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Dopaminergic modulation: revisiting a promising
novel pathway for pharmacologic treatment of

chronic pain
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1. Introduction

Chronic pain is a major societal burden, causing significant
suffering and staggering annual costs.®® Despite decades of
research, available analgesic treatments for chronic pain remain
limited'” with, at most, a moderate therapeutic effect.'”-€®
Mechanism-based drug development or personalized therapy
is lacking for chronic pain,®® with pharmacologic treatment stil
relying mostly on “trial and error” approaches.®° Mechanism-
based drug development can improve the ability to identify
effective therapies and enhance efficiency of clinical care.

Pathological changes in the motivational brain circuitry un-
derlying the reward system have recently emerged as a significant
contributor to the chronic pain phenotype. Hence, we hypoth-
esize that the reversal of chronic pain is linked to a corresponding
reversal in the dysfunction of the reward system,-820-22:43.58
Research into the neural components of reward in the context of
chronic pain has intensified over the past decade, with the goal of
discovering more effective, targeted therapeutics for chronic pain
and loss of motivation. Here, we present evidence in support of a
conceptual framework that links chronic pain and reward
processing through the motivational or mesolimbic brain circuitry
and how this circuitry might be modulated to improve pain and
reward processing in people living with chronic pain (Fig. 1).2°
Although the relationship between the pain experience, reward,
and other comorbid conditions (eg, depression) intersects in the
motivational brain circuitry, an expansive review of these
relationships is beyond the scope of this article.

2. The motivational pathway

Motivation is generally defined as an organism’s propensity to
exert effort to seek rewards or avoid aversive stimuli.?® The
motivational pathway is regulated by the mesolimbic dopaminer-
gic input, centered on the nucleus accumbens (NAc). The NAc
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receives dense mesolimbic dopaminergic input from the midbrain
ventral tegmental area (VTA)?® and is rich in opioid receptors.3%-
The NAc is part of the limbic brain'! and is highly interconnected
with the medial prefrontal cortex (MPFC), the amygdala, and
hippocampus, and projects to the hypothalamus.2”?%4% The
mPFC receives inputs from the thalamus, amygdala, ventral
hippocampus, and agranular anterior insula and is involved in
assigning values to behaviorally salient stimuli related to gains,
pleasure, loss, or aversion. Together the NAc and mPFC mediate
decision making regarding these stimuli.?%* Itis well-established
that the NAc functions as a limbic—-motor interface, transforming
animal motivations into actions.?®°4:51.62.74

Peripheral nociceptive input, such as pain from a predator
attack, influences motivation through the NAc and mesolimbic
circuitry to generate appropriate behavioral responses to protect
the animal from harm, such as fleeing. Consequently, it is
plausible that pathology in this circuitry could contribute to
chronic pain and the associated negative motivational symp-
toms.”%572 Studies have linked changes in NAc and dopamine
signaling to chronic pain®?; however, the underlying mechanisms
causing disruption of dopaminergic transmission in the meso-
limbic system associated with chronic pain are not completely
clear. This gap may explain why, despite early successes, few
randomized clinical trials (RCTs) have investigated the analgesic
benefit of dopaminergic compounds, and research in this area
has stalled in recent years. Below, we will discuss recent
advances in the understanding of the complex disruptions in
the mesolimbic pathway in chronic pain and discuss how this
understanding could open new avenues for pharmacological
research.

3. Preclinical evidence

Studies using different rodent models of chronic pain have shown
region-specific alterations in VTA dopaminergic firing,3%606
synaptic connectivity,®° decreased excitatory postsynaptic po-
tentials of NAc medium spiny neurons,®* and altered NAc
dopamine receptor gene expression. 12 Chemogenetic excitation
of the medium spiny neurons of the NAc shell indirect pathway
worsened mechanical allodynia (ie, a preclinical chronic pain
phenotype) whereas inhibition of these neurons alleviated
allodynia,®® suggesting that this pathway is causally involved in
the neuropathic pain behavior. By contrast, chemogenetic
excitation of the medium spiny neurons of the NAc core does
not alter peripheral allodynia, but does instead lessen the affective
phenotype associated with chronic pain such as anxiety and
decreased social interaction.®’ Furthermore, the systemic
administration of the D2/D3 dopamine receptor agonist
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Figure 1. Conceptual framework of motivational brain pathway involvement in chronic pain and the potential role of dopamine modulation in pain therapy.

pramipexole significantly blunted the development of allodynia
after neuropathic injury.®® These results suggest that processing
of different aspects of the pain experience along the sensory and
affective dimensions is distributed across different NAc pathways
and dopamine differential modulation of these pathways might
reverse pain behaviors. However, how these observations map
onto the distinct roles of the core and shell known from the reward
learning literature—namely that the core facilitates the approach
while the shell suppresses the devalued or irrelevant behavior—
remains to be determined. Both Schwartz et al.?* and Massaly
et al.° demonstrated a causal role of NAc in mediating pain-
related decreases in motivation and increases in negative affect,
respectively, in a spared nerve injury rodent model (ie, a model of
chronic neuropathic pain). Consistently, targeted and opto-
genetic modulation of activity of cortico—striatal projections from
the prelimbic prefrontal cortex (the equivalent of the mPFC in
rodents) to different parts of the NAc relieves®® or exacerbates
chronic pain behavior in rodents.®® The mPFC also undergoes
deactivation in animal models of chronic pain,®” which when
reversed>®46 can attenuate chronic pain behaviors. The modu-
lation of peripheral nociceptive behavior by the mesolimbic
circuitry in rodents suggests that this circuitry is not only involved
in mediating the affective dimension of chronic pain but also may
be a target in “silencing” peripheral nociceptive input. Taken
together, these preclinical data demonstrate that the motivational
brain pathway, and thus dopamine-modulated neurotransmis-
sion, is directly involved in the sensory and affective perception of
chronic pain. The differential involvement of NAc core and shell
suggests that a balance of dopaminergic transmission is
maintained in pain-free normal conditions and may thus be

disrupted in chronic pain states by either too much or too little
dopaminergic activity.

4. Human genetic studies

A comprehensive review of the genetic evidence supporting the
role of altered dopamine transmission in pain is beyond the scope
of this article (for review, please see Ref. 87). However, we
highlight 2 of the most notable genes. Polymorphisms in the
catechol-O-methyltransferase gene, which encodes a key
enzyme involved in the metabolism of catecholamines (including
dopamine), are consistently associated with chronic pain in many
studies.?*®2 Polymorphisms in the dopamine receptor D2 have
been linked to temporo-mandibular disorders,® migraine,®”
postsurgical pain,”® and fibromyalgia'® among others.

5. Human brain imaging-based evidence

Positron emission tomography (PET)-based brain imaging
studies directly measure dopamine signaling. Magnetic reso-
nance (MRI)-based brain imaging studies of the activity and
structure of the VTA targets in the mesoaccumbal pathway
indirectly measure mesolimbic dopamine. Both types of studies
support a potential role of dopamine signaling in chronic pain.
Positron emission tomography studies reported altered dopa-
mine transmission in the NAc of patients suffering from
fioromyalgia,®* neuropathic,”® and chronic low-back pain
(CLBP).*® Other PET studies demonstrated such changes in a
closely related area to the NAc (ie, the putamen) in patients with
facial and burning mouth pains.*" Functional MRI (fMRI) studies
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have demonstrated that activity in the NAc and mPFC changes
with clinical pain fluctuations>®°2#” and long-term analgesic
use.*23 NAc volume shrinks in different clinical pain populations
such as CLBP®“” and trigeminal neuralgia.”® Loss of power in the
low-frequency band (0.01-0.027 Hz) of NAc activity is a highly
reproducible signature of CLBP.*’ Individuals with subacute back
pain who have increased risk of pain chronification (compared
with those at low risk of pain chronification) have a smaller NAc
volume®*” and increased NAc connectivity to the mPFC.5** The
consistency and the reproducibility of these findings support the
theory that the motivational brain system, which could be treated
with dopamine-modulating compounds, plays a role in chronic
pain.1'7’54

6. Classes of dopamine-modulating compounds

Many clinically available drugs modulate dopamine levels, pro-
viding an ideal opportunity to test our proposed hypothesis with
the clear advantage of using drugs that have known safety
profiles. This approach avoids the risks of investing in new
chemical entities that could fail because of toxicity issues, which
has contributed to some major setbacks in recent analgesic drug
development, including the failure of tanezumab and EMA-401,%®
2 promising new therapies for chronic pain. In fact, this
repurposing strategy supported the development of 2 of the
major classes of chronic pain medications developed in the
recent history (ie, antiepileptics and antidepressants).

Levodopa is a dopamine prodrug that is converted to
dopamine in the brain. Dopamine agonists (eg, pramipexole,
ropinirole, and rotigotine) bind and activate dopamine receptors.
Dopamine reuptake inhibitors (eg, methylphenidate and bupro-
pion) prevent dopamine reuptake, increasing extracellular dopa-
mine concentration and dopaminergic neurotransmission.
Monoamine oxidase-B (MAO-B) inhibitors (eg, selegiline and
rasagiline) increase dopamine levels by blocking MAO-B-
mediated breakdown of dopamine.

Additional studies suggest that a more nuanced approach
than simply increasing dopamine signaling may be required for
optimal analgesia. For example, preclinical evidence points to
adaptive®' changes in the NAc core and maladaptive® changes
in the NAc shell affecting medium spiny neurons expressing D2-
receptors. Evidence also suggests that NAc’s D1 and D2
receptors might be involved in separate aspects of chronic pain
behavior because a selective antagonist to NAc’s D1 receptors
changed nociceptive thresholds but not anhedonic behavior in
rodents, whereas a selective antagonist to NAc D2 receptors
had the opposite effect on these domains.®' These results imply
that different dopamine-modulating drugs may differentially
affect the chronic pain (sensory and/or affective) experience
because of the complex adaptive and maladaptive patterns
arising in the mesolimbic circuitry in chronic pain. Thus, rather
than simply increasing dopamine or stimulating dopaminergic
receptors, stabilizing dopaminergic transmission across multi-
ple pathways with partial-agonists (eg, aripiprazole)’® could
have optimal analgesic effects. Anecdotal evidence from the
literature supports the analgesic efficacy of this ap-
proach.'®7"78 Hence, depending on the chronic pain condition
or individual patient, targeting nociception and/or pain through
specific dopaminergic pathways may result in differential
analgesic efficacy. However, matching conditions to
dopaminergic-modulating drugs remains to date a trial-and-
error task. Nevertheless, ongoing efforts in brain-based bio-
marker development'®®® might advance evidence-based,
targeted clinical decision-making.
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7. Randomized clinical trials

The analgesic effects of dopamine-modulating drugs have been
studied in RCTs, including a dopamine prodrug, dopamine
agonists, and dopamine reuptake inhibitors (Table 1, Fig. 2). The
RCTs included highly variable conditions, such as painful diabetic
peripheral neuropathy (PDPN), back pain, and fibromyalgia, as
well as pain associated with Parkinson disease (PD). A study of
levodopa demonstrated efficacy on PDPN (N = 25), while
pramipexole (primarily a D2R agonist) improved fibromyalgia pain
in another study (N = 60). A cross-over trial of bupropion for
neuropathic pain (N = 41) demonstrated analgesic benefit. A
study of rotigotine in PD-associated pain (N = 60) reported
inconclusive results (ie, the confidence interval of the treatment
effect including clinically meaningful differences in pain).2° One
trial of bupropion in nonneuropathic CLBP showed almost
identical responses in the placebo and active groups. One study
tested the hypothesis that carbidopa/levodopa in combination
with naproxen could prevent the transition from acute to chronic
low back pain. This study did not detect a treatment effect on the
main analysis; however, a small subgroup analysis demonstrated
an effect in the female subpopulation.®® These results require
repetition. Overall, these trials suggest that dopamine-
modulating compounds are potentially analgesic; however, no
studies of sufficient sample size to definitively test the analgesic
properties of these compounds have been published. A review of
clinicaltrials.gov yields 12 additional clinical trials of dopamine-
modulating drugs for pain, suggesting continued scientific
interest in this area. However, most of these studies are small
and not likely to be sufficiently powered to identify an analgesic
signal, suggesting an open space for future research.

8. Where do we go from here?
8.1. Condition

Pain conditions that have prominent nociplastic or centralized
features would be a particularly good choice of pain condition
because of the increased likelihood of having a dopamine-based
mechanistic component in nociplastic pain (eg, patients with chronic
overlapping pain conditions [COPC] and fioromyalgia)."® Not only are
these populations theoretically most likely to have an analgesic
response to dopamine-modulating compounds but these patients
are often the hardest to treat and often have comorbidities that could
also benefit from modulation of the motivational brain.™

8.2. Drug

If aiming to directly test the hypothesis that dopamine modulation
is analgesic, prodrugs and direct dopamine agonists (eg,
levodopa and pramipexole) would be best for future clinical trials.
However, considering that chronic pain likely has many un-
derlying mechanisms, drugs that act on multiple receptors or
neurotransmitters in addition to dopamine may have the best
chance of analgesic success. For example, methylphenidate and
bupropion inhibit reuptake of serotonin and norepinephrine as
well as dopamine, which could improve analgesic efficacy
considering multiple efficacious analgesics target these path-
ways. In fact, efficacious analgesics often act on multiple
mechanistic pathways (eg, duloxetine and tramadol). These
compounds also have the advantage of affecting multiple
domains (eg, mood/cognitive function/fatigue), which are often
affected in chronic pain, especially in patients with COPCs.'®
Aripiprazole has an atypical effect on dopaminergic transmis-

sion®%; it has high affinity but low efficacy at the D2-receptor. In
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Summary of published randomized clinical trials that have assessed efficacy of dopamine-modulating compounds to treat or

prevent the development of chronic pain.

Article Treatment/Design Disorder

Outcome measures

Highlighted results

Dopamine prodrugs
Ertasetal. (1998) Levodopa/benserazide parallel group
RCT (4 wk) (N = 25)

Painful diabetic polyneuropathy
(DPN)

Prevention of subacute to chronic
low back pain

*Reckziegel et al.
(2021)

Carbidopa/levodopa and naproxen vs
placebo and naproxen —- parallel
group RCT (24 wk) (N = 61)

Pain VAS

0-10 numeric rating scale (NRS);
Pain Sensitivity Questionnaire, Pain
Disability Index, PainDETECT, McGill
Pain Questionnaire, Pain
Catastrophizing Scale, Pain Anxiety
Symptoms Scale, Beck Depression
Inventory, Positive and Negative
Affect Scale

Pain intensity (VAS) mean at
endpoint:

Active: 2.5 = 2

Placebo: 5.7 = 3 (A= 0.005)
Responder rate (response defined as
at least 20% improvement in pain):

Active: 75%

Placebo: 78% (P = 1.0)
Sex by treatment interaction was
observed for daily pain intensity
(#P=0.007), with females exhibiting
a mean of 90% pain improvement in
the active group vs 37% in the
placebo group
Sex dependence of Nucleus
accumbens/medial prefrontal cortex
connectivity at 12 wk after treatment
cessation (£ = 0.05).

Dopamine agonists

Holman and Pramipexole—parallel group RCT (14  Fibromyalgia
Myers (2005)  wk) (N = 60)

Rascol et al. Rotigotine transdermal Chronic Parkinson disease
(2016) patch—parallel group RCT (13-20  (PD)—associated pain

wk) (N = 60)

10 cm pain visual analog scale (VAS),
fibromyalgia impact questionnaire
(FIQ), the Multidimensional Health
Assessment Questionnaire (MDHAQ),
the pain improvement scale, the
tender point score, the 17-question
Hamilton Depression Inventory
(HAM-d), and the Beck Anxiety Index
(BAI).

Change in pain severity (Likert pain
scale), King’s PD Pain Scale and PD
Questionnaire

Pain intensity (VAS) mean change
from baseline:

Active: —2.48 = 0.38

Placebo: —0.71 = 0.54
Between group difference: —1.77
(95% Cl: —3.07, —0.47)
(P=0.008)
FIQ total score mean change from
baseline:

Active: —3.73 = 2.79

Placebo: —13.30 = 2.75
Between group difference: —9.57
(95% Cl: —18.01, —1.05)
(P=0.028).
Pain intensity (11-point Likert scale)
mean change from baseline:

Active: —2.8 = 1.84

Placebo: —2.2 + 2.78
Adjusted mean difference at
endpoint (active — placebo):
—0.76 (95% Cl: —1.87, 0.34)
P=0172

Dopamine reuptake

inhibitors
Semenchuk et al. Bupropion SR—crossover RCT (6-wk  Neuropathic pain
(2001) periods) (N = 41)

Katz et al. (2005) Bupropion crossover-RCT (7-wk

periods) (N = 44)

Nonneuropathic chronic low back
pain

Wisconsin Brief Pain Inventory,
Patient Global Assessment

Pain intensity (0-10 NRS), McGill
Pain Questionnaire

Wisconsin brief pain inventory mean
at endpoint:

Active: 3.99 = 0.41

Placebo: 5.78 + 0.32
(£< 0.001)
Patient global pain relief at endpoint
(proportion reporting improved,
much-improved, or pain free)

Active: 73.2%

Placebo: 9.8% (P << 0.001)
Pain intensity NRS mean at endpoint:

Active: 3.25 = 1.93

Placebo: 3.42 = 1.86 (> 0.05)
McGill Pain Questionnaire mean at
endpoint:

Active: 1.51 = 0.74

Placebo: 1.65 = 0.92 (> 0.05)

Different statistics are presented to summarize observed treatment effects based on what was identified as the primary analysis or what was available in the original article.

* Study designed to assess ability of dopamine agonist (combined with anti-inflammatory drug) to prevent chronic pain.
RCT, randomized clinical trial.
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Dopamine DPN
prodrug N=25
(Levodopa) | A=-3.2
P=0.005
Fibro PD pain
Dopamine N=60 N=60
agonists A=-1.77 A=-0.76
P=0.008 P=0.172
I
|
Dopamine NP Non-NP CLBP
N=41 N=44
re;:.it.:ke A=-1.79 A=-0.14
inhibitors 9<0.0001 e
Year published 1998 2001 2005 2016

Green: p<0.05

Yellow: p>0.05, but effect size and variance indicate an inconclusive result
Red: p>0.05 and effect size suggests negative result

CLBP chronic low back pain, DPN diabetic peripheral neuropathy, NP neuropathic pain; PD

Parkinson’s disease

Figure 2. lllustration of published clinical trials examining chronic pain treatment effects of dopamine-modulating compounds.

rodents, under baseline conditions, it acts like a D2-autoreceptor
agonist, which inhibits dopamine synthesis. However, under
conditions of increased dopaminergic tone, it acts as a D2-
autoreceptor antagonist. Germane to the role of NAc in chronic
pain, for which dopamine level changes have differential effects
on the shell and core, aripiprazole induces differential plasticity in
the NAc shell and core.® Aripiprazole can therefore act as a
dopamine transmission stabilizer.® Positron emission tomogra-
phy studies in humans are consistent with the stabilization
hypothesis.®® Interestingly, aripiprazole is also the only drug in
its class of antipsychotics that is associated with increased risk of
gambling, a risk usually associated with dopamine agonists.®®
Case reports suggest that aripiprazole can improve pain in
burning mouth syndrome, '®7 78 put its analgesic efficacy has yet
to be investigated in clinical trials. Cariprazine is a newer
antipsychotic medication with partial D2-agonist properties and
is believed to also stabilize dopaminergic transmission.'
Although there are no data on cariprazine’s effects on nocicep-
tion or pain, following the same logic as discussed for
aripiprazole, it has potential analgesic efficacy in chronic pain.

8.3. Outcomes

Relevant outcome domains for trials of dopamine-modulating
compounds in patients with chronic pain include pain intensity,
motivation, anhedonia,®>"® cognitive function,®”® mood,® fa-
tigue, and brain structure and function.'® Benefits on fatigue and
impaired cognitive function may be observed when using
multimodal treatments with a dopamine-modulating component
(eg, methylphenidate and bupropion). These outcomes can be
used separately or potentially combined into personalized com-
posite outcomes that include the most important domains
experienced by each participant. Trials in acute migraine treatment
provide a precedent for such personalized outcomes.”®

Clinical trials of these medications should be careful to assess
their known adverse effects. Expected adverse events include
rare seizures (eg, bupropion), abnormal motor symptoms such as

akathisia (eg, aripiprazole), weight gain and weight loss (eg,
various dopaminergic modulators), serious behavioral adverse
events such as drug dependence (eg, stimulants), and patho-
logical gambling (eg, dopamine agonists and partial agonists).

8.4. Master protocols

The use of master protocols would be an ideal option to identify the
most promising dopamine-modulating drugs from the multiple
candidates to move forward in development. A master protocol is a
single protocol that is developed and implemented by the same
clinical coordinating center and at the same study sites. This
provides efficiencies in developing the protocol, identifying, and
training sites, and for regulatory oversight. If possible, a single
control group can be shared, further increasing efficiencies.”” This
type of trial would require a collaborative effort and a large amount of
funding, but would provide the best chance of identifying the most
efficacious analgesics from this promising class.

9. Conclusion

Preclinical and clinical research suggests that dopamine modulation
could be an effective analgesic strategy. More research in this area is
necessary to identify the most promising compounds in this class
and rigorously test their analgesic efficacy in clinical trials.

Conflict of interest statement

This work was supported by grants from the National Institutes of
Health (K24NS126861). In the past 36 months, Dr. Gewandter
has received grant funding from the National Institutes of Health
and funding for contracts with Algo Therapeutics, Averitas
Pharma, and Eli Lilly. Dr. Gewandter has received consulting
income from Algo Therapeutix, Eikonizo Therapeutics, Eli Lilly,
GW Pharma, Hoba Therapeutics, and Vertex. She owns vesting
shares in Eisana Corp. She has also received personal
compensation for serving as Associate Editor for the Clinical

Copyright © 2025 by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.


www.painjournalonline.com

2218 P.Gehaetal. ® 166 (2025) 2213-2219

Journal of Pain. Dr. Freeman has received personal compensa-
tion and/or stock options for serving on scientific advisory boards
of AlgoTx, Cutaneous NeuroDiagnostics, Glenmark, Glaxo-Smith
Kline, Inhibikase, Eli Lilly, Maxona, Novartis, NeuroBo, Osmoal,
Regenacy, Theravance, and Vertex. He has also received
personal compensation for his editorial activities (Editor) with
Autonomic Neuroscience—-Basic and Clinical.

Article history:

Received 21 November 2024

Received in revised form 14 February 2025
Accepted 16 February 2025

Available online 25 April 2025

References

[1] BalikiMN, Apkarian AV. Nociception, pain, negative moods, and behavior
selection. Neuron 2015;87:474-91.

[2] Baliki MN, Chialvo DR, Geha PY, Levy RM, Harden RN, Parrish TB,
Apkarian AV. Chronic pain and the emotional brain: specific brain activity
associated with spontaneous fluctuations of intensity of chronic back
pain. J Neurosci 2006;26:12165-73.

[3] BalikiMN, Geha PY, Fields HL, Apkarian AV. Predicting value of pain and
analgesia: nucleus accumbens response to noxious stimuli changes in
the presence of chronic pain. Neuron 2010;66:149-60.

[4] BalikiMN, Geha PY, Jabakhanji R, Harden N, Schnitzer TJ, Apkarian AV.
A preliminary fMRI study of analgesic treatment in chronic back pain and
knee osteoarthritis. Mol Pain 2008;4:47.

[5] Baliki MN, Petre B, Torbey S, Herrmann KM, Huang L, Schnitzer TJ,
Fields HL, Apkarian AV. Corticostriatal functional connectivity predicts
transition to chronic back pain. Nat Neurosci 2012;15:1117-9.

[6] Baratto SSP, Meger MN, Camargo V, Nolasco GMC, Mattos NHR,
Roskamp L, Stechman-Neto J, Madalena IR, Ktichler EC, Baratto-Filho F.
Temporomandibular disorder in construction workers associated with
ANKK1 and DRD2 genes. Braz Dent J 2022;33:12-20.

[7] Becker S, Navratilova E, Nees F, Van Damme S. Emotional and motivational
pain processing: current state of knowledge and perspectives in translational
research. Pain Res Manag 2018;2018:5457870.

[8] Borsook D, Linnman C, Faria V, Strassman AM, Becerra L, Elman I.

Reward deficiency and anti-reward in pain chronification. Neurosci

Biobehav Rev 2016;68:282-97.

Burris KD, Molski TF, Xu C, Ryan E, Tottori K, Kikuchi T, Yocca FD,

Molinoff PB. Aripiprazole, a novel antipsychotic, is a high-affinity partial

agonist at human dopamine D2 receptors. J Pharmacol Exp Ther 2002;

302:381-9.

[10] Buskila D, Cohen H, Neumann L, Ebstein RP. An association between
fioromyalgia and the dopamine D4 receptor exon lll repeat polymorphism
and relationship to novelty seeking personality traits. Mol Psychiatry 2004;
9:730-1.

[11] Catani M, Dell’acqua F, Thiebaut de Schotten M. A revised limbic system
model for memory, emotion and behaviour. Neurosci Biobehav Rev
2013;37:1724-37.

[12] Chang PC, Pollema-Mays SL, Centeno MV, Procissi D, Contini M, Baria
AT, Martina M, Apkarian AV. Role of nucleus accumbens in neuropathic
pain: linked multi-scale evidence in the rat transitioning to neuropathic
pain. PAIN 2014;155:1128-39.

[13] Veasley C, Clare D, Clauw DJ, Cowley T, Nguyen RHN, Reinecke P,
Vernon SD, Williams DA. Policy analysis & recommendations. Chronic
Pain Research Alliance; https://chronicpainresearch.org/wp-content/
uploads/2023/05/CPRA_WhitePaper_2015-FINAL-Digital.pdf (2015,
Accessed November 19, 2024).

[14] Citrome L. Cariprazine: chemistry, pharmacodynamics,
pharmacokinetics, and metabolism, clinical efficacy, safety, and
tolerability. Expert Opin Drug Metab Toxicol 2013;9:193-206.

[15] Davis KD, Aghaeepour N, Ahn AH, Angst MS, Borsook D, Brenton A,
Burczynski ME, Crean C, Edwards R, Gaudilliere B, Hergenroeder GW,
ladarola MJ, lyengar S, Jiang Y, Kong JT, Mackey S, Saab CY, Sang CN,
Scholz J, Segerdahl M, Tracey |, Veasley C, Wang J, Wager TD, Wasan
AD, Pelleymounter MA. Discovery and validation of biomarkers to aid the
development of safe and effective pain therapeutics: challenges and
opportunities. Nat Rev Neurol 2020;16:381-400.

[16] Dobryakova E, Genova HM, Deluca J, Wylie GR. The dopamine
imbalance hypothesis of fatigue in multiple sclerosis and other
neurological disorders. Front Neurol 2015;6:52.

9

PAIN®

[17] Edwards RR, Schreiber KL, Dworkin RH, Turk DC, Baron R, Freeman R,
Jensen TS, Latremoliere A, Markman JD, Rice ASC, Rowbotham M,
Staud R, Tate S, Woolf CJ, Andrews NA, Carr DB, Colloca L, Cosma-
Roman D, Cowan P, Diatchenko L, Farrar J, Gewandter JS, Gilron |,
Kerns RD, Marchand S, Niebler G, Patel KV, Simon LS, Tockarshewsky T,
Vanhove GF, Vardeh D, Walco GA, Wasan AD, Wesselmann U.
Optimizing and accelerating the development of precision pain
treatments for chronic pain: IMMPACT review and recommendations.
J Pain 2023;24:204-25.

[18] Fei L, Abrardi L, Mediati RD. Unexpected effect of aripiprazole on
nociceptive pain. Ther Adv Psychopharmacol 2012;2:211-2.

[19] Fitzcharles M-A, Cohen SP, Clauw DJ, Littlejohn G, Usui C, Hauser W.
Nociplastic pain: towards an understanding of prevalent pain conditions.
Lancet (London, England) 2021;397:2098-110.

[20] Garland EL. Psychosocial intervention and the reward system in pain and
opioid misuse: new opportunities and directions. PAIN 2020;161:
2659-66.

[21] Garland EL, Trostheim M, Eikemo M, Ernst G, Leknes S. Anhedonia in
chronic pain and prescription opioid misuse. Psychol Med 2019;50:
1977-88.

[22] Geha P, Dearaujo |, Green B, Small DM. Decreased food pleasure and
disrupted satiety signals in chronic low back pain. PAIN 2014;155:
712-22.

[23] Geha PY, Baliki MN, Chialvo DR, Harden RN, Paice JA, Apkarian AV.
Brain activity for spontaneous pain of postherpetic neuralgia and its
modulation by lidocaine patch therapy. PAIN 2007;128:88-100.

[24] Gerra MC, Dallabona C, Manfredini M, Giordano R, Capriotti C,
Gonzalez-Villar A, Trinanes Y, Arendt-Nielsen L, Carrillo-de-la-Pena MT.
The polymorphism Val158Met in the COMT gene: disrupted dopamine
system in fibromyalgia patients? PAIN 2024;165:e184-9.

[25] Gewandter JS, McDermott MP. When should non-significant results
influence clinical decisions?: interpreting confidence intervals. BJOG
2020;127:548-9.

[26] Glimcher PW. Efficiently irrational: deciphering the riddle of human
choice. Trends Cogn Sci 2022;26:669-87.

[27] Groenewegen HJ, Russchen FT. Organization of the efferent projections
of the nucleus accumbens to pallidal, hypothalamic, and mesencephalic
structures: a tracing and immunohistochemical study in the cat. J Comp
Neurol 1984;223:347-67.

[28] Groenewegen HJ, Wright CI, Beijer AV. The nucleus accumbens:
gateway for limbic structures to reach the motor system? Prog Brain
Res 1996;107:485-511.

[29] Haber SN, Knutson B. The reward circuit: linking primate anatomy and
hurman imaging. Neuropsychopharmacology 2010;35:4-26.

[30] Hagelberg N, Forssell H, Aalto S, Rinne JO, Scheinin H, Taiminen T,
Nagren K, Eskola O, Jaaskelédinen SK. Altered dopamine D2 receptor
binding in atypical facial pain. PAIN 2003;106:43-8.

[31] Hagelberg N, Forssell H, Rinne JO, Scheinin H, Taiminen T, Aalto S,
Luutonen S, Nagren K, Jaaskeldinen S. Striatal dopamine D1 and D2
receptors in burning mouth syndrome. PAIN 2003;101:149-54.

[382] Hashmi JA, Baliki MN, Huang L, Baria AT, Torbey S, Hermann KM,
Schnitzer TJ, Apkarian AV. Shape shifting pain: chronification of back
pain shifts brain representation from nociceptive to emotional circuits.
Brain 2013;136:2751-68.

[383] Huang S, Borgland SL, Zamponi GW. Peripheral nerve injury-induced
alterations in VTA neuron firing properties. Mol Brain 2019;12:89.

[34] Husain M, Roiser JP. Neuroscience of apathy and anhedonia: a
transdiagnostic approach. Nat Rev Neurosci 2018;19:470-84.

[35] Institute of Medicine Committee on Advancing Pain Research C,
Education. The national academies collection: reports funded by
National Institutes of Health. Relieving Pain in America: a blueprint for
transforming prevention, care, education, and research. Washington,
DC: National Academies Press (US) Copyright © 2011, National
Academy of Sciences, 2011.

[36] Ito H, Takano H, Arakawa R, Takahashi H, Kodaka F, Takahata K,
Nogami T, Suzuki M, Suhara T. Effects of dopamine D2 receptor partial
agonist antipsychotic aripiprazole on dopamine synthesis in human brain
measured by PET with L-[B-11C]DOPA. PLoS One 2012;7:e46488.

[387] Jefferson T, Kelly CJ, Martina M. Differential rearrangement of excitatory
inputs to the medial prefrontal cortex in chronic pain models. Front Neural
Circuits 2021;15:791043.

[388] Ji G, Sun H, Fu Y, Li Z, Pais-Vieira M, Galhardo V, Neugebauer V.
Cognitive impairment in pain through amygdala-driven prefrontal cortical
deactivation. J Neurosci 2010;30:5451-64.

[39] Jongen-Rélo AL, Groenewegen HJ, Voorn P. Evidence for a multi-
compartmental histochemical organization of the nucleus accumbens in
the rat. J Comp Neurol 1993;337:267-76.

Copyright © 2025 by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.


https://chronicpainresearch.org/wp-content/uploads/2023/05/CPRA_WhitePaper_2015-FINAL-Digital.pdf
https://chronicpainresearch.org/wp-content/uploads/2023/05/CPRA_WhitePaper_2015-FINAL-Digital.pdf

October 2025 ¢ Volume 166 ® Number 10

[40] Kelley AE, Domesick VB. The distribution of the projection from the
hippocampal formation to the nucleus accumbens in the rat: an
anterograde  and  retrograde-horseradish ~ peroxidase  study.
Neuroscience 1982;7:2321-35.

[41] Kihn S, Gallinat J. The neural correlates of subjective pleasantness.
Neuroimage 2012;61:289-94.

[42] Lee M, Manders TR, Eberle SE, Su C, D’Amour J, Yang R, Lin HY,
Deisseroth K, Froemke RC, Wang J. Activation of corticostriatal circuitry
relieves chronic neuropathic pain. J Neurosci 2015;35:5247-59.

[43] Lin Y, De Araujo |, Stanley G, Small D, Geha P. Chronic pain precedes
disrupted eating behavior in low-back pain patients. PLoS One 2022;17:
e0263527.

[44] Loffler M, Levine SM, Usai K, Desch S, Kandi¢ M, Nees F, Flor H.
Corticostriatal circuits in the transition to chronic back pain: the predictive
role of reward learning. Cell Rep Med 2022;3:100677.

[45] Ma GF, Raivio N, Sabria J, Ortiz J. Agonist and antagonist effects of
aripiprazole on D2-like receptors controlling rat brain dopamine synthesis
depend on the dopaminergic tone. Int J Neuropsychopharmacol 2014;
18:pyu046.

[46] Ma L, Yue L, Zhang Y, Wang Y, Han B, Cui S, Liu FY, Wan Y, Yi M.
Spontaneous pain disrupts ventral hippocampal CA1-infralimbic cortex
connectivity and modulates pain progression in rats with peripheral
inflammation. Cell Rep 2019;29:1579-93.e6.

[47] Makary MM, Polosecki P, Cecchi GA, DeArauijo IE, Barron DS, Constable
TR, Whang PG, Thomas DA, Mowafi H, Small DM, Geha P. Loss of
nucleus accumbens low-frequency fluctuations is a signature of chronic
pain. Proc Natl Acad Sci U S A 2020;117:10015-283.

[48] Martikainen IK, Hagelberg N, Jaaskeldinen SK, Hietala J, Pertovaara A.
Dopaminergic and serotonergic mechanisms in the modulation of pain: in
vivo studies in human brain. Eur J Pharmacol 2018;834:337-45.

[49] Martikainen IK, Nuechterlein EB, Pecifa M, Love TM, Cummiford CM,
Green CR, Stohler CS, Zubieta JK. Chronic back pain is associated with
alterations in dopamine neurotransmission in the ventral striatum.
J Neurosci 2015;35:9957-65.

[60] Massaly N, Copits BA, Wilson-Poe AR, Hipdlito L, Markovic T, Yoon
HJ, Liu S, Wallicki MC, Bhatti DL, Sirohi S, Klaas A, Walker BM, Neve R,
Cahill CM, Shoghi KlI, Gereau RWt, McCall JG, Al-Hasani R, Bruchas
MR, Morén JA. Pain-Induced negative affect is mediated via
recruitment of the nucleus accumbens kappa opioid system. Neuron
2019;102:564-73.€6.

[51] Mogenson GJ, Jones DL, Yim CY. From motivation to action: functional
interface between the limbic system and the motor system. Prog
Neurobiol 1980;14:69-97.

[62] Mogil JS. Pain genetics: past, present and future. Trends Genetics 2012;
28:258-66.

[53] Natesan S, Reckless GE, Nobrega JN, Fletcher PJ, Kapur S. Dissociation
between in vivo occupancy and functional antagonism of dopamine D2
receptors: comparing aripiprazole to other antipsychotics in animal
models. Neuropsychopharmacology 2006;31:1854-63.

[54] Navratilova E, Porreca F. Reward and motivation in pain and pain relief.
Nat Neurosci 2014;17:1304-12.

[65] Nestler EJ, Carlezon WA Jr. The mesolimbic dopamine reward circuit in
depression. Biol Psychiatry 2006;59:1151-9.

[66] Pecifia S, Smith KS, Berridge KC. Hedonic hot spots in the brain.
Neuroscientist 2006;12:500-11.

[57] Pignatelli M, Bonci A. Role of dopamine neurons in reward and aversion: a
synaptic plasticity perspective. Neuron 2015;86:1145-57.

[68] Porreca F, Navratilova E. Reward, motivation, and emotion of pain and its
relief. PAIN 2017;158(suppl 1):S43-9.

[59] Reckziegel D, Tétreault P, Ghantous M, Wakaizumi K, Petre B, Huang L,
Jabakhaniji R, Abdullah T, Vachon-Presseau E, Berger S, Baria A, Griffith JW,
Baliki MN, Schnitzer TJ, Apkarian AV. Sex-specific pharmacotherapy for back
pain: a proof-of-concept randomized trial. Pain Ther 2021;10:1375-400.

[60] RenW, Centeno MV, Berger S, Wu'Y, Na X, Liu X, Kondapalli J, Apkarian AV,
Martina M, Surmeier DJ. The indirect pathway of the nucleus accumbens
shell amplifies neuropathic pain. Nat Neurosci 2016;19:220-2.

[61] Ren W, Centeno MV, Wei X, Wickersham |, Martina M, Apkarian AV,
Surmeier DJ. Adaptive alterations in the mesoaccumbal network after
peripheral nerve injury. PAIN 2021;162:895-906.

[62] Salamone JD, Correa M. The mysterious motivational functions of
mesolimbic dopamine. Neuron 2012;76:470-85.

[63] Salamone JD, Pardo M, Yohn SE, Lépez-Cruz L, SanMiguel N, Correa M.
Mesolimbic dopamine and the regulation of motivated behavior. Curr Top
Behav Neurosci 2016;27:231-57.

[64] Schwartz N, Temkin P, Jurado S, Lim BK, Heifets BD, Polepalli JS,
Malenka RC. Chronic pain. Decreased motivation during chronic pain
requires long-term depression in the nucleus accumbens. Science 2014;
345:535-42.

www. painjournalonline.com 2219

[65] Serafini RA, Pryce KD, Zachariou V. The mesolimbic dopamine system in
chronic pain and associated affective comorbidities. Biol Psychiatry
2020;87:64-73.

[66] Shetty A, Delanerolle G, Cavalini H, Deng C, Yang X, Boyd A, Fernandez
T, Phiri P, Bhaskar A, Shi JQ. A systematic review and network meta-
analysis of pharmaceutical interventions used to manage chronic pain.
Sci Rep 2024;14:1621.

[67] Sigvard AK, Nielsen M, Gjedde A, Bojesen KB, Fugle D, Tangmose K,
Kumakura Y, Helte K, Ebdrup BH, Jensen LT, Rostrup E, Glenthgj BY.
Dopaminergic activity in antipsychotic-naive patients assessed with
positron emission tomography before and after partial dopamine D(2)
receptor agonist treatment: association with psychotic symptoms and
treatment response. Biol Psychiatry 2022;91:236-45.

[68] Smith MT. Nonopioid analgesics discovery and the Valley of Death:
EMA401 from concept to clinical trial. PAIN 2022;163(suppl 1):515-28.

[69] Smith SM, Dworkin RH, Turk DC, Baron R, Polydefkis M, Tracey I,
Borsook D, Edwards RR, Harris RE, Wager TD, Arendt-Nielsen L, Burke
LB, Carr DB, Chappell A, Farrar JT, Freeman R, Gilron I, Goli V, Haeussler
J, Jensen T, Katz NP, Kent J, Kopecky EA, Lee DA, Maixner W, Markman
JD, McArthur JC, McDermott MP, Parvathenani L, Raja SN, Rappaport
BA, Rice ASC, Rowbotham MC, Tobias JK, Wasan AD, Witter J. The
potential role of sensory testing, skin biopsy, and functional brain imaging
as biomarkers in chronic pain clinical trials: IMMPACT considerations.
J Pain 2017;18:757-77.

[70] Stahl SM. Dopamine system stabilizers, aripiprazole, and the next
generation of antipsychotics, part 2: illustrating their mechanism of action.
J Clin Psychiatry 2001;62:923-4.

[71] Takenoshita M, Motomura H, Toyofuku A. Low-Dose aripiprazole
augmentation in amitriptyline-resistant burning mouth syndrome:
results from two cases. Pain Med 2017;18:814-5.

[72] Taylor AM, Becker S, Schweinhardt P, Cahill C. Mesolimbic dopamine
signaling in acute and chronic pain: implications for motivation, analgesia,
and addiction. PAIN 2016;157:1194-8.

[73] Treadway MT, Buckholtz JW, Schwartzman AN, Lambert WE, Zald DH.
Worth the "EEfRT’? The effort expenditure for rewards task as an objective
measure of motivation and anhedonia. PLoS One 2009;4:e6598.

[74] Treadway MT, Zald DH. Reconsidering anhedonia in depression: lessons
from translational neuroscience. Neurosci Biobehav Rev 2011;35:537-55.

[75] TsaiYH, Yuan R, Patel D, Chandrasekaran S, Weng HH, Yang JT, Lin CP,
Biswal BB. Altered structure and functional connection in patients with
classical trigeminal neuralgia. Hum Brain Mapp 2018;39:609-21.

[76] U.S. Department of Health and Human Services Food and Drug
Administration. Migraine: Developing Drugs for Acute Treatment Guidance
for Industry. U.S. Department of Health and Human Services; fda.gov (2018,
Accessed November 19, 2024).

[77] U.S. Department of Health and Human Services Food and Drug
Administration. Master protocols: efficient clinical trial design strategies
to expedite development of oncology drugs and biologics guidance for
industry. U.S. Department of Health and Human Services; fda.gov (2022,
Accessed November 19, 2024).

[78] Umezaki Y, Takenoshita M, Toyofuku A. Low-dose aripiprazole for
refractory burning mouth syndrome. Neuropsychiatr Dis Treat 2016;12:
1229-31.

[79] van Reij RRI, Joosten EAJ, van den Hoogen NJ. Dopaminergic
neurotransmission and genetic variation in chronification of post-
surgical pain. Br J Anaesth 2019;123:853-64.

[80] Vardeh D, Mannion RJ, Woolf CJ. Toward a mechanism-based approach
to pain diagnosis. J Pain 2016;17:T50-69.

[81] Wang XY, Jia WB, Xu X, Chen R, Wang LB, Su XJ, Xu PF, Liu XQ, Wen J,
Song XY, Liu YY, Zhang Z, Liu XF, Zhang Y. A glutamatergic DRN-VTA
pathway modulates neuropathic pain and comorbid anhedonia-like
behavior in mice. Nat Commun 2023;14:5124.

[82] Westbrook A, Braver TS. Cognitive effort: a neuroeconomic approach.
Cogn Affect Behav Neurosci 2015;15:395-415.

[83] Wolfschlag M, Hakansson A. Drug-Induced gambling disorder:
epidemiology, neurobiology, and management. Pharmaceut Med 2023;
37:37-52.

[84] Wood PB, Schweinhardt P, Jaeger E, Dagher A, Hakyemez H, Rabiner
EA, Bushnell MC, Chizh BA. Fibromyalgia patients show an abnormal
dopamine response to pain. Eur J Neurosci 2007;25:3576-82.

[85] Zhang Z, Gewandter JS, Geha P. Brain imaging biomarkers for chronic
pain. Front Neurol 2021;12:734821.

[86] Zhou H, Martinez E, Lin HH, Yang R, Dale JA, Liu K, Huang D, Wang J.
Inhibition of the prefrontal projection to the nucleus accumbens enhances
pain sensitivity and affect. Front Cell Neurosci 2018;12:240.

[87] Zorina-Lichtenwalter K, Meloto CB, Khoury S, Diatchenko L. Genetic
predictors of human chronic pain conditions. Neuroscience 2016;338:
36-62.

Copyright © 2025 by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.


https://www.fda.gov/media/89829/download
https://www.fda.gov/media/120721/download. 
www.painjournalonline.com

