields, H. L. Evidence for
two classes of nociceptive modulating neurons in the
periaqueductal gray. J. Neurosci. 7, 271-278 (1987).
Fields, H. L., Malick, A. & Burstein, R. Dorsal horn projection
targets of on and off cells in the rostral ventromedial medulla.
J. Neurophysiol. 74, 1742-1759 (1995).
Microstimulation is used to track the terminals of

on and off cells into dorsal horn laminae I, Il

and V.

NATURE REVIEWS | NEUROSCIENCE

VOLUME 5 [JULY 2004 [ 573



REVIEWS

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Heinricher, M. M., McGaraughty, S. & Farr, D. A. The role of
excitatory amino acid transmission within the rostral
ventromedial medulla in the antinociceptive actions of
systemically administered morphine. Pain 81, 57-65 (1999).
Heinricher, M. M., McGaraughty, S. & Grandy, D. K. Circuitry
underlying antiopioid actions of orphanin FQ in the rostral

ventromedial medulla. J. Neurophysiol. 78, 3351-3358 (1997).

Heinricher, M. M., McGaraughty, S. & Tortorici, V. Circuitry
underlying antiopioid actions of cholecystokinin within the
rostral ventromedial medulla. J. Neurophysiol. 85, 280-286
(2001).

Morgan, M. M. & Fields, H. L. Pronounced changes in the
activity of nociceptive modulatory neurons in the rostral
ventromedial medulla in response to prolonged thermal
noxious stimuli. J. Neurophysiol. 72, 1161-1170 (1994).
Porreca, F. et al. Inhibition of neuropathic pain by selective
ablation of brainstem medullary cells expression the
p-opioid receptor. J. Neurosci. 21, 5281-5288 (2001).
Gardell, L. R. et al. Enhanced evoked excitatory transmitter
release in experimental neuropathy requires descending
facilitation. J. Neurosci. 23, 8370-8379 (2003).

Barbaro, N. M., Heinricher, M. M. & Fields, H. L. Putative
nociceptive modulatory neurons in the rostral ventromedial
medulla of the rat display highly correlated firing patterns.
Somatosens. Motor Res. 6, 413-425 (1989).

Heinricher, M. M., Barbaro, N. M. & Fields, H. L. Putative
nociceptive modulating neurons in the rostral ventromedial
medulla of the rat: firing of on- and off-cells is related to
nociceptive responsiveness. Somatosens. Motor Res. 6,
427-439 (1989).

Heinricher, M. M. & McGaraughty, S. Analysis of excitatory
amino acid transmission within the rostral ventromedial
medulla: implications for circuitry. Pain 75, 247-255 (1998).
Mason, P. Contributions of the medullary raphe and
ventromedial reticular region to pain modulation and other
homeostatic functions. Annu. Rev. Neurosci. 24, 737-777
(2001).

Leung, C. G. & Mason, P. Physiological properties of raphe
magnus neurons during sleep and waking. J. Neurophysiol.
81, 584-595 (1999).

This study uses single unit recording in awake rats to
demonstrate state dependence of firing patterns in on,

off and neutral cells in the rostral ventromedial medulla.

Akil, H., Meng, F.,, Devine, D. P. & Watson, S. J. Molecular
and neuroanatomical properties of the endogenous opioid
system: implications tor treatment of opiate addiction.
Semin. Neurosci. 9, 70-83 (1997).

Eguchi, M. Recent advances in selective opioid receptor

agonists and antagonists. Med. Res. Rev. 24, 182-212 (2004).

Bridge, K. E., Wainwright, A., Reilly, K. & Oliver, K. R.
Autoradiographic localization of 1%5i[tyr']
nociceptin/orphanin FQ binding sites in macacque primate
CNS. Neuroscience 118, 513-523 (2003).

Pan, Z. Z., Willams, J. T. & Osborne, P. B. Opioid actions on
single nucleus raphe magnus neurons from rat and guinea-
pig in vitro. J. Physiol. (Lond.) 427, 519-532 (1990).

The firstin vitro study of RVM neurons. The authors
use sharp electrodes and demonstrate distinct
populations of neurons that are either directly
inhibited or disinhibited by opioid agonists.

Heinricher, M. M., Morgan, M. M. & Fields, H. L. Direct and
indirect action of morphine on medullary neurons that
modulate nociception. Neuroscience 48, 533-543 (1992).
Vaughan, C. W. & Christie, M. J. Presynaptic inhibitory
action of opioids on synaptic transmission in the rat
periaqueductal grey in vitro. J. Physiol. (Lond.) 498,
463-472 (1997).

Vaughan, C. W. et al. Cellular actions of opioids on
periaqueductal grey neurons from C57B16/J mice and
mutant mice lacking MOR-1. Br. J. Pharmacol. 139,
362-367 (2003).

Heinricher, M. M., Morgan, M. M., Tortorici, V. & Fields, H. L.
Disinhibition of off-cells and antinociception produced by an
opioid action within the rostral ventromedial medulla.
Neuroscience 63, 279-288 (1994).

Heinricher, M. M. & Tortorici, V. Interference with GABA
transmission in the rostral ventromedial medulla:
dishinhibition of off-cells as a central mechanism in
nociceptive modulation. Neuroscience 63, 533-546 (1994).
Finnegan, T. F, Li, D. P, Chen, S. R. & Pan, H. L. Activation
of p-opioid receptors inhibits synaptic inputs to spinally
projecting rostral ventromedial medulla neurons.

J. Pharmacol. Exp. Ther. 309, 476-483 (2004).

Connor, M., Schuller, A., Pintar, J. E. & Christie, M. J.
H-Opioid receptor modulation of calcium channel current in
periaqueductal grey neurons from C57B16/J mice and
mutant mice lacking MOR-1. Br. J. Pharmacol. 126,
1553-1558 (1999).

Heinricher, M. M. & Fields, H. L. in The Delta Receptor:
Molecular and Effect of Delta Opioid Compounds (ed.
Woods, J.) 467-480 (Marcel Dekker, New York, 2003).

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Rossi, G. C., Pasternak, G. W. & Bodnar, R. J. p- and &-
opioid synergy between the periaqueductal gray and the
rostro-ventral medulla. Brain Research 665, 85-93 (1994).
Ossipov, M. H., Kovelowski, C. J., Nichols, M. L., Hruby, V. J. &
Porreca, F. Characterization of supraspinal antinociceptive
actions of opioid & agonists in the rat. Pain 62, 287-293 (1995).
Connor, M. & Christie, M. J. Modulation of Ca?* channel
currents of acutely dissociated rat periaqueductal grey
neurons. J. Physiol. (Lond.) 509, 47-58 (1998).

Kiefel, J. M., Rossi, G. C. & Bodnar, R. J. Medullary p- and
3-opioid receptors modulate mesencephalic morphine
analgesia in rats. Brain Res. 624, 151-161 (1993).
Hirakawa, N., Tershner, S. A. & Fields, H. L. Highly
&-selective antagonists in the RVM attenuate the
antinociceptive effect of PAG DAMGO. Neuroreport 10,
3125-3129 (1999).

Thorat, S. N. & Hammond, D. L. Modulation of nociception
by microinjection of -1 and -2 opioid receptor ligands in
the ventromedial medulla of the rat. J. Pharmacol. Exp. Ther.
283, 1185-1192 (1997).

Harasawa, |., Fields, H. L. & Meng, I. D. 8-opioid receptor
mediated actions in the rostral ventromedial medulla on tail
flick latency and nociceptive modulatory neurons. Pain 85,
255-262 (2000).

Cahill, C. M., Morinville, A., Hoffert, C., O’'Donnell, D. &
Beaudet, A. Up-regulation and trafficking of &-opioid
receptor in @ model of chronic inflammation: implications for
pain control. Pain 101, 199-208 (2003).

Hurley, R. W. & Hammond, D. L. The analgesic effects of
supraspinal p and & opioid receptor agonists are potentiated
during persistent inflammation. J. Neurosci. 20, 1249-1259
(2000).

Vaughan, C. W,, Ingram, S. L. & Christie, M. J. Actions of the
ORL1 receptor ligand nociceptin on membrane properties of
rat periaqueductal gray neurons in vitro. J. Neurosci. 17,
996-1003 (1997).

References 84—86 demonstrate the robust and
promiscuous inhibition that is produced by orphanin
in both PAG and RVM.

Pan, Z., Hirakawa, N. & Fields, H. L. A cellular mechanism
for the bidirectional pain-modulating actions of orphanin
FQ/nociceptin. Neuron 26, 515-522 (2000).

Vaughan, C. W. et al. Actions of nociceptin/orphanin FQ and
other prepronociceptin products on rat rostral ventromedial
medulla neurons in vitro. J. Physiol. (Lond.) 534, 849-859
(2001).

Darland, T., Heinricher, M. M. & Grandy, D. K. Orphanin
FQ/nociceptin: a role in pain and analgesia, but so much
more. Trends Neurosci. 21, 215-221 (1998).

Millan, M. J. k-opioid receptor-mediated antinociception in
the rat. I. Comparative actions of p- and k-opioids against
noxious, thermal, pressure and electrical stimuli.

J. Pharmacol. Exp. Ther. 251, 334-341 (1989).

Millan, M. J., Czlonkowski, A., Lipkowski, A. & Herz, A.
K-opioid receptor-mediated antinociception in the rat. Il.
Supraspinal in addition to spinal sites of action.

J. Pharmacol. Exp. Ther. 251, 342-350 (1989).

Pan, Z. Z. p-Opposing actions of the k-opioid receptor.
Trends Pharmacol. Sci. 19, 94-98 (1998).

Bederson, J. B., Fields, H. L. & Barbaro, N. M. Hyperalgesia
during naloxone-precipitated withdrawal from morphine is
associated with increased ON-cell activity in the rostral
ventromedial medulla. Somatosens. Motor Res. 7, 185-203
(1990).

Kaplan, H. & Fields, H. L. Hyperalgesia during acute opioid
abstinence: evidence for a nociceptive facilitating function of
the rostral ventromedial medulla. J. Neurosci. 11,
1433-1439 (1991).

Bandler, R. & Keay, K. A. in Progress in Brain Research Vol.
107 (eds Holstege, G., Bandler, R. & Saper, C.) 285-300
(Elsevier, Amsterdam, 1996).

Fanselow, M. S. Conditioned fear-induced opiate analgesia:
a competing motivational state theory of stress analgesia.
Ann. NY Acad. Sci. 467, 40-54 (1986).

Bolles, R. C. & Fanselow, M. S. A perceptual-defensive-
recuperative model of fear and pain. Behav. Brain Sci. 3,
291-323 (1980).

Johansen, J. P,, Fields, H. L. & Manning, B. H. The affective
component of pain in rodents: direct evidence for a
contribution of the anterior cingulate cortex. Proc. Natl
Acad. Sci. USA 98, 8077-8082 (2001).

Johansen, J. P. & Fields, H. L. Glutamatergic activation of
anterior cingulate cortex produces an aversive teaching
signal. Nature Neurosci. (in the press).

Kavaliers, M. & Colwell, D. D. Sex differences in opioid and
non-opioid mediated predator-induced analgesia in mice.
Brain Res. 568, 173-177 (1991).

Miczek, K. A. & Winslow, J. T. Analgesia and decrement in
operant performance in socially defeated mice: selective
cross-tolerance to morphine and antagonism by naltrexone.
Psychopharmacology (Berl.) 92, 444-451 (1987).

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Bellgowan, P. S. F. & Helmstetter, F. J. The role of pand
K-opioid receptors within the periaqueductal gray in the
expression of conditional hypoalgesia. Brain Res. 791,
83-89 (1998).

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

Foo, H. & Helmstetter, F. J. Hypoalgesia elicited by a
conditioned stimulus is blocked by a p-, but not a d- or a
k-opioid antagonist injected into the rostral ventromedial
medulla. Pain 83, 427-431 (1999).

Foo, H. & Helmstetter, F. J. Activation of k-opioid receptors
in the rostral ventromedial medulla blocks stress-induced
antinociception. Neuroreport 11, 3349-3352 (2000).
Segato, F. N., Castro-Souza, C., Segato, E. N., Morato, S. &
Coimbra, N. C. Sucrose ingestion causes opioid analgesia.
Braz. J. Med. Biol. Res. 30, 981-984 (1997).

Blass, E., Fitzgerald, E. & Kehoe, P. Interactions between
sucrose, pain and isolation distress. Pharmacol. Biochem.
Behav. 26, 483-489 (1987).

Bucher, H. U. et al. Sucrose reduces pain reaction to heel
lancing in preterm infants: a placebo-controlled, randomized
and masked study. Pediatr. Res. 38, 332-335 (1995).
Dutta, R., Mukherjee, K. & Mathur, R. Effect of VMH lesion
on sucrose-fed analgesia in formalin pain. Jpn J. Physiol. 51,
63-69 (2001).

Dum, J. & Herz, A. Endorphinergic modulation of neural
reward systems indicated by behavioral changes.
Pharmacol. Biochem. Behav. 21, 259-266 (1984).

The authors show that rats conditioned to expect
sucrose when they are placed on a hot plate will
show elevated escape thresholds. This analgesic
effect is blocked by the opioid antagonist

naloxone.

Schmidt, B. L., Tambeli, C. H., Levine, J. D. & Gear, R. W.
/& Cooperativity and opposing k-opioid effects in nucleus
accumbens-mediated antinociception in the rat. Eur. J.
Neurosci. 15, 861-868 (2002).

Kelley, A. E. et al. Opioid modulation of taste hedonics
within the ventral striatum. Physiol. Behav. 76, 365-377
(2002).

Levine, J. D., Gordon, N. C. & Fields, H. L. The mechanism
of placebo analgesia. Lancet 2, 654-657 (1978).

Using the model of dental postoperative pain, this is
the first evidence for its placebo mediation by
endogenous opioids.

Benedetti, F. The opposite effects of the opiate antagonist
naloxone and the cholecystokinin antagonist proglumide on
placebo analgesia. Pain 64, 535-543 (1996).

Grevert, P. & Goldstein, A. in Placebo: Theory, Research and
Mechanisms (eds White, L., Tursky, B. & Shwartz, G. E.)
332-350 (The Guilford Press, New York, 1985).

Price, D. D. et al. An analysis of factors that contribute to the
magnitude of placebo analgesia in an experimental
paradigm. Pain 83, 147-156 (1999).

Montgomery, G. H. & Kirsch, |. Classical conditioning and
the placebo effect. Pain 72, 107-113 (1997).

Amanzio, M. & Benedetti, F. Neuropharmacological
dissection of placebo analgesia: expectation-activated
opioid systems versus conditioning-activated specific
subsystems. J. Neurosci. 19, 484-494 (1999).

Voudouris, N. J., Peck, C. L. & Coleman, G. The role of
conditioning and verbal expectancy in the placebo
response. Pain 43, 121-128 (1990).

de la Fuente-Fernandez, R., Schulzer, M. & Stoess|, A. J.
The placebo effect in neurological disorders. Lancet Neurol.
1, 85-91 (2002).

Petrovic, P., Kalso, E., Petersson, K. M. & Ingvar, M. Placebo
and opioid analgesia— imaging a shared neuronal network.
Science 295, 1737-1740 (2002).

Using positron emission tomography, the authors
show extensive overlap between brain areas that are
activated by the short-acting MOR agonist
remifentanyl and a placebo manipulation that
produces analgesia.

Wager, T. D. et al. Placebo-induced changes in FMRI in the
anticipation and experience of pain. Science 303,
1162-1167 (2004).

An, X., Bandler, R., Ongur, D. & Price, J. L. Prefrontal cortical
projections to longitudinal columns in the midbrain
periaqueductal gray in macaque monkeys. J. Comp.
Neurol. 401, 455-479 (1998).

Kirsch, P. et al. Anticipation of reward in a nonaversive
differential conditioning paradigm and the brain reward
system: an event-related fMRI study. Neuroimage 20,
1086-1095 (2003).

Shidara, M. & Richmond, B. J. Anterior cingulate: single
neuronal signals related to degree of reward expectancy.
Science 296, 1709-1711 (2002).

574 | JULY 2004 | VOLUME 5

www.nature.com/reviews/neuro



REVIEWS

124.

125.

126.

127.

128.

129.

Kunishio, K. & Haber, S. N. Primate cingulostriatal
projection: limbic striatal versus sensorimotor striatal input.
J. Comp. Neurol. 350, 337-356 (1994).

Becerra, L., Breiter, H. C., Wise, R., Gonzalez, R. G. &
Borsook, D. Reward circuitry activation by noxious thermal
stimuli. Neuron 32, 927-946 (2001).

Suzuki, R., Morcuende, S., Webber, M., Hunt, S. P. &
Dickenson, A. H. Superficial NK1-expressing neurons
control spinal excitability through activation of descending
pathways. Nature Neurosci. 5, 1319-1326 (2002).

Le Bars, D. in Serotonin and Pain (eds Osborne, N. M. &
Hamon, M.) 171-226 (John Wiley, New York, 1988).
Potrebic, S. B., Fields, H. L. & Mason, P. Serotonin
immunoreactivity is contained in one physiological cell class
in the rat rostral ventromedial medulla. J. Neurosci. 14,
1655-1665 (1994).

Using in vivo intracellular recording, on, off and
neutral cells were identified physiologically and filled
with biocytin for later immunocytochemistry.
Serotonin was only found in neutral cells.

Marineli, S., Vaughan, C. W., Schnell, S. A., Wessendorf, M. W.
& Christie, M. J. Rostral ventromedial medulla neurons
that project to the spinal cord express multiple opioid
receptor phenotypes. J. Neurosci. 22, 10847-10855
(2002).

130.

131.

132.

133.

13

K

135.

The authors use a marker injected into the spinal cord
and transported retrogradely to identify spinally
projecting RVM neurons. They show that a significant
number of spinally-projecting serotonergic neurons
express functional p- and K-opioid receptors.

Mason, P. & Gao, K. Raphe magnus serotonergic neurons
tonically modulate nociceptive transmission. Pain Forum 7,
143-150 (1998).

Huang, L.-Y. M. Tonic release of serotonin. Pain Forum 7,
151-154 (1998).

Yaksh, T. L. & Wilson, P. R. Spinal serotonin system
mediates antinociception. J. Pharmacol. Exp. Ther. 208,
446-453 (1979).

Zhuo, M. & Gebhart, G. F. Spinal serotonin receptors mediate
descending facilitation of a nociceptive reflex from the nuclei
reticularis gigantocellularis and gigantocellularis pars alpha in
the rat. Brain Res. 550, 35-48 (1991).

. Calejesan, A. A., Chang, M. H. & Zhuo, M. Spinal

serotonergic receptors meidate facilitation of a nociceptive
reflex by subcutaneous formalin inejction into the hindpaw in
rats. Brain Res. 798, 46-54 (1998).

Green, G. M., Scarth, J. & Dickenson, A. An excitatory role
for 5-HT in spinal inflammatory nociceptive transmission;
state-dependent actions via dorsal horn 5-HT, receptors in
the anaesthetized rat. Pain 89, 81-88 (2000).

Acknowledgements

The author would like to thank M. Heinricher for useful discus-
sions and for calling attention to several relevant references. The
author is supported by PHS grants and the State of California
Alcohol and Addiction Research Program at the University of
California.

Competing interests statement
The author declares that he has no competing financial interests.

&P online links

DATABASES

The following terms in this article are linked online to:
Entrez Gene:
http://ww.nchi.nim.nih.gov/entrez/query.fcgi?db=gene
OPRD | OPRK1 | OPRL | OPRM

FURTHER INFORMATION

Encyclopedia of Life Sciences: http://www.els.net/

opiate receptors

Fields” homepage: http://www.keck.ucsf.edu/labinfo/fields.htm
Access to this interactive links box is free online.

NATURE REVIEWS | NEUROSCIENCE

VOLUME 5 [JULY 2004 [ 575





