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Abstract

Relief from pain in humans is rewarding and pleasurable. Primary rewards, or reward predictive
cues, are encoded in brain reward/motivational circuits. While considerable advances have been
made in our understanding of reward circuits underlying positive reinforcement, less is known
about the circuits underlying the hedonic and reinforcing actions of pain relief. We review
findings from electrophysiological, neuroimaging and behavioral studies supporting the concept
that the rewarding effect of pain relief requires opioid signaling in the anterior cingulate cortex,
activation of midbrain dopamine neurons and release of dopamine in the nucleus accumbens.
Understanding of circuits that govern the reward of pain relief may allow the discovery of more
effective and satisfying therapies for patients with acute and chronic pain.

Relief of pain is a reward

Substantial scientific progress in the past century has deepened our understanding of
somatosensation, including the neurobiology of pain that often follows from activation of
nociceptors (see Glossary) (1, 2). Pain is commonly categorized along with other sensations
and relief of pain is thus often interpreted simply as termination of nociceptive transmission.
Early Greek philosophers, however, grouped pain with emotions and appetites, rather than
sensation. Pain was considered to be the opposite of pleasure (3). This elegant and deep
insight is consistent with emerging data revealing mechanisms underlying the emotional and
motivational features of pain. Relief of aversive states, including pain, often promotes a
positive emotional state. Thus, relief of an acute pain stimulus has been appropriately
described as a reward (4, 5). Rewarding features of pain relief likely facilitate learning
during the healing process about actions leading to relief. The neural mechanisms within
reward and motivational circuits underlying reward from pain relief may therefore drive
decisions promoting pain relief-motivated behavior that accelerate recovery.
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Patients with chronic pain often suffer from co-morbid emotional disorders and cognitive
deficits including anxiety, depression and attention or memory impairments, suggesting
altered neuronal processing in the brain. Indeed, structural and functional remodeling of the
brain has been demonstrated in chronic pain patients (6-8). Clinically, it is well known that
the duration of pain positively correlates with the difficulty of achieving satisfactory pain
relief with currently available treatments (9). Brain maladaptations during chronification of
pain, specifically in circuits underlying the reward of pain relief, may be partly responsible
for decreased analgesic efficacy (10, 11). It is therefore important to determine how reward
from relief of pain is encoded in the brain and whether functional adaptations may occur in
these circuits in the setting of chronic pain.

The neural encoding of rewarding and aversive events and circuits that generate behavioral
responses has been of intense interest to neuroscientists. Until recently, however, little was
known about the motivational circuits engaged by the relief of pain (12). We review current
literature supporting the concept that relief of pain aversiveness can be considered a natural
reward that requires neural signaling within brain circuits underlying motivation. We
suggest that reward from pain relief is mediated, in part, by opioidergic transmission in the
cingulate cortex, a region encoding aversiveness of pain, and dopaminergic signaling in the
mesolimbic reward/valuation circuit. This model is based on findings from
electrophysiological, neuroimaging and behavioral studies that demonstrate: 1) phasic
activity and signaling of mesolimbic dopamine neurons at pain offset; 2) enhanced BOLD
fMRI activity in corticolimbic regions following pain relief; 3) increased opioid and
dopamine activity in these regions during placebo analgesia; and 4) dependence of pain
relief-motivated behavior on opioidergic and dopaminergic signaling in the ACC and NAc,
respectively. The putative role of pain relief signaling in motivated behavior is also briefly
discussed.

Mesolimbic dopaminergic responses to the onset and offset of pain

Mesolimbic dopamine neurons are well recognized for their responses to primary rewards
and reward predicting cues, as well as for their role in approach behavior, learning,
reinforcement, decision-making and expression of positive emotions such as pleasure and
happiness (reviewed in 13, 14, 15). Electrophysiological characterization of midbrain
dopamine neurons in monkeys and rodents have established that in addition to tonic neural
activity, most neurons display phasic activations following unpredicted, or better than
expected, rewards and depressed neural activity in response to rewards that are worse than
expected (16). It is generally accepted that the phasic dopamine response represents
quantitative reward prediction error (14) serving as a teaching signal in reinforcement
learning to promote behavior that will maximize future rewards (17).

Consistent with their role in reward prediction error, dopamine neurons are typically
inhibited by aversive events including noxious stimulation (18-20). Some midbrain neurons,
however, increase their firing in response to a noxious stimulus (21, 22). Neurons that are
excited by a noxious foot shock were found to be located primarily in the ventral part of the
ventral tegmental area (VTA) while neurons inhibited by the same stimulus were located in
the dorsal VTA (22). Additionally, it was discovered that a proportion of dopamine neurons
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can be excited by alerting stimuli related to saliency, novelty or surprise (13). Midbrain
dopamine neurons are therefore anatomically and functionally heterogeneous. Thus,
different classes of dopamine neurons likely transmit motivational value, salience and
alerting signals to target brain regions in the striatum, amygdala, prefrontal cortex and
hippocampus to initiate motivated behavior and learning underlying future decisions.

Remarkably, a large proportion of dopamine neurons that are initially inhibited or
unresponsive to noxious stimulation exhibit “rebound” activations at the offset of the
stimulus (17, 23) (Fig. 1A). For example, Brischoux and colleagues found that dopamine
neurons in the dorsal VTA that exhibited phasic inhibition following noxious foot shock,
often show significant excitation at the termination of the stimulus (22). These phasic
dopamine excitations were maximal between 100 and 150 ms after termination of the
stimulus. These findings demonstrate that a specific subset of mesolimbic dopamine neurons
can transmit information about cessation of a noxious stimulus. Similar to dopamine reward
signals, these pain offset excitations, could reinforce actions and context that immediately
precede relief from pain and may therefore represent a rewarding signal related to relief of
pain (17).

In the nucleus accumbens, a major target of mesolimbic neurons, dopamine is released at
synaptic terminals either in a slow, irregular, tonic mode or a burst, phasic mode (24). Phasic
dopamine transmission triggered by rewarding signals is expected to play an important role
in reward-related associative learning and facilitate behavioral conditioning (25, 26). Tonic
dopamine release, on the other hand, may modulate responsiveness of NAc neurons to
inputs from other corticolimbic regions (24). Earlier microdialysis studies investigating
effects of aversive nociceptive stimuli on extracellular dopamine concentrations in the
striatum produced variable results demonstrating increases (27-30), decreases (31) or no
change (30). Recent investigations using fast scan cyclic voltammetry (FSCV, see Box 1), a
technique that allows measurements of brief sub-second dopamine transients, have
suggested that sub-regions of the striatum have varying responses to painful stimulation. In
this study, a painful tail pinch performed on anesthetized rats elicited dopamine release in
the dorsal striatum and in the core region of the nucleus accumbens, which are implicated in
coding stimulus saliency (32). In contrast, in the nucleus accumbens shell, the most
prominent region linked to reward coding, dopamine concentration was suppressed
throughout the duration of the stimulus and increased when the tail pinch was removed (32,
33) (Fig. 1B). Increased release of dopamine in the NAc shell at the pain offset is consistent
with the observed pain offset excitation of VTA dopamine neurons. It should be noted,
however, that dopamine release from terminals does not necessarily correlate with changes
in the activity of VTA dopamine neurons but could be influenced by presynaptic
mechanisms (34, 35). Nevertheless, neuronal excitation and dopamine release at the offset of
noxious stimulation suggest a potential reward-related mechanism by which termination of
pain promotes behavior.

Brain activity in response to pain and pain relief

Major advances in elucidating the brain mechanisms of pain have been achieved using
neuroimaging techniques in humans and animals. Blood—oxygen-level dependent (BOLD)
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functional magnetic resonance imaging (fMRI) studies identified brain regions frequently
activated by acute noxious stimulation, including the thalamus, the primary and secondary
somatosensory cortices (S1, S2), mid/posterior insula and the anterior cingulate cortex (36).
These regions interact with a broad network of corticolimbic structures encoding reward/
motivation related information to shape behavioral responses (37). In addition to mesolimbic
dopamine circuit described above, this reward/motivation network encompasses cortical
areas including the anterior cingulate cortex (ACC), lateral orbitofrontal cortex (OFC), and
ventromedial and anterior prefrontal cortices (PFC) (for review, see 38). Positron emission
tomography (PET) imaging with radiotracers provide a powerful non-invasive method to
study the roles of the brain endogenous neurotransmitter systems during behavioral task
performance. PET imaging in humans demonstrates the involvement of endogenous
dopamine and opioid neurotransmission in response to a noxious stimulation (39-42).

Following removal of an acute noxious stimulation, there is an expected attenuation of the
pain-induced activations in most pain-related brain regions. However, in healthy human
subjects, the offset of a brief thermal noxious stimulus resulted in increased BOLD activity
in the nucleus accumbens (43, 44) (Fig. 1C). Similar activations in the NAc were also found
following a cue signaling safety from an expected noxious stimulation (e.g., relief from
expected pain) (5). Increased BOLD-fMRI signals have been shown to closely reflect
increased local neuronal activity (45). Thus, even though this technique does not identify
specific neurotransmitters, a positive NAc BOLD activity with relief of pain may correspond
to the reward value prediction error encoded by mesolimbic dopamine neurons. In a
comparative fMRI study between humans and awake rats, analogous excitations at the offset
of a thermal noxious stimulus were observed in the NAc of both species (46) supporting the
likelihood that pain relief reward coding within the NAc represents an evolutionarily
conserved mechanism.

In addition to the NAc, increased activity at the termination of a noxious heat stimulation
was also observed in the ACC in both human volunteers and in rats (46). This is not
surprising, as prefrontal cortical areas encode many aspects of reward processing, decision-
making and learning (38). Furthermore, the ACC receives a strong nociceptive input from
the medial thalamic nuclei allowing integration and processing of multiple rewarding and
aversive motivational signals. In conscious rats, many neurons in the ACC are activated at
the onset of a noxious stimulation (47, 48). These neurons typically have very large or whole
body receptive fields (49), supporting the idea that the ACC plays a role in the aversive/
motivational aspects of pain rather than the sensory/discriminative aspects. (50, 51).
Whether individual ACC neurons respond to the termination of a painful stimulus has not
been systematically investigated, however, fMRI investigations revealed ACC activation at
the offset of thermal noxious stimulus (46) and with omission of expected pain (5).

Role of endogenous opioid circuits in pain and pain relief

Earlier studies with opioid antagonists established a critical role of endogenous opioid
system for innate analgesia during traumatic and stressful situations or during “runners
high” (52, 53). ACC neurons express high levels of endogenous opioid neuropeptides and
their receptors (54) suggesting that at least part of the endogenous analgesic effects could be
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mediated by opioid activity in this region (55). Interestingly, in rats, systemic administration
of morphine is able to inhibit pain-induced firing of ACC nociceptive neurons (47, 48). PET
imaging studies with opioid radiotracers have demonstrated increased endogenous opioid
release in the ACC in response to painful stimulation (40, 42), suggesting a compensatory
analgesic role during the pain experience. Importantly, activation of the opioid system in the
ACC negatively correlated with pain-specific affective scores (40) supporting the notion that
during pain the opioid system in the ACC is involved in regulating the affective rather than
sensory aspects of the pain experience (56).

These observations raised the possibility that endogenous opioid mechanisms might also be
involved in the rewarding experience of pain relief. It has been proposed, that increased
opioidergic tone due to pain modulatory systems will persist briefly after termination of the
noxious stimulus, promoting positive hedonic and motivational response to pain relief (4).
Release of opioid neuropeptides at the termination of acute noxious stimulation has not yet
been demonstrated. The opioidergic system, however, can be actively engaged without
changes in pain intensity by emotional and cognitive tasks and during expectations, such as
placebo analgesia (57, 58). Behavioral experiments outlined below indicate that endogenous
opioid release may indeed be required for relief of ongoing pain.

Relief of pain provides a motivational and learning signal

A series of studies conducted in Drosophila, rodents and humans were implemented to
investigate the mechanisms of learning associated with the relieving cessation of pain
(reviewed by 59). To assess both fear and relief conditioning, these studies used a paradigm
in which a conditioning stimulus either preceded or followed a brief noxious electric shock,
respectively. In Drosophila, when a neutral olfactory cue preceded the foot shock (fear
conditioning), the odor acquired aversive conditioned valence. However, when flies received
an odor just after an electric shock (relief conditioning), they subsequently showed
preference for that odor presumably due to prediction of reward (60). In rats and humans,
modulation of the startle response was used as a behavioral measure to assess fear or relief
learning. In both species, a cue could acquire either a negative (potentiation of the startle
response) or positive (decreased amplitude of the startle response) conditioned valence
depending on whether it was presented before or after a foot shock (61). Using fMRI
imaging in humans the authors demonstrated that the relief-conditioned cue induced
activations in the striatum. Correspondingly, in rats, inactivation of the ventral striatum
abolished conditioned relief (61). These experiments suggest that termination of a noxious
stimulus provides a positive motivational and learning signal mediated by activation of the
ventral striatum.

Nucleus accumbens dopamine signaling and relief of ongoing pain

The pain relief signals discussed above have employed paradigms involving rapid offset of
an acute noxious stimulus. Given the known reorganization of brain circuits in chronic pain,
it is important to determine if relief of ongoing or chronic pain analogously produces a
motivationally salient pain relief signal and how this signal is mediated. This was
investigated in rodent models of ongoing or chronic pain using the conditioned place
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preference (CPP) learning paradigm. Relief of aversiveness of ongoing pain provides a
powerful teaching signal allowing association of a context with relief-inducing treatment.
Associative relief learning is revealed by motivation to seek that context in the future. We
and others have demonstrated CPP with pain relieving treatments in multiple experimental
pain models including: neuropathic (SNL, spinal nerve injury; SNI, partial or complete
axotomy, spinal cord lesions, cisplatin-induced polyneuropathy) (62-65), inflammatory
(Complete Freund's Adjuvant, CFA) (66, 67), post-surgical (incisional) (68), bone cancer
(69) and osteoarthritic (mono-iodoacetate, MIA) (70, 71) pain. Importantly, treatments that
are not intrinsically rewarding but alleviate pain in humans (e.g., lidocaine-induced
peripheral nerve blockade or intrathecal administration of w-conotoxin (ziconotide) (72) or
clonidine (73, 74) do not produce CPP in uninjured animals but can do so in the presence of
ongoing pain. Observation of CPP with a pain-relieving treatment ultimately reflects relief
of affective features of pain (i.e., pain aversiveness) that are essential in pain perception.
CPP following pain-relieving treatments however, do not necessarily require reduction of
reflexive pain responses.

To test the hypothesis that dopamine neurotransmission in the mesolimbic circuit mediates
reward from relief of ongoing pain we used in vivo microdialysis to measure tonic levels of
dopamine in the NAc of conscious behaving rats. Increased extracellular dopamine levels in
the NAc shell were measured in rats with post-surgical or neuropathic pain following pain
relief with intrinsically non-rewarding treatments (68, 75). Microinjection of dopamine
receptor antagonist, a-flupenthixol, into the NAc prevented pain relief induced CPP (68).
Moreover, an increased number of activated, cFOS-expressing, dopaminergic neurons in the
ventral tegmental area (VTA) was found in rats following pain relief. Accordingly, blockade
of VTA dopamine neurons with a GABAGg receptor agonist, baclofen, prevented pain relief
mediated CPP. Thus, dopamine signaling in the NAc is necessary for CPP produced by
relief of ongoing pain suggesting that like appetitive rewards, relief of pain also activates the
mesolimbic dopamine circuit to facilitate learning and promote behavior.

Opioid signaling in the anterior cingulate cortex and relief of ongoing pain

Because endogenous as well as administered opioids are able to inhibit nociceptive neurons
in the ACC, it is plausible to speculate that opioid activity in this region may be involved in
relief of pain aversiveness and activation of the reward circuit. LaGraize et al., have
demonstrated that in neuropathic rats, microinjection of morphine into the ACC produced a
selective decrease of affective/motivational aspects of pain with no alteration of mechanical
paw withdrawal threshold (76). Similarly, we have shown that ACC morphine produced
CPP in rats with post-surgical and neuropathic pain but not in uninjured animals (77) (Fig.
2A). Additionally, this treatment elicited release of dopamine in the NAc only in injured rats
(Fig. 2A), suggesting that opioid activity in the ACC relieves the aversiveness of pain and
subsequently activates reward/motivation circuits. Accordingly, ACC morphine induced
CPP in rats with neuropathic pain was blocked by pretreatment of NAc with a non-selective
dopamine receptor blocker, a-flupenthixol (Fig. 2A). These findings were extended to
determine whether non-opioid pain relieving treatments would also require the ACC opioid
activity to promote CPP and activate reward circuits. Blockade of opioid neurotransmission
in the ACC prevented CPP as well as NAc dopamine release following non-opioid analgesic
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treatments (e.g., peripheral nerve block in incised rats or i.th. clonidine in neuropathic rats)
(Fig. 2B). Opioid blockade in the ACC had no effect on behavioral thresholds to evoked
stimuli. Thus, endogenous opioidergic circuits within the ACC are both necessary and
sufficient for reward from pain relief (77). Because activation of opioid receptors in the
ACC has no effect on motivated behavior in uninjured rats, it is likely that increased ACC
opioid activity in the setting of ongoing pain produces reward by alleviating aversiveness.

Conclusion: Brain circuits for pain relief reward

In addition to nociceptive (sensory) information, the pain experience is significantly
dependent on emotional and cognitive processing in the brain (50). Onset of pain or
increasing pain is a motivationally salient event that often supersedes other competing
motivational conditions to generate an appropriate behavioral response (e.g., avoidance,
guarding, decreased mobility) (78). Likewise, pain offset or reducing pain is also a
motivationally relevant event leading to approach behavior. Thus, relief of pain is rewarding
and could promote a positive emotional state (37). Neuronal excitation and neurotransmitter
release coupled with neuroimaging and behavioral studies support the notion that
mesolimbic dopamine signals and opioid signals in the cingulate cortex may represent the
neuronal bases for the positive motivational and hedonic component of pain relief (Fig. 3).

As in the case of primary rewards and reward predicting cues, dopamine signals for pain
relief occur at different time courses (79). Thus, phasic activation of mesolimbic
dopaminergic neurons reaches maximum 100-150 ms following the offset of a noxious
stimulus (22). Dopamine transients in the NAc measured in rats with FSCV occur within
milliseconds of tail pinch termination and last for several seconds (32). Similarly, in human
subjects, BOLD fMRI activations in the NAc coincided with the falling phase of the
reported pain intensity and continued for several seconds (44) (see Fig. 1). In contrast, tonic
dopamine increases in the NAc measured by microdialysis in conscious rats following relief
of sustained ongoing pain typically persist for 60-120 min (68). Whether dopamine
activations occurring at different time scales serve similar functions is a continuous debate
in the reward literature (79) and will require further investigations to delineate the reward
from pain relief.

The functions of endogenous opioid signaling in the brain are much less characterized
mainly due to the difficulties in directly measuring opioid fluxes (80). PET imaging with
opioid radiotracers are most suitable for human investigation, but to our knowledge, no
study has directly monitored opioid responses to the offset of a noxious stimulus or relief of
chronic pain. Preclinical studies allow the use of invasive methods including microdialysis,
but because of complications in opioid peptide quantification, no measurements of opioid
peptide release in response to pain relief have been published. Thus, indirect methods of
using blockade of opioid receptors in the ACC have been employed. In injured animals,
microinjection of opioid receptor antagonists in the ACC prevented motivated behavior for
pain relief (CPP) as well as relief-induced tonic dopamine release in the NAc (77). This
study is the first demonstration that endogenous opioid signaling in the ACC is required for
pain relief-motivated behavior.
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Multiple lines of evidence support the conclusion that reward from pain relief requires
corticolimbic neural processing in the brain. First, mesolimbic dopamine circuitry is
activated at the offset of noxious stimuli and by relief of ongoing pain. Second, increased
opioid activity in the cingulate cortex is associated with reduction of the aversiveness of
pain. Third, blockade of either opioid transmission in the ACC or dopamine transmission in
the NAc prevents pain relief-mediated behavior. Thus, NAc dopamine and ACC opioid
neurotransmission may represent pain relief signals that are necessary for rewarding and
motivational aspects of pain relief. Such signaling processes likely serve important learning
functions that promote actions leading to recovery from pain. Importantly, neurotransmitter
deficits in brain regions encoding pain relief reward might be partially responsible for the
lack of analgesic efficacy of current therapies observed in some chronic pain patients.
Targeting of the neural circuits underlying reward from pain relief may lead to the discovery
of new treatment options for chronic pain.
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Glossary

Noxious
stimulus

Ongoing pain

Conditioned
Place
Preference
(CPP)

Hedonic

Fast Scan
Cyclic
Voltammetry
(FSCV)

a stimulus that is damaging or has the potential to damage tissues.
Noxious mechanical, thermal or chemical stimuli are detected by
specialized nerve endings, called nociceptors, and transduced from the
site of injury via these peripheral nerves to the spinal cord and the
brain. This neural process, termed nociception, triggers a variety of
reflexive and autonomic responses and can result in subjective
experience of pain. Pain is composed of sensory, affective and
cognitive aspects. Affective or emotional features of pain motivate
behavior

Injury typically results in hypersensitivity to evoked mechanical or
thermal stimuli and ongoing (or “spontaneous”) pain that is present
without an apparent external stimulation. Although evoked
hypersensitivity is a problem in some patients, aversive (i.e., affective)
features of ongoing pain are most bothersome. Affective features of
pain are tightly linked to sensory input (3) however, modulation of
pain affect can be achieved without altering nociceptive input
suggesting that affective and sensory qualities of pain are partially
separable. Relief of pain aversiveness is sufficient to relieve “pain”
perception. In non-verbal animals, relief of aversiveness of ongoing
pain can be inferred from motivated behavior (CPP)

an operant learning paradigm used to evaluate motivational effects of
different experiences in laboratory animals. Typically, animals are
conditioned to associate two different treatments (usually control and
test treatment) with two conditioning chambers distinguished by
sensory cues. Animals are then given access to both chambers and time
spent within each chamber is recorded and analyzed for chamber
preference. The paradigm can be used in animals with ongoing pain to
investigate efficacy of analgesics to alleviate aversive aspects of pain

related to a pleasant or rewarding feeling

an electroanalytical method that enables real-time measurements of
chemical activity. Modern in vivo FSCV involves applying a triangle
waveform to monitor oxidation and reduction of neurotransmitters
absorbed to the surface of a carbon-fiber microelectrode (88). This
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highly sensitive and selective technique has been successfully used to
measure rapid sub-second changes of dopamine concentrations in the
extracellular space in response to a variety of pharmacological and
behavioral stimuli

a technique used in functional magnetic resonance imaging (fMRI) that
measures neuronal activity in different areas of the brain based on
changes in the ratio of oxygenated to deoxygenated hemoglobin. In
research, the method is used to determine which regions of the brain
are activated during a specific task such as during application of a
painful stimulus

a functional imaging technique that detects gamma rays emitted from a
positron emitting radionuclide. Radionuclide containing molecules
(radiotracers) that bind to specific receptors in the brain, such as
dopamine and opioid receptors, have been used to investigate release
and binding of endogenous neurotransmitters to these receptors. As the
endogenous neurotransmitters are released, they compete for the
receptor binding sites and displace the radiotracer. Thus reduced
radiotracer binding is usually interpreted as increased release of the
endogenous ligand
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Trends Box

Electrophysiological studies in rats demonstrate that a subset of mesolimbic
dopamine neurons that are initially inhibited by a noxious stimulation, show a
“rebound” excitation at the offset of the stimulus.

Recent investigations using fast scan cyclic voltammetry in rats show phasic
dopamine release in the nucleus accumbens shell at the termination of a noxious
tail pinch.

Using neuroimaging in humans and rats, increased BOLD activity was detected
at the offset of a brief noxious stimulus in the nucleus accumbens and in the
anterior cingulate cortex.

In Drosophila, rodents and humans, relief of an acute painful stimulus is
associated with conditioned reward learning.

In rats, relief of ongoing pain promotes conditioned place preference that
requires opioid signaling in the anterior cingulate cortex and subsequent release
of dopamine in the nucleus accumbens.
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Outstanding Questions Box

Which dopamine receptors in the NAc shell and core are important for pain
relief mediated behavior?

Which endogenous opioid neurotransmitters and receptors are important in
relief of pain within ACC circuits?

Avre other neurotransmitters (e.g., enkephalins, dynorphins, orexins) in the NAc
involved in pain relief reward?

What is the neural connection between endogenous opioid signaling in the ACC
and dopamine release in the NAc?

Although PET imaging in humans shows increased dopamine release in the
NAC at the offset of an acute pain, will relief of ongoing pain also elicit
dopamine neurotransmission in the NAc?

Given that in human PET imaging, opioid binding availability in the ACC
negatively correlates with pain affective rating, does relief of ongoing pain with
non-opioid treatments result in increased levels of endogenous opioids in this
region?

Trends Neurosci. Author manuscript; available in PMC 2016 November 01.




1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Navratilova et al.

Page 16

=

VVTA DA neuron activity

Firing rate

(B

£
-0
o
>
o
®
Q
n
®

FSCV response

1 q L] 1 1
10 0 10 20 30
C
(c) NAc BOLD signal
5
3
[&]
- N
g M e G
X 40 0 10 20 30

Time (s)

Figure 1.
Termination of a noxious stimulus (pain relief) results in activation of VTA dopamine

neurons, dopamine release in the NAc and increased fMRI BOLD activity in the NAc. (A)
Some dopamine neurons in the rat VTA show an inhibition of their firing rate following the
onset of a noxious electrical stimulation of the hind paw (4 s duration, highlighted in red)
and an excitation following its offset. Population peristimulus time histograms (500-ms
bins) for the 5 identified dopamine neurons that exhibited an excitation at the offset of the
footshocks. Adapted from (22). (B) Dopamine release in the rat NAc shell at the termination
of a noxious tail pinch. A representative concentration— time plot of dopamine release
evoked by a tail-pinch (3 s duration, red line) measured in rat NAc shell in real time by
FSCV. Adapted from (32). (C) Time course of average fMRI BOLD responses for NAc in
healthy human subjects following removal of a brief (12-30 s) thermal noxious stimulus to
the participants' backs. Adapted from (81).
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(A) In rats with neuropathic pain (SNL model) but not in sham rats, microinjection of an opioid agonist,
morphine, into the ACC (red) elicits dopamine release measured by microdialysis in the NAc and
promotes conditioned place preference (CPP). CPP elicited by ACC morphine administration is
prevented by blockade of dopamine receptors in the NAc with a-flupenthixol (FPX, blue) but not by
saline microinjection .

l. th. clonidine

ACC NLX

NAC 1o

NAc Dopamine CPP
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(B) Intrathecal (l.th.) administration of an a, agonist, clonidine, (red) reverses mechanical
hypersensitivity associated with neuropathic pain (not shown) and elicits dopamine release in the NAc
as well as CPP. These effects are not observed in sham-operated animals. Local blockade of opioid
receptors in the ACC with naloxone (NLX, green) prevents both NAc dopamine release and CPP induced
by spinal clonidine.

Figure 2.
Opioid activity in the ACC and dopamine signaling in the NAc mediate rewarding/

motivational aspects of pain relief. The figure summarizes the data from (77).
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Figure 3.
Proposed circuitry for pain relief reward signaling. (A) Activation of VTA dopamine

neurons and phasic dopamine release in the NAc occur within milliseconds following the
termination of an acute noxious stimulation and may therefore represent a reward signal for
pain relief. Relief-conditioned behavior is dependent on activity in the striatum. (B) Relief
of ongoing pain can also be considered a reward. In animals, relief of ongoing pain produces
CPP that is dependent on dopamine release in the NAc. This effect, however, involves
increased tonic dopamine levels in the NAc. Opioid activity in the ACC is both sufficient
and necessary for tonic DA increases and CPP in injured animals. Therefore, ACC opioid
activation is functionally linked to dopamine release in the NAc to promote pain relief-
motivated behavior. Exact neuronal connectivity for the pain relief reward signal remains to
be determined.
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