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P A I N

Sexual dimorphism in functional pain syndromes
Edita Navratilova1, Roger B. Fillingim2, Frank Porreca1,3*

Injury-free pain conditions, defined as functional pain syndromes, are more prevalent and more disabling in women. 
Mechanisms of sexual dimorphism in functional pain are now emerging from preclinical studies, suggesting an 
opportunity to advance the development of sex-specific therapies that may improve treatment of pain in women.

INTRODUCTION
Chronic pain is estimated to affect nearly 
100 million Americans. Among these, 
11 million experience high-impact pain that 
directly impedes daily activities. Both chronic 
pain and high-impact pain syndromes are 
more prevalent in women (1). Pain can be 
classified as nociceptive, neuropathic, and, 
more recently, nociplastic (2). Pain condi-
tions with nociplastic features have altered 
nociception, even though they are not easily 
associated with tissue injury or lesions of the 
somatosensory system and are often de-
scribed as functional (fibromyalgia, temporo-
mandibular disorder, migraine, and irritable 
bowel syndrome are a few examples). These 
conditions, more common and disabling in 
women, are inadequately treated and re-
main a major unmet medical need. Further-
more, many of these pain disorders often 
co-occur, resulting in their designation as 
chronic overlapping pain conditions that are 
also more common in women (3) and result 
in increased suffering and risk of disability. 
Here, we highlight mechanisms of sexual 
dimorphism in functional pain syndromes 
that are emerging from preclinical studies. 
We also suggest approaches that can help to 
bridge preclinical and clinical investigations 
of functional pain, with the goal of developing 
sex-specific therapies for these pain disorders.

SEXUAL DIMORPHISM 
IN FUNCTIONAL PAIN
Pain-related sex differences can be quanti-
tative and qualitative (4). Quantitative sex 
differences are present when the pain response 
shows a different magnitude in females ver-
sus males, whereas qualitative sex differences 
emerge when the mediators of the pain re-
sponse differ fundamentally across sexes. 
Qualitative differences may explain some of 
the quantitative sex differences but importantly 

can also emerge in the absence of quantitative 
sexual dimorphism. Qualitative sex differ-
ences are translationally relevant and suggest 
that the mechanisms driving pain-related 
endpoints differ by sex and that treatments 
targeting these mechanisms could have widely 
divergent efficacy in females and males.

Quantitative sensory testing studies in 
healthy adults consistently indicate greater 
sensitivity to experimentally induced pain 
across multiple stimulus modalities among 
women compared to men (1, 4). Additionally, 
healthy females show greater temporal sum-
mation of pain, a mechanism whereby each 
subsequent nociceptive stimulus elicits a 
greater response, suggesting enhanced pain 
facilitation (1). Thus, women suffer from a 
greater burden of clinical pain, and even 
healthy women experience enhanced pain 
sensitivity.

Among the overlapping biopsychosocial 
mechanisms that contribute to quantitative 
and qualitative sex differences in clinical pain 
and pain sensitivity, sex hormones have re-
ceived the most attention (1, 3). The most 
robust sex differences in prevalence and se-
verity of functional pain syndromes and in 
experimental pain sensitivity emerge during 
the reproductive years (1). Moreover, clinical 
and experimental pain responses vary across 
the female menstrual cycle and are influenced 
by pregnancy and exogenous hormone use 
(1). The key role of sex hormones is supported 
by increased incidence of migraine in trans-
gender women who are on antiandrogens and 
receive high doses of estrogen (5). Many 
functional pain syndromes can improve 
after menopause, supporting a causal link to 
gonadal hormones.

Psychosocial stress is an important sex- 
related risk factor for functional pain given that 
hormonal and behavioral stress responses differ 
considerably by sex (6), and stress is strongly 
implicated in functional pain conditions (7). 

Stress increases risk for development of 
female-prevalent functional pain conditions 
and can contribute to pain exacerbations 
and outcomes in people with existing pain 
conditions (7). Psychosocial stress is also a 
major risk factor for development of chronic 
overlapping pain conditions (COPCs) (8). 
Headache is associated with greater perceived 
stress, and stress is the most frequently reported 
trigger of both migraine and tension- type 
headache (9). Adverse childhood experiences 
(such as abuse) strongly predict the devel-
opment of adult functional pain syndromes 
including migraine, and this correlation is 
much more prevalent in women (10, 11).

SEXUAL DIMORPHISM IN PRECLINICAL 
MODELS OF FUNCTIONAL 
PAIN SYNDROMES
Preclinical studies are beginning to unravel 
sexually dimorphic pain mechanisms that 
might contribute to the high prevalence of 
functional pain disorders in women. Sex 
differences have now been identified in no-
ciceptors, in ascending and descending pain 
modulatory pathways and stress-related 
neurohormonal modulation of nociception 
(12). Whereas sensory thresholds generally 
change to a similar degree following injury 
in male and female animals, the biological 
mechanisms promoting pain and analgesia 
are different [see (13) for review]. Sexual 
dimorphism has been observed in a rodent 
model of the pain phase of migraine produced 
by engagement of meningeal nociceptors 
following minimally invasive application of 
inflammatory substances onto the dura mater 
(14). Studies modeling the features of the 
migraine syndrome with two-hit priming 
strategies including medications promoting 
hyperalgesia, stress or a prior stimulus acti-
vating nociceptors have demonstrated sexual 
dimorphic mechanisms in the triggering of pain 
by normally innocuous stimuli (15, 16).

Calcitonin gene-related peptide (CGRP) 
is causally implicated in the pathophysiology 
of migraine, and inhibition of CGRP signaling 
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is clinically effective for both acute treat-
ment and prevention of migraine (17). Re-
cent preclinical studies have demonstrated 
that application of CGRP to the dura mater 
produced periorbital cutaneous allodynia, a 
surrogate readout of migraine-like pain, at 
much lower doses in female than in male 
rats (18). Furthermore, following priming 
with stress, a CGRP antagonist or anti- 
CGRP monoclonal antibodies were more 
effective in preventing periorbital allodynia, 
elicited by trigeminal stimulation with a 
TRPA1 agonist or with further exposure to 
stress, in female compared to male mice 
(19, 20). Neuroanatomical differences in 
CGRP-related nociceptive pathways from 
the meninges may therefore contribute to 
increased sensitivity of female dural noci-
ceptors with possible implications relevant 
to the increased prevalence of migraine in 
women. Although CGRP-based therapies, 
including monoclonal antibodies and CGRP 
receptor antagonists, have dramatically 
impacted the lives of many, a large group of 
people with migraine do not receive benefit 
from these treatments (21). CGRP can sig-
nal through both the CGRP receptor and 
the amylin receptor (21,  22), and pro-
vocative studies have recently demonstrated 
that an amylin analog could elicit migraine 
in humans. Whether amylin effects or CGRP 
signaling at amylin receptors may be sexually 
dimorphic and whether such effects would 
be female selective are currently being in-
vestigated along with potential therapeutic 
implications.

In an important early study, prolactin was 
demonstrated to increase capsaicin-evoked 
release of CGRP in female, but not male, ro-
dent trigeminal ganglion neurons (23). The 
sexually dimorphic effects of prolactin ap-
pear to depend on differences in expression 
of prolactin receptor (PRLR) isoforms in 
sensory neurons. In rodents, female ganglion 
neurons express higher quantities of the 
PRLR long isoform (PRLR-L) than do males 
(24, 25). Preclinical studies suggest that sig-
naling via the homodimers of the short iso-
form of PRLR (PRLR-S) increases neuronal 
excitability and promotes pain, whereas PRLR-L 
expression and formation of heterodimers 
interfere with PRLR-S signaling, providing 
protection against nociceptive sensitization 
in females (24). Down-regulation of PRLR-L 
and increased signaling via the PRLR-S are 
therefore a likely mechanism of selective 
female nociceptor sensitization. In mice, 
priming with medications known to pro-
mote hyperalgesia in both sexes, including 

opioids (24), promotes PRLR-L down- 
regulation only in neurons from female 
animals. The down-regulation of PRLR-L 
results in increased prolactin signaling at 
PRLR-S and subsequent increased pain re-
sponses in female animals.

The dysregulation of PRLR isoforms also 
provides a neuroendocrine link to stress- 
related female-prevalent pain conditions. 
Serum concentrations of prolactin are high-
er in women and in female rodents and are 
further increased by stressful events includ-
ing trauma or injury. Repeated priming 
events (medications, stress) elicit widespread 
hypersensitivity to normally innocuous 
mechanical stimulation in both male and 
female animals but promote down-regulation 
of PRLR-L selectively in female animals 
(24, 25). Moreover, repeated stress-induced 
pain was blocked by inhibition of prolactin 
release only in female animals. Thus, where-
as hypersensitivity is observed in both sexes, 
the underlying mechanisms differ and, in 
females, depend on nociceptor sensitization 
established by changes in expression of 
PRLR isoforms following increased release 
of prolactin. Patients with hyperprolactin-
emia are more likely to have frequent or 
chronic migraine (26), raising the possibility 
that prolactin may be in part responsible for 
the transformation, chronification, or pro-
gression of migraine from a paroxysmal/
episodic to a chronic disorder with frequent 
or persistent headache pain that is more 
common in women. The sexually dimorphic 
nociceptor sensitization resulting from pro-
lactin receptor isoform dysregulation may 
also be relevant to other functional pain 
conditions, a possibility that requires fur-
ther investigation.

BRIDGING THE KNOWLEDGE GAP 
BETWEEN PRECLINICAL STUDIES 
AND HUMAN FUNCTIONAL 
PAIN DISORDERS
Although substantial advances have been 
made in revealing the mechanisms that may 
drive acute and chronic pain following inju-
ries, knowledge of mechanisms promoting 
injury-free functional pain conditions and 
their prevalence in females remains rudi-
mentary. Functional pain syndromes have 
unique underlying pathologies, but they also 
share many biological features including (i) 
episodic attacks with frequency determin-
ing the likelihood of transformation to a 
chronic state, (ii) sensitivity to presumed 
exteroceptive or interoceptive triggering 

events such as stress, and (iii) hormonal 
links with pain in women that begin around 
the time of menarche and diminish at meno-
pause. These overlapping features suggest 
shared genetic and neural mechanisms that 
amplify nociception in ascending nocicep-
tive pathways and promote defects in neu-
ronal circuits that project from the brain to 
modulate nociception (i.e., descending pain 
modulation) (Table 1). Preclinical investi-
gation of these common mechanisms may 
therefore provide a path forward for the 
development of improved and sex-specific 
therapies for functional pain syndromes.

Most functional pain disorders have a 
complex yet unknown genetic contribution. 
Relevant genes for some disorders such as 
familial hemiplegic migraine have been 
identified (27), permitting mechanistic in-
vestigation of the disease preclinically. Pre-
clinical studies of functional pain disorders, 
however, are commonly limited to investi-
gation of mechanisms by modeling a par-
ticular clinical symptom rather than the 
disease itself. Methodological advances that 
now permit transcriptomic and functional 
analysis of human dorsal root ganglia and 
other tissues at the single-cell level may help 
to bridge the gap between the laboratory 
and human pain syndromes (28). Increasingly, 
investigations of inducible pluripotent stem 
cells (iPSCs) from phenotyped patients with 
pain syndromes are allowing identification of 
genetic contributions to these diseases and 
are additionally likely to reveal sex-specific 
genetic contributions.

A prominent brain region that serves 
sexually dimorphic functions is the hypo-
thalamus. Recent experiments involving daily 
imaging for 1 month of a single female 
patient with episodic migraine led to the re-
markable insight that the hypothalamus was 
active in the premonitory phase, some 24 to 
72 hours before the pain phase of the mi-
graine attack. Hypothalamic activation prior 
to headache has now been confirmed in a 
larger group of mainly female patients with 
episodic migraine, and functional connec-
tivity studies have revealed temporal associa-
tions with brainstem circuits (29). These 
clinical insights can guide mechanistic studies 
in preclinical models to reveal hypothalamic 
influences on pain circuits and to uncover 
possible sexually dimorphic mediators in the 
hypothalamus that can initiate the pain 
attacks of migraine and other functional 
pain disorders.

Despite advantages in genetic character-
ization of human tissues from patients and 
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imaging studies in humans, preclinical studies 
in animals remain a necessary systems-level 
complement that is critical in the discovery 
of potentially actionable molecular targets. 
Animal studies are essential in revealing tar-
get relevance in the particular pain syn-
drome and potential side effects that can be 
anticipated. Dose-response relationships 
for efficacy and safety of new drugs can also 
provide early identification of sex differences 
and help to avoid failures in clinical trials 
from overdosing or underdosing male or 
female patients. Behavioral studies can be 
performed in male and female animals in 
parallel with investigations in human tissues 
to identify pharmacokinetic factors that are 
critical for drug engagement of targets in 
human trials.

An obvious challenge in preclinical models 
of functional pain syndromes is that pain 
does not obviously result from injury. Hyper-
algesic priming to induce pain sensitization 
has been demonstrated to require protein 
synthesis, suggesting molecular mechanisms 
that promote the establishment of a pain 
memory in which each pain attack increases 
vulnerability to subsequent triggering stimu-
li, promoting the development of chronic 
pain (16). Sex differences in hyperalgesic 
priming from application of CGRP or in-
flammatory mediators such as interleukin-6 
have been observed (18). Increased investi-
gation of mechanisms that establish and 
maintain pain memory may allow the dis-
covery of therapies that prevent the transition 

of episodic pain conditions to their chronic 
state. Additionally, mechanisms that can 
promote extinction of established pain 
memories and reverse treatment-resistant 
chronic pain conditions may be identified.

Notably, whereas hyperalgesic priming 
and assessment of sex differences in noci-
ceptors have revealed mechanisms that in-
crease the likelihood of pain in females, few 
insights have emerged into mechanisms 
promoting functional pain syndromes in 
males. Far fewer functional pain syndromes 
show male prevalence, and developing animal 
models of disorders such as cluster head-
ache and other trigeminal autonomic ceph-
alalgias that are more common in men remains 
extremely challenging. Overcoming this 
knowledge gap is essential and will likely 
require increased clinical studies to stratify 
outcomes in male-prevalent and female- 
prevalent pain disorders. Disaggregating data 
by sex may permit the discovery of pain pro-
moting or pain protective circuitry and drive 
preclinical model development and mecha-
nistic investigations.

Clinical trials do not assess nociception 
but rather evaluate pain, a multidimensional 
experience arising from integrated activity 
of multiple brain circuits. Improved align-
ment of preclinical output measures with 
those assessed in humans is therefore criti-
cal for translational success. In most pre-
clinical studies, output measures are based 
on sensory features with reflexive motor 
and vocal responses to noxious stimuli. 

Although these behavioral manifestations 
reflect the aversive qualities of pain, they fall 
far short of the sum of sensory, affective, 
and cognitive factors reflected in verbal re-
ports from humans (30). Recent preclinical 
efforts have emphasized evaluation of pain 
based on its physiological role in helping to 
avoid harm by driving motivation to seek 
relief (31). The relief of pain aversiveness 
activates brain reward pathways, reinforcing 
future behaviors. Cognitive resources are 
also prioritized by pain to allow behavioral 
choices that promote the most advantageous 
survival outcomes (32). Functional pain dis-
orders alter motivation and impair cognition 
in humans, and these outcome measures 
should be assessed in preclinical models to 
evaluate potential efficacy of pain-relieving 
targets. The increasing use of operant tasks, 
where future actions are shaped by out-
comes of a behavioral choice, in preclinical 
research can help to bridge the divide be-
tween human self-reporting and indirect 
animal reporting through motivated behav-
iors (31). Currently, little is known in either 
preclinical models or in humans about the 
impact of sex on pain-related motivation 
and cognition.

Functional pain syndromes are associated 
with changes in central processing of pain 
that can be measured through the assessment 
of pain facilitation and inhibition, for exam-
ple, by measuring temporal summation and 
conditioned pain modulation. A composite 
index of multiple measures of central pain 

Table 1. Potential mechanisms contributing to enhanced pain sensitivity and greater burden of clinical pain in women.  

Site Effect References

Neuroendocrine responses

Serum prolactin is higher in women and in female 
rodents and increased by stress. Following 

priming, rodents show down-regulation of PRLR-L 
linking the hypothalamus and nociceptors to 

promote functional pain syndromes.

(24, 25)

Nociceptors

Rodents exhibit sexually dimorphic responses of 
sensory neurons to prolactin. Females express 

more PRLR-L. When primed with repeated stress 
or migraine-inducing drugs, PRLR-L is down-

regulated, resulting in increased pain sensitivity  
in females.

(23–25)

Ascending nociceptive pathways

Male and female rodents demonstrate 
neuroanatomical differences in CGRP-related 

nociceptive pathways. Females show increased 
sensitivity to dural stimulation with CGRP.

(18–20)

Descending pain modulation

Healthy women show greater temporal 
summation of pain, suggesting enhanced pain 

facilitation. Conditioned pain modulation, a 
measure of descending inhibition, is variable in 

humans with some studies suggesting a decrease 
in women.

(1)
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processing, including conditioned pain modu-
lation, showed high sensitivity and specificity 
for distinguishing patients with fibromyalgia 
from healthy controls (33). These output 
measures are highly relevant and likely to be 
predictive of patients who have the greatest 
risk for developing chronic pain. Preclinical 
studies evaluating temporal summation and 
the diffuse noxious inhibitory control re-
sponse might provide a direct translational 
bridge between preclinical and clinical eval-
uations. At present, there is insufficient in-
formation about sex differences in central 
pain modulation. However, activity in spe-
cific brain circuits, including the periaqueductal 
gray and rostral ventromedial medulla that 
are key nodes in descending modulation, 
has shown sexual dimorphism (34).

To date, there has been insufficient em-
phasis on how to bridge knowledge of mecha-
nisms that follow from triggering events 
such as stress and hormonal events to acti-
vation of the nociceptors that can elicit a 
pain episode. Neurohormonal analysis can 
be performed in both patients and preclini-
cal animal models to provide information 
on the consequences of short-term (stress 
events and menses) and long-term (meno-
pause, neuroendocrine disorders, and trans-
gender transition) pituitary and gonadal 
hormonal changes that can alter pain in a 
sex-specific manner. Longitudinal studies 
of functional pain disorders in women after 
menopause are currently lacking as are studies 
evaluating the effectiveness of treatment out-
comes in postmenopausal compared to pre-
menopausal women.

A general feature of chronic overlapping 
pain conditions is central sensitization that 
results from neural adaptations in central 
circuits eliciting amplification of sensory in-
puts. It seems likely, however, that the es-
tablishment of central sensitization differs 
across pain syndromes and between sexes. 
Central sensitization may be present in mul-
tiple forms, possibly resulting from ongoing 
nociceptor input or by alterations in pain- 
related brain structure and function. Evidence 
of the former comes from the finding that 
coexpression of multiple orofacial pain syn-
dromes involving the trigeminal pathway is 
greater than the overlap in expression of 
orofacial syndromes with syndromes affect-
ing other areas of the body (35). Divergence 
of amplification in trigeminal and dorsal 
root ganglion nociceptive circuits between 
the sexes has also been observed in preclinical 
models (36). Whether there are sex differ-
ences in these mechanisms that may promote 

increased pain or deficiencies in mechanisms 
that promote resolution of pain remains to 
be determined. Most episodic functional pain 
conditions can become chronic, and whether 
there are possible sex differences in chroni-
fication of injury-free functional pain is also 
a challenge that must be addressed in future 
investigations.

CONCLUSION
Clinical investigation and “clinically informed” 
basic science studies can produce a powerful 
combination of reverse and forward trans-
lation that may lead to the successful bridging 
of the translational divide in the discovery 
and development of sex-specific medicines 
for treating functional pain disorders. Im-
proving knowledge of mechanisms promot-
ing the common features of female-prevalent 
or male-prevalent functional pain disorders 
may increase success in the development of 
medicines that can improve the lives of pa-
tients affected by pain.
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P A I N

Neuroimaging enters the pain biomarker arena
Irene Tracey

Neuroimaging-based pain biomarkers have the potential to deliver objective structural and functional brain- 
related information about acute and chronic pain states. In this Viewpoint, I describe some of these exciting 
developments and the challenges ahead.

THE CHALLENGE OF PAIN
Pain is one of our oldest sensory and emo-
tional experiences. It is our body’s alarm 
system and is key to survival. However, pain 
that persists or recurs for more than 3 months 
is termed chronic, and it produces untold 
suffering to patients, carers, and families; it 
also has a substantial financial cost to soci-
ety. There are three main types of chronic 
pain: inflammatory, for example, rheuma-
toid arthritis; neuropathic, such as painful 
diabetic neuropathy; and dysfunctional, for 
example, fibromyalgia. From multiple na-
tional surveys, it is estimated that 20% of 
adults fulfill the criteria for chronic pain; 
not only is this percentage increasing but 
also, in a 2016 Global Burden of Disease 
Study, it was reaffirmed that the high promi-
nence of pain and pain-related diseases is still 
the leading cause of disability and disease 
burden globally (1–3). Comorbid anxiety, 
depression, insomnia, cognitive dysfunction, 
and sometimes addiction or substance abuse 
occur, adding to patient suffering and clini-
cal challenges. The latest International 
Classification of Diseases (ICD-11) now 
describes pain as both a health condition 
(chronic primary pain) and a symptom 
that is secondary to an underlying disease 
(chronic secondary pain) (4). This update 
reflects the scientific contributions that 
have reshaped our thinking about chronic 
pain. That said, we are still unable to treat 
patients adequately. Chronic pain remains a 
major unmet medical need but presents a 
big therapeutic opportunity (5).

The International Association for the 
Study of Pain (see www.iasp-pain.org) has 
recently redefined pain to include six addi-
tional points, emphasizing, in part, that: 
“Pain is a personal experience subject to 
biological, psychological, and social influ-
ences and that a person’s report of an expe-
rience as pain should be respected, but that 

a verbal description is only one of several 
behaviors to express pain and an inability to 
communicate does not negate the possibility 
that a human or a nonhuman animal expe-
riences pain.” Here lies the challenge: It is 
really hard to know someone’s pain—a 
blood test will not tell you. Pain wears many 
guises: burning, throbbing, shock-like, freez-
ing, pin-pricking, and all these can be 
phasic, tonic, or sustained yet varying in 
intensity or unpleasantness. Such pains can 
be triggered by movement or touch or just 
occur spontaneously. When it comes to 
measuring pain clinically, the following are 
heavily relied upon: (i) self-reporting, through, 
for example, use of rating scales or question-
naires; (ii) observation of altered behavior, 
for example, witnessing avoidance of or less 
movement or even facial grimacing; and 
(iii) physiology, such as changes in heart or 
respiration rate and pupil dilation. Experi-
mentally, for humans and nonhuman ani-
mals, we have a few more options within 
these categories. However, sometimes, all 
fall short of what is needed to objectively, 
and with less inference or bias, understand 
at a mechanistic level the pain experienced. 
In addition, there are challenging situations 
where pain has to be assessed: comatose and 
anesthetized patients, neonates and non-
verbal subjects, veterinary care, elderly or 
demented patients, and the law courts (6–9).

What are the solutions given that one 
cannot objectify a subjective experience such 
as pain? The mechanisms underpinning 
acute and chronic pain, as well as decoding 
the neural basis for this private experience, 
can be objectified. This is where tools, such 
as neuroimaging, might come to the fore 
and what many laboratories, including my 
own, have been developing. Biomarkers of 
pain under development include prognostic, 
diagnostic, and predictive markers as well as 
pharmacodynamic markers and markers 

for monitoring pain and even assessing risk 
for pain. Other tools exist that are also being 
applied to biomarker development, and 
these include psychophysical methods, such 
as quantitative sensory testing, and electro-
physiological tools such as electroencepha-
lography. Biochemical and genetic testing, as 
well as nerve density quantification using skin 
biopsies, and the innovative use of patient- 
derived neurons are all being advanced for 
biomarker development and are showing 
some promise (6, 8, 10). Previously uniden-
tified behavioral metrics are also showing 
promise, such as more refined or continu-
ous assessment of activity, facial expres-
sion, or sleep disturbance. Several reviews 
on the topic of biomarker development 
illustrate the growth in this space as well 
as the hurdles to overcome if we are to be 
successful (5–14).

There are many challenges to developing 
pain biomarkers. Pain is a complex, highly 
malleable, multidimensional experience that 
is influenced by and emerges from con-
scious brain processing. The resultant pain 
is often nonlinearly related to an originating 
nociceptive (tissue damaging/threatening) 
signal because of mechanisms in the periph-
eral nervous system, spinal cord, brainstem, 
and brain that powerfully modulate these 
signals. To think that one neuroimaging 
biomarker will suffice as a surrogate for 
something as complex and variable as pain 
is naïve. Combining different pain bio-
markers (neuroimaging, genetics, lifestyle, 
biochemical, or psychological data) into 
composite or multimodal biomarkers with 
high sensitivity and specificity is a more 
fruitful approach, whether for acute pain 
(healthy, warning) or for chronic pain (6, 11).

Here, I limit the discussion to neuro-
imaging using magnetic resonance imaging 
(MRI) methods, which include functional 
imaging measures of neural network activity 
related to evoked, phasic, sustained, or tonic 
pain, as well as structural imaging measures 
that assess gray matter volume changes or 
variations in white matter connections. 
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That is not to say other techniques are not 
as promising, but these are comprehensively 
covered elsewhere (5–14). I highlight a few 
studies to give a flavor of what is possible, 
noting that, despite the lure of supposedly 
“seeing pain,” none of these approaches 
are surrogates for the subjective report but 
should be used as an adjunct, if possible.

NEUROIMAGING 
AS A BIOMARKER OF PAIN
Whole-brain exploratory approaches
In a marathon set of four repeated imaging 
studies over the course of 1 year, the Apkarian 
laboratory followed the journey of patients 
with subacute back pain (15). The pain con-
ditions either resolved or became chronic, 
and the authors found a potential biomarker 
that potentially could be prognostic in the 
clinical setting. Using functional MRI resting- 
state data that allows for network connec-
tivity strength assessment, the authors 
found that an increased functional connec-
tivity between the prefrontal cortex and 
nucleus accumbens during the subacute phase 
of pain in some patients was predictive of 
the transition from acute to chronic back 
pain 1 year later. The specificity and sensi-
tivity throughout the study were impres-
sively high (a receiver operator curve score 
of 0.81 at 1 year), and findings were repli-
cated in a second validation cohort of 
patients. A 3-year follow-up study with 
additional patients included structural brain 
and genetic metrics alongside functional 
connectivity measures and, again, empha-
sized the relevance of these frontostriatal 
networks as prognostic of chronic pain (16). 
Whether this network is prognostic for 
other chronic pain conditions remains to be 
elucidated.

Many research teams are collecting func-
tional blood oxygen level–dependent imag-
ing data (brain responses to evoked pain), 
resting-state data (network connectivity), or 
structural neuroimaging data (gray matter 
volume, cortical thickness, or white matter 
tract integrity) from many different types of 
patients with chronic pain. The ambition is 
to develop not only prognostic biomarkers 
but also diagnostic and predictive ones too, 
oftentimes using classification tools or graph 
theory analyses to aid their development 
(17–21). Current outcomes in terms of ac-
curacy, specificity, and sensitivity range 
from average through good to excellent 
(11, 13, 17–21). It is too early for there to be agree-
ment as to what might be a generalizable 

prognostic, predictive, or diagnostic bio-
marker, not least because of the heterogeneity 
of these studies. Areas of the brain though 
that crop up a lot, whether because of re-
sponse differences or network connectivity 
or structural changes, include frontostriatal 
and somatosensory regions. We do not yet 
know what these changes relate to or whether 
they are adaptive, maladaptive, or epiphe-
nomenon (6, 11, 13).

If we are to discover, understand, validate, 
and build confidence in pain mechanisms 
and biomarkers, then it will be important, 
where feasible, to identify them in a cross- 
species manner. This is now happening with 
impressive studies that either confirm find-
ings between species or marry data in humans 
with preclinical animal models in combined 
studies (22–24). In a very recent study, the 
authors verified in humans and rodents that 
hippocampal impairment occurs in the 
neuropathic pain state and associated be-
haviors. To understand the nature of this 
impairment better, they enhanced hippo-
campal activity using a range of targeted 
tools and found that excitation of the dorsal 
but not ventral hippocampus induced 
analgesia in two rodent models of neuro-
pathic pain (and in rats and mice) (24).

Mechanism-based biomarker 
developments
Across chronic pain conditions, there are 
shared mechanisms; therefore, a mechanism- 
based approach to pain treatment is recom-
mended (5,  6). Biomarkers that reflect 
important cross-condition and possibly 
cross-species mechanisms could potentially 
be very useful for prognosis, diagnosis, and 
prediction of pain and even determination 
of pain risk. One such mechanism centers 
on an imbalance between the facilitatory 
and inhibitory arms of the descending pain 
modulatory system (DPMS), a brainstem- 
subcortical-cortical network that modulates 
nociceptive processing in the dorsal horn of 
the spinal cord and controls nociceptive 
inputs to the brain (25). Anatomically, this 
network includes, among others, brain re-
gions such as the rostroventral medial 
medulla, periaqueductal gray, amygdala, 
hypothalamus, anterior cingulate cortex, and 
other prefrontal and cortical regions that 
are still being defined. Excessive facilitation 
and insufficient inhibition are recognized 
from preclinical models as important in the 
development and maintenance of persistent 
pain states (26–28). Central sensitization is 
a key mechanism also involved in many 

chronic pain states and is responsible for 
key symptoms such as hyperalgesia and 
allodynia. It is the phenomenon whereby 
incoming nociceptive signals are amplified 
because of changes in the dorsal horn of the 
spinal cord as well as influences from the 
DPMS (29). We have successfully translated 
these preclinical findings to humans using 
experimental medicine models of central 
sensitization and hyperalgesia symptoms 
(30, 31). Further, we and others have shown 
that an imbalance toward facilitation is also 
present across chronic pain conditions 
(migraine, fibromyalgia, and osteoarthritis) 
and even correlates with the extent of pain, 
such as in painful diabetic neuropathy 
(32–35). Validation of its utility as a bio-
marker of pathogenic pain for stratification 
and prediction comes from surgical outcome 
studies (32). Patients with osteoarthritic 
pain were stratified using neuroimaging 
ahead of knee or hip joint replacement on 
the basis of the presence of DPMS facilita-
tion (that itself was related to scoring as 
neuropathic on a commonly used question-
naire called PainDETECT). The aim was to 
determine whether a PainDETECT neuro-
pathic score was predictive of worse pain out-
come (with the new joint) 1 year later, which 
it was. We have suggested that a DPMS im-
balance might indicate a vulnerability or risk 
toward developing chronic pain (6, 36).

Pharmacological imaging studies aimed at 
determining pharmacodynamic efficacy and 
drug target engagement in early-phase clinical 
trials similarly support a mechanism-based 
approach (5, 6, 37, 38). Analgesic drug de-
velopment requires a major shift in how we 
conduct these studies, including the use of bio-
markers. This is recognized by pharma, aca-
demia, funding, and regulatory agencies [see 
the HEAL (Helping to End Addiction Long- 
term) initiative (https://heal.nih.gov)].

Biomarkers can be exploited in early 
drug development to help increase confi-
dence at “go, no-go” decision points and to 
help stratify patients ahead of the trial on 
the basis of pathogenic biomarkers that the 
drug is targeting. We and others have spent 
many years developing neuroimaging as a 
powerful tool for analgesic drug develop-
ment. In various international consortia 
and collaborations, we have shown the utility 
of imaging pharmacodynamic effects in this 
DPMS facilitatory/inhibitory biomarker (as 
well as other brain regions) as a means to 
readily disambiguate drug effects from 
placebo to disambiguating drugs with known 
efficacy from those without. These studies 
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can be done in very small subject numbers, 
and they can display greater sensitivity than 
analgesic scores (5, 6, 37, 38). Other brain 
regions encoding intensity aspects of phasic 
or slowly varying pain, particularly the 
posterior insula cortex, can similarly pro-
vide helpful pharmacodynamic readouts of 
analgesia (induced by drugs or brain stimu-
lation) in healthy volunteers and different 
patient groups [see (6)]. Harris and col-
leagues (39) used magnetic resonance spec-
troscopy to show that glutamate changes in 
the posterior insula were both predictive 
and reflective of analgesic outcomes in 
patients with fibromyalgia treated with 
pregabalin. More recently, this team used a 
machine learning (ML) approach and brain 
functional connectivity data to predict dif-
ferential clinical responses to two different 
drugs used to treat fibromyalgia (40). More 
studies are needed across conditions and 
analgesic drug classes, as well as a better un-
derstanding of how these imaging measures 
relate to nonimaging measures or biomarkers 
that reflect similar mechanisms but with 
potential additive value when combined in a 
composite manner.

Multivariate pattern analysis and  
ML approaches
ML exploits the ability of computer algo-
rithms to learn from data and then make 
predictions about new data. If we create and 
share more of our neuroimaging datasets 
through consortia and couple this to using 
multivariate pattern analysis (MVPA) and 
ML types of analyses, then we might poten-
tially accelerate neuroimaging biomarker 
development. Most functional imaging analy-
sis is univariate, which, at a voxel- or cluster- 
based anatomical level, we interpret meaning 
from having taken into account prior 
knowledge. The problem is that this process 
involves reverse inference, and so, mistakes 
in interpretation can be made. However, we 
should remember that this problem of re-
verse inference is not exclusive to imaging 
data, as we infer from behavior too and 
sometimes get that wrong. To improve 
interpretation, MPVA has been developed. 
In MVPA studies, a pattern or network of 
voxel-based activity is assumed to reflect 
the mental state or perception experienced, 
such as pain. So, when two different experi-
ences or perceptions, such as having pain or 
feeling social rejection, appear from a uni-
variate analysis to activate the same brain 
region, doubt about this region’s specificity 
(and so potential utility as a pain biomarker) 

comes into question (7,  14). However, 
MVPA might find that the pattern of activity 
within that brain region is unique for each 
task and can be disambiguated. This has 
helped to distinguish neural patterns resulting 
from somatic, social, or empathic/vicarious 
pain (6, 11, 13). Such clarity is key if one 
goal is to use neuroimaging data to make 
decisions about pain, whether from a thera-
peutic or even legal perspective. However, 
concerns regarding the use of such data and 
what is possible flag the need for cautious 
use, especially if real-life decisions are taken 
for an individual (14).

When ML is combined with MVPA, it is 
possible to integrate all brain data to create 
predictive models, or signatures, that, with 
excellent sensitivity and specificity (so far), 
can be used to predict components of the 
pain experience, such as pain intensity. One 
of the first studies to exploit multiple cohort 
datasets in this manner was done by Wager 
and colleagues, drawing data from acute 
phasic thermal pain studies in healthy volun-
teers. Their resultant pain model, called the 
neurological pain signature (NPS), success-
fully predicted pain (evoked by phasic 
noxious events judged as painful) with 90 to 
100% accuracy (41). This signature, which 
includes activity from the insula, anterior 
cingulate cortex, secondary sensory cortex, 
and thalamus, has been shown to be gener-
alizable to similar data from different 
laboratories. It has been used to distinguish 
between noxious painful stimuli and other 
nonpain emotional/aversive experiences, such 
as those generated through use of negative 
images, by vicarious pain or anticipating 
pain, by feeling warmth, by recalling pain, 
or by social rejection (42, 43). NPS is also 
generalizable to other types of evoked pain 
stimuli beyond thermal, such as visceral 
mechanical distension, mechanical pressure, 
and electrical (see 13). The NPS can be 
modified by opioids and serotonergic drugs, 
but it does not respond to some forms of 
placebo and cognitive regulation of pain 
modulation (13, 44). The NPS is unlikely to 
be able to predict pain in its entirety, but, 
rather, the NPS identifies component pro-
cesses that are yet to be properly understood 
and questions still remain about the decod-
ability of fMRI data (7, 14, 45). In addition, 
recent neuroimaging studies at ultrahigh- 
field strengths (7 T) examining aversive 
breathlessness suggest that using the entire 
NPS network is not necessarily linked to 
just pain, as breathlessness mapped onto the 
NPS signature (46). However, on further 

examination, the local NPS responses in the 
dorsal posterior insula were still able to dif-
ferentially classify pain from this nonpain- 
aversive experience, possibly supporting the 
notion that activity in this brain region is a 
potential biomarker of peripheral nociceptive 
inputs, as previously postulated (46, 6). Re-
finement of the NPS is likely. Other signa-
tures that capture more tonic and sustained 
pain in healthy controls and that show gen-
eralizability to two pain conditions are being 
developed (47). Further work is needed to 
validate more clinically focused signatures.

This approach can also be used to create 
“analgesic signatures” as potential biomarkers 
for drug discovery. We pooled data from 
multiple drug treatments for analgesic effi-
cacy across cohorts of healthy individuals, 
experimental human pain models, and 
patients. Using ML, we identified robust as-
sociations between drug-related brain activity 
modulations and drug efficacy (pharmaco-
dynamics) for phasic noxious stimuli. This 
general protocol for neuroimaging-based 
assessment of drug activity in the brain is 
currently being extended and further refined 
using new compounds and clinical cohorts 
and with repeated dosing and long duration 
of drug administration (37).

Validation of neuroimaging  
pain biomarkers
Biomarkers must be validated before they 
can be properly exploited in a research or 
clinical setting. Drawing from other fields 
where structured frameworks have been 
developed for precisely this purpose, such 
as the ACCE framework for genetic testing 
or the Food and Drug Administration 
Biomarker Qualification for drug develop-
ment, we can adapt such frameworks for 
neuroimaging biomarker validation. The 
ACCE framework comprises analytic valid-
ity, clinical validity, clinical utility, and ethical, 
legal, and social impacts. A recent review 
presents an adapted framework based on 
these four steps for validating neuroim-
aging pain biomarkers (11). The ethical, 
legal, and societal implications of pain 
biomarkers are perhaps more challenging 
to address as discussed in several recent 
reviews and consensus statements (7, 8). 
Evidence to support the presence, absence, 
or magnitude of pain, its cause, and whether 
it is sufficient to prevent future work is key 
for personal injury cases, disability benefit 
claims, or social security support. The lack 
of evidence beyond self- reporting has, sadly, 
fueled some companies to offer lawyers or 
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insurance companies supposed ‘personalized 
neuroimaging pain biomarkers,’ jeopardizing 
the field’s reputation. Irrespective of issues 
related to readiness of neuroimaging pain 
biomarkers for the clinic or for pharma, there 
are other questions to be answered: What 
level of accuracy is needed? Is it appropriate 
or legal to probe a person’s private mental 
state? What are the long-term consequences 
on patients’ lives, and will there be future 
biases or discrimination if pain biomarkers 
appear on a medical record? Biases against 
and disbelief in patients’ pain, particularly 
for certain groups, are already a fact in some 
situations, and so, we must develop protec-
tions against pain biomarker misuse. This 
will require constant dialogue between 
scientists, clinicians, patients, ethicists, and 
lawyers.

The future: Challenges 
and opportunities
With national and international funding 
initiatives now supporting pain biomarker 
development and with other imaging meth-
ods improving, such as spinal cord func-
tional imaging or tonic pain imaging, as 
well as other techniques being developed to 
meet the challenge, it will be interesting to 
see how the pain biomarker field develops 
in the coming years. Most clinical neuro-
imaging scanners can generate the datasets 
described here; however, the analysis steps 
that produce the pain biomarker signature 
are less “turn-key.” More work is needed if 
these imaging measures are to be routinely 
used at scale in a prognostic or diagnostic 
clinical setting; better still, we neuroimagers 
need to back-translate our findings to more 
simple bedside measures that can be rolled 
out at scale but that are informed by neuro-
imaging. Big data (that is, large-scale efforts 
to gather data and curate open-access repos-
itories) provide an additional opportunity 
for neuroimaging pain biomarker develop-
ment. This is due to the scale of imaging 
data collection made possible that no single 
laboratory or even multiple consortia can 
generate. The UK Biobank imaging study is 
acquiring, for example, high-quality struc-
tural and functional brain imaging data 
from 100,000 participants who form part of 
a larger cohort of 500,000 individuals. The 
genotype, biological phenotype, lifestyle, 
and health records of these participants are 
all linked to the publicly available imaging 
data. A richer phenotyping of pain within the 
UK Biobank is ongoing, focusing on neuro-
pathic pain. This will provide an opportunity 

to validate current neuroimaging pain bio-
markers in terms of analytic validity, as well 
as generate new biomarkers, particularly of 
a composite nature, which are likely to be 
more sensitive and specific (6, 11). In sum-
mary, recent promising developments in 
neuroimaging pain biomarkers suggest that 
they have the potential to deliver objective 
structural and functional information about 
acute and chronic pain states.
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P A I N

Immune regulation of pain: Friend and foe
Annemieke Kavelaars* and Cobi J. Heijnen*

The immune system and the peripheral sensory nervous system communicate through hardwired and humoral 
routes using shared mediators and receptors. On the basis of studies on pain sensitivity in rodents, the immune 
system can be viewed as both friend and foe. T cells and macrophages enhance pain via proinflammatory 
mediators and promote pain resolution via anti-inflammatory mediators and endogenous opioids.

TWO-WAY COMMUNICATION BETWEEN 
THE IMMUNE SYSTEM AND SENSORY 
NERVOUS SYSTEM
The immune system and the sensory ner-
vous system communicate via shared media-
tors and receptors, and the immune system 
has been described as the sixth or seventh 
sense (1, 2). Immune cells (leukocytes) are 
present in the peripheral nervous system, and 
sensory neurons innervate lymphoid organs 
providing a hardwired neuroimmune circuit. 
Peripheral sensory neurons express recep-
tors for a wide array of mediators produced 
by the immune system in response to infec-
tion or tissue damage, including interleukin 
(IL)1, tumor necrosis factor (TNF), and IL6; 
chemokines like CCL3; and inflammatory 
lipids such as leukotrienes and prostaglandins 
(3, 4). Leukocytes produce neuro peptides, 
including pain mediators like substance P 
and pain-suppressing peptides such as endor-
phins and enkephalins (1). Sensory neurons 
also express receptors for pathogen- and 
damage- associated molecular patterns (PAMPs 
and DAMPs) (5). Activation of each of these 
receptors can increase pain sensitivity and/
or induce pain directly through engagement 
of second messengers that increase neuro-
nal excitability. Activation of receptors for 
cytokines participating in wound healing, 
such as IL10 or IL4, on sensory neurons, 
suppresses pain sensitization. Conversely, the 
immune and inflammatory response is 
modulated in response to triggering of re-
ceptors for neuropeptides and neurotrans-
mitters on leukocytes (1). For example, the 
local release of calcitonin gene-related pep-
tide (CGRP), a neuropeptide produced by 
peripheral pain sensing neurons (nociceptors) 
in response to binding of bacterial deter-
minants to neuronal PAMP receptors, sup-
presses the antibacterial immune response 

(6). Optogenetic activation of cutaneous sensory 
neurons activates IL17 production via release 
of CGRP and augments host defense in the 
skin (7). The hardwired connection and ex-
pression of shared mediators and receptors 
allows for a full circuit of interactions between 
the peripheral immune system and the periph-
eral sensory nervous system with potential 
consequences for nociceptor excitability 
and thereby for pain signaling (Fig. 1, top).

Tissue damage increases the number and 
activity of immune cells in the skin, muscle, 
joint, and other tissues where these cells re-
lease proinflammatory mediators. This tissue 
inflammation has protective effects, includ-
ing increased pain sensitivity that may re-
sult in a guarding response, and will resolve 
when the tissues heal. In addition, colony- 
stimulating factor 1 (CSF1) produced by 
sensory neurons in models of chronic pain 
promotes expansion of macrophages in the 
peripheral nervous system (8). Deleting the 
gene encoding CSF1 from sensory neurons 
or local depletion of all macrophages from 
the dorsal root ganglia (DRG) (that contain 
the cell bodies of peripheral sensory neurons) 
inhibits neuropathic pain (8). In addition, 
microglia and astrocytes in the dorsal horn 
of the spinal cord release proinflammatory 
mediators that contribute to nociceptor sen-
sitization in models of chronic pain (4).

Recent studies have identified the menin-
geal immune system as a key regulator of 
brain activity (9). The meninges surround the 
brain and contain many different immune 
cells as well as lymphatic vessels draining 
the brain. The meningeal immune system 
contributes to normal brain health, neuro-
pathology, and recovery from brain injury, 
but its role in pain remains to be determined 
(9). The meninges of the brain are contiguous 
with the spinal cord meninges that extend to 

the meninges of the dorsal root ganglia 
and the epi- and perineurium surrounding 
peripheral nerves. Recent evidence indicates 
that traumatic nerve injury increases the 
production of a protein known as PI16 by 
epi- and perineurial fibroblasts. PI16 pro-
motes influx of leukocytes into damaged 
nerves resulting in an increase in inflamma-
tory mediators and neuropathic pain (10). 
Mice deficient in PI16 are protected against 
neuropathic pain induced by nerve injury, 
and this is associated with reduced macro-
phage influx into nerve and DRG (10).

Peripheral lymph nodes are innervated 
by sensory neurons that have their cell bodies 
in the DRG and consist of predominantly 
peptidergic nociceptors. Optogenetic acti-
vation of these nociceptors alters the transcrip-
tome of innate immune cells and stromal cells in 
the lymph node, demonstrating the exist ence of 
a complete neuroimmune circuit (11). It is tempt-
ing to speculate that activation of lymph node 
sensory neurons activates neighboring DRG neu-
rons innervating other parts of the body, akin 
to a phenomenon described as cross-excitation 
(12), which could alter pain sensitivity as a re-
sult of immune activity in the lymph node.

The immune system encompasses an 
adaptive arm consisting of T and B lympho-
cytes and an innate arm including subsets of 
granulocytes, mast cells, monocytes, macro-
phages, dendritic cells, natural killer cells, and 
innate lymphocytes. All these leukocytes can 
modulate pain signaling. Here, we will focus 
on the contribution of macrophages and 
T cells to neuropathic or inflammatory pain 
and discuss evidence for a role of these cells 
in development and resolution of chronic pain 
(Fig. 1, middle and bottom). Most studies 
discussed below use mechanical or thermal 
hypersensitivity as a read out for (chronic) 
pain. These measures reflect the sensitization 
of peripheral nociceptors that plays an im-
portant role in pain but do not paint the full 
picture of the experience of pain, which is 
multidimensional involving the brain.
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MACROPHAGES PROMOTE AND RESOLVE 
PAIN SENSITIZATION
Macrophages comprise a heterogeneous popu-
lation of phagocytic cells with diverse pheno-
typic characteristics and functions (13). 
Studies on the regulation of inflammation 
and tissue repair in the lung, heart, or mus-
cle have shown that macrophages often play 
a dual role; depending on their activation 
state and phenotype, they can promote damage 
and enhance tissue repair. For convenience, 
macrophages are often divided into two major 
subsets: proinflammatory M1 macrophages 
and anti-inflammatory or wound healing M2 
macrophages. However, it is becoming 
increasingly clear that the local microenvi-
ronment regulates development and differen-
tiation of macrophages resulting in subtypes 
releasing specialized sets of cytokines (13). 

In response to tissue damage, macro phages 
produce high amounts of proinflammatory 
cytokines, including TNF and IL1. Pro-
longed activation of these proinflammatory 
pathways can enhance tissue damage and 
contribute to chronic pain (13, 14). One of 
the key functions of macrophages is to clear 
debris from damaged tissue. Phagocytosis 
of apoptotic cells, presenting an “eat me” 
signal such as phosphatidylserine, promotes 
differentiation of macrophages in a process 
named efferocytosis. Efferocytosis increases 
the release of factors that promote resolu-
tion of inflammation and wound healing 
including IL10 (15). Insufficient efferocytosis 
leads to accumulation of DAMPs and persistent 
pro inflammatory activity of macrophages 
(15). Mice with a defect in macrophage 
phagocytosis due to genetic deletion of the 

orphan receptor GPR37 display delayed 
resolution of inflammatory pain. Transfer 
of wild-type macrophages normalized pain 
resolution and clearance of cellular debris, 
indicating a role of efferocytosis in pain reso-
lution (16). Although phagocytosing mac-
rophages are present in damaged nerves, 
damaged cells accumulate, suggesting in-
sufficient efferocytosis associated with the 
occurrence of neuropathic pain (17). Inter-
estingly, macrophages do acquire a wound 
healing, proresolution phenotype when there 
is only limited nerve damage (18). Mild nerve 
injury increases a subset of spinal cord 
border associated macrophages with a tissue 
repair phenotype (expressing CD163) and 
production of IL10, and these cells have been 
shown to promote pain resolution. Deple-
tion of CD163+ macrophages prevented the 
resolution of pain in mice with mild injury, 
whereas overexpression of CD163 in mac-
rophages suppressed pain sensitization in 
mice with severe nerve injury (18). Earlier 
studies had already identified a role of mac-
rophages producing IL10 in the resolution 
of transient inflammatory pain (19).

Thus, there is an emerging picture indi-
cating that macrophages not only promote 
development and maintenance of pain but also 
play a key role in pain resolution. Leveraging 
these dual properties when developing new 
treatments for pain should lead to more effec-
tive interventions.

DUAL ROLE OF T CELLS IN  
PAIN SENSITIZATION
Macrophages are not the only cells of the 
immune system with a dual role in models 
of chronic pain; the same is true for T cells 
(20). Multiple studies [reviewed in (21)] 
demonstrated that mice lacking T cells are 
protected against pain in models of traumatic 
nerve injury, whereas pain is reinstated when 
these mice are reconstituted with CD4+ T cells. 
This pain promoting effect of CD4+ T cells 
has been attributed to production of pro-
inflammatory mediators. In contrast, CD4+ 
effector T cells and T regulatory cells sup-
press intestinal pain in models of colitis 
through the release of IL10 and opioid pep-
tides (20–22).

More recently, a key role of CD8+ T cells 
in resolution of neuropathic pain induced 
by chemotherapy has been uncovered (23). 
Pain caused by a short course of chemotherapy 
resolves within weeks after completion of 
treatment. However, Rag2−/− mice, which do 
not have T and B cells, transition into chronic 

Fig. 1. Interactions between the sensory nervous system and the immune system related to pain. (Top) 
Shown is a representation of a circuit for bidirectional communication between the peripheral sensory nervous 
system and the immune system. Middle panel: Microglia, macrophages, and T cells producing proinflammatory 
cytokines sensitize peripheral sensory neurons and thereby contribute to the onset and maintenance of chronic 
pain. Bottom Panel: Macrophages and T cells producing IL10, IL4, and endogenous opioids silence sensitized 
peripheral sensory neurons and suppress microglia activation to promote resolution of pain. m, macrophage; 
BAM, border-associated macrophage; IFN, interferon; and PGE2, prostaglandin E2.
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pain without changes in onset and initial se-
verity of chemotherapy-induced pain sensiti-
zation. Reconstitution of Rag2−/− mice with CD8+ 
T cells normalizes resolution of chemotherapy- 
induced pain sensitization and spontaneous 
pain (23). Resolution of inflammatory pain 
induced by intraplantar complete Freund’s 
adjuvant is also delayed in Rag2−/− mice and 
normalized by reconstitution with CD3+ 
T cells (24).

Together, these data indicate that T cells 
promote pain in models of traumatic nerve 
injury, whereas they are essential for pain 
resolution after transient peripheral inflam-
mation or after completion of chemotherapy. 
The differences in local environment and 
type of injury likely govern the differentia-
tion state and function of T cell subsets, 
thereby defining their pain promoting or 
suppressing activity. It remains unclear to 
what extent, if any, T cells contribute to 
neuropathic pain in the context of diabetes, 
the most frequent cause of neuropathic pain 
in humans.

THE IMMUNE SYSTEM AS A TARGET 
FOR TREATMENT OF CHRONIC PAIN
Inhibition of inflammation using nonsteroidal 
anti-inflammatory drugs (NSAIDs) is an 
effective way to manage mild acute pain. Pain 
management becomes substantially more 
challenging when pain is chronic, such as 
in chronic neuropathic pain caused by 
trauma, diabetes, or chemotherapy or in 
chronic inflammatory pain, for example, in 
rheumatoid arthritis. Human and rodent 
studies indicate key roles for activation of 
spinal cord glia and immune cells in the pe-
ripheral nervous system in chronic neuro-
pathic and inflammatory pain (4, 21). Perhaps 
counterintuitively, however, anti-inflammatory 
drugs including NSAIDs, steroids, inhibitors 
of microglial activity, or inhibitors of cyto-
kine signaling are at best partially successful 
in managing chronic pain despite promis-
ing preclinical findings (25, 26). Species dif-
ferences in the immune system may be part 
of the explanation. However, an additional 
possibility is that these immunosuppressive 
drugs may also suppress the pain-resolving 
activity of T cells and macrophages. If so, 
then the challenge is to develop interventions 
that suppress the pain-promoting effects of 
the immune system while, at the same time, 
stimulating its pain-resolving activity. During 
evolution, the body has learned to cope with 
acute non–life-threatening situations but 
not with chronic diseases including chronic 

pain because of negative selection pressure. 
Therefore, the evolutionary utility of shared 
mediators and receptors by the immune and 
nervous system as described above may be 
less well developed for regulation of chronic 
pain, necessitating active treatment that 
surpasses the natural resolution mechanisms 
of acute pain as a result of a short lasting in-
fection, trauma, or sensory stimulus.

CAN WE TREAT PAIN BY ACTIVATING 
THE PAIN RESOLVING EFFECTS 
OF MACROPHAGES AND T CELLS?
Expansion of regulatory T cells can suppress 
pain induced by neuritis or traumatic nerve 
injury (21). In a model of colitis, vaccination 
with Bacillus Calmette-Guérin followed by 
reexposure to the immunizing antigen in 
the gut activates local memory T cells to re-
lease opioid peptides and reduce pain 
(27). Other ways to enhance endogenous 
opioid production by immune cells might 
be considered as well. Encouraging recent 
findings demonstrated that endogenous 
opioids produced by IL10- expressing M2 
macrophages mediated the pain-suppressive 
effects of repeated intrathecal administration 
of the anti-inflammatory cytokine IL4 (28). 
Seven daily doses of intrathecal IL4 provided 
sustained pain relief for at least a week after 
the last dose of IL4, and the prolonged effect 
was mediated via sustained production of 
opioids by macrophages (28). These findings 
indicate that it may be possible to develop 
interventions that stimulate production and 
release of endogenous opioids by T cells 
or macrophages as a strategy to promote 
pain resolution.

CD8+ T cells can be “educated” to pro-
mote resolution of chemotherapy-induced 
peripheral neuropathy. Adoptive transfer of 
CD8+ T cells from mice that have recovered 
from cisplatin-induced neuropathy to T cell–
deficient mice accelerated resolution of 
chemotherapy-induced peripheral neuropathy 
in the recipient animals as compared to mice 
reconstituted with CD8+ T cells from naïve 
mice (23). Moreover, CD8+ T cells from mice 
that had recovered from pain induced by 
either paclitaxel or cisplatin were equally 
capable of accelerating resolution of cisplatin- 
induced neuropathy (23). It would be inter-
esting to examine whether in vitro exposure 
of T cells to chemotherapeutics can be used 
to promote resolution of chemotherapy- 
induced neuropathy. If so, then one could 
consider infusing cancer patients with their 
own educated T cells before chemotherapy 

to prevent development of persistent periph-
eral neuropathy.

Multiple studies have identified IL10 as 
one of the main mediators of the pain sup-
pressing or resolving effects of T cells and 
macrophages (18, 29–32). For example, 
intrathecal administration of a neutralizing 
anti-IL10 antibody delays resolution of pain 
sensitization induced by chemotherapy 
(29). Targeted overexpression of CD163 in 
spinal cord border-associated macrophages 
promoted IL10 production and resolution 
of neuropathic pain (18). IL10 production 
by macrophages may be promoted by 
activation of efferocytosis pathways. IL10 
signaling also mediates the pain resolving 
effects of intrathecal administration of an 
adenosine A2A receptor agonist (32). The 
pain suppressing effects of IL10 have mostly 
been attributed to suppression of spinal cord 
microglia activity, leading to a reduction in 
release of proinflammatory cytokines and a 
subsequent decrease in nociceptor sensiti-
zation (33). However, IL10 can also suppress 
pain via a direct effect on nociceptor IL10 
receptors. For example, genetic deletion of 
IL10 receptors from advillin-positive noci-
ceptors delays resolution of chemotherapy- 
induced peripheral neuropathy (29). Deletion 
of IL10 receptors from peripheral sensory 
neurons also prevents the accelerated reso-
lution of chemotherapy-induced peripheral 
neuropathy in mice treated with mesenchy-
mal stem cells (34). In vitro, IL10 suppressed 
the spontaneous activity displayed by DRG 
neurons from chemotherapy-treated mice 
(29). The pain resolving effect of A3 adenosine 
receptor agonists in a model of neuropathic 
pain have recently been attributed to T cell–
derived IL10 signaling to DRG neurons, 
leading to reduced N-methyl-d-aspartate 
receptor phosphorylation and sustained re-
ductions in pain sensitization (31).

Administration of IL10 only transiently 
suppresses pain sensitization, likely due to 
limited bioavailability (33). Sustained pain 
relief can be achieved by intrathecal injec-
tion of IL10-encoding plasmids, providing 
sustained elevations of local concentrations 
of IL10 (33). An engineered fusion protein 
consisting of IL4 and IL10 suppressed signs 
of chemotherapy-induced peripheral neuro-
pathy and accelerated resolution of pain 
sensitization induced by intraplantar Freund’s 
complete adjuvant. This IL4-IL10 fusion 
protein resolved inflammatory pain by 
clustering IL4 and IL10 receptors on nocicep-
tors, leading to recruitment of unique sig-
naling pathways that are not activated by 
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triggering these receptors after exposure to 
equimolar doses of the two individual cyto-
kines (35). These findings open the possibility 
to develop therapeutic fusion proteins that 
cross link cytokine receptors to promote 
resolution of pain.

Sex differences in the contribution of T cells, 
microglia, and macrophages to promoting pain 
have been widely reported (36). In contrast, 
so far, the pain-resolving effects of T cells, 
microglia, and macrophages do not seem to 
be sexually dimorphic. Consistently, the studies 
on the effects of interventions that act through 
IL10 have not reported sex effects either 
(23, 24, 29, 31, 34).

CONCLUSION
There is a multilevel circuitry through which 
the peripheral immune system and the pe-
ripheral nervous system communicate to 
regulate onset, maintenance, and resolution 
of pain (Fig. 1, top). For a long time, pain 
researchers have viewed the immune system 
mainly as the foe (Fig. 1, middle). This is 
based on the large body of rodent studies 
demonstrating that prevention of the re-
cruitment or activation of glia, macrophages, 
or T cells could prevent chronic pain. 
However, accumulating evidence indicates 
that macrophages and T cells also play a 
key role in pain resolution and therefore 
should be treated as friends (Fig. 1, bottom). 
The friend-and-foe role of the immune sys-
tem in the regulation of pain may well 
explain why immunosuppressive interven-
tions often only partially control pain. Find-
ings summarized above indicate that engaging 
the immune system as a friend by promot-
ing its pain resolving capacity may provide 
more effective and, most importantly, per-
sistent pain control. There are still many open 
questions. For example, how do macrophages 
acquire the capacity to promote the resolu-
tion of pain after mild injury after comple-
tion of chemotherapy or after resolution of 
inflammation? Is the pain resolving activity 
of macrophages promoted by efferocytosis 
and the associated metabolic and phenotypic 
changes? Conversely, is insufficient effero-
cytosis the driver of the pain-promoting ef-
fects of macrophages? Do T cells promote 
resolution of pain via direct effects of media-
tors that they release on sensory neurons, or 
is an additional intermediary role of mac-
rophages required? Do signals provided by 
the sensory nervous system activate the pain 
resolving capacity of T cells and macro-
phages? Answers to these and other open 

questions should identify potential ways to 
promote the pain resolving activity of the 
immune system and uncover new ways to treat 
chronic pain in a disease-modifying non-
addictive way.
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P A I N

Developing nociceptor-selective treatments for  
acute and chronic pain
Selwyn Jayakar1, Jaehoon Shim1, Sooyeon Jo2, Bruce P. Bean2, Ilyas Singeç3*, Clifford J. Woolf1*

Despite substantial efforts dedicated to the development of new, nonaddictive analgesics, success in treating 
pain has been limited. Clinically available analgesic agents generally lack efficacy and may have undesirable side 
effects. Traditional target-based drug discovery efforts that generate compounds with selectivity for single 
targets have a high rate of attrition because of their poor clinical efficacy. Here, we examine the challenges asso-
ciated with the current analgesic drug discovery model and review evidence in favor of stem cell–derived neuronal- 
based screening approaches for the identification of analgesic targets and compounds for treating diverse forms 
of acute and chronic pain.

WHAT IS PAIN?
Although we use a single word, pain, to describe a broad range of 
unpleasant sensations that comprise feelings of soreness coupled 
with discomfort and unpleasantness, pain itself is complex and can 
be initiated by a range of quite distinct conditions. It is important to 
recognize this, as each pain condition may well require different 
therapeutic interventions (1, 2). There are aspects of pain that are 
truly physiological; for example, our capacity to detect potentially 
damaging external stimuli: intense heat or cold, excessive mechani-
cal force, and chemical irritants. This constitutes nociceptive pain, 
which is driven by the activation of high-threshold nociceptor sen-
sory neurons adapted to transduce such noxious stimuli into an 
inflow of sensory input into the central nervous system (CNS). The 
acute pain evoked by the nociceptors through activation of nociceptive 
circuits helps us learn to avoid environmental danger (3–6). This 
pain is highly adaptive and essential for preventing damage in our 
daily interactions with the external world. Individuals who lack this 
damage warning system, such as those with congenital insensitivity 
to pain due to loss-of-function mutations in the voltage-gated sodium 
channel 1.7 (Nav1.7) or the tropomyosin receptor kinase A (TRKA) 
receptor, typically damage their tongues and lips when they eat, 
their toes on walking, and fingers when exploring objects, and have 
no warning when they break a limb or have appendicitis, which re-
duces life expectancy (7, 8). Preserving nociceptive pain is essential, 
therefore, except during or after surgery or immediately after 
major traumas.

Another adaptive pain is the inflammatory pain that occurs 
upon tissue injury or when inflammation occurs because of patho-
gen invasion or pathological inflammation. The consequent activa-
tion of the immune system leads to the production of inflammatory 
mediators that act on nociceptors to both directly activate (9–11) 
and sensitize them (12, 13). Consequently, their threshold of activation 
drops so that low-intensity stimuli, such as light touch or movement 
of a joint, now activate the sensitized nociceptors, and innocuous 
stimuli become painful. This pain, at least in an acute setting, is 

adaptive in that the heightened pain and threshold drop promotes 
avoiding the use of, or contact with, the inflamed area, which pro-
motes healing and repair. However, this pain typically needs to be 
clinically reduced to a manageable level. In addition to the pain pro-
duced by the activation and sensitization of nociceptors, the augmented 
sensory inflow triggers use-dependent plasticity in the CNS. This 
phenomenon of central sensitization amplifies and spreads pain 
sensitivity beyond the primary area of damage/inflammation to neigh-
boring secondary, noninflamed areas, causing, for example, tender-
ness around a surgical wound or an inflamed joint, thus prolonging 
and amplifying the pain (14, 15).

For chronic inflammatory conditions, for example, rheumatoid 
arthritis, the ongoing inflammatory pain is not adaptive because the 
inflammation does not resolve and healing does not occur. In these 
situations, the combined chronic inflammation and pain constitute 
a major clinical problem to be controlled, and the pain can be con-
sidered maladaptive or pathological (16). Last, there are two categories 
of truly maladaptive pain, where the pain is not a reaction to some 
pathology but a disease state itself. The first of these is neuropathic 
pain, persistent pain due to lesions, most typically not only of the 
peripheral nervous system (nerve injuries or neuropathies) (17, 18) 
but also of the CNS (spinal cord injury or stroke) (19) that lead to 
pathological hyperexcitability of the nociceptive circuits owing to 
ectopic firing of injured neurons, loss of the normal inhibitory cir-
cuits in the CNS (the phenomenon of disinhibition), neuroimmune 
interactions in the nerve and CNS, and structural and functional 
connectivity changes in the spinal cord and brain that alter circuit 
function and output (20–23).

The last major form of pain is dysfunctional or nociplastic pain, 
defined as chronic pain in the absence of noxious stimuli, active 
inflammation, or detectable damage to the nervous system (24–26). 
Individuals presenting this type of pain show abnormal functioning 
of the nervous system such that it amplifies and sustains essentially 
normal signals to a point at which they are perceived as being pain-
ful. The pain may localize to a particular organ, as in tension-type 
headaches, temporomandibular joint disease, or irritable bowel 
syndrome, or may be diffuse as in fibromyalgia, a form of chronic 
widespread pain (27).

In addition to these quite distinct types of pain, we need to recog-
nize that pain arising from the somatosensory system (skin/joints/
muscle) may differ from that from visceral organs (28, 29), and that 
acute pain typically differs considerably from chronic pain in terms 

1F.M. Kirby Neurobiology, Boston Children’s Hospital, and Department of Neurology, 
Harvard Medical School, Boston, MA 02115, USA. 2Department of Neurobiology, 
Harvard Medical School, Boston, MA 02115, USA. 3National Center for Advancing 
Translational Sciences (NCATS), Stem Cell Translation Laboratory (SCTL), National 
Institutes of Health (NIH), Rockville, MD 20850, USA.
*Corresponding author. Email: clifford.woolf@childrens.harvard.edu (C.J.W.); 
ilyas.singec@nih.gov (I.S.)

Copyright © 2021 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim  
to original U.S. 
Government Works

http://www.science.org/journal/stm


20

R E V I E W

Jayakar et al., Sci. Transl. Med. 13, eabj9837 (2021)     10 November 2021

S C I E N C E  T R A N S L A T I O N A L  M E D I C I N E  |  R E V I E W

2 of 16

of mechanisms and response to analgesics (Fig. 1) (30). Furthermore, 
pain has extremely heterogeneous manifestations, likely reflecting 
different mechanisms. Pain may arise spontaneously in the absence 
of a stimulus or detectable pathology or may need a stimulus to 
evoke it. Spontaneous pain is a major element of many clinical con-
ditions, particularly neuropathic pain (31). Stimulus-evoked pain 
includes exaggerated and prolonged pain in response to noxious 
stimuli, termed hyperalgesia, as well as pain in response to normally 
innocuous mechanical or thermal stimuli, called tactile or thermal 
allodynia (32). From a treatment perspective, there is a major differ-
ence between symptom suppression and disease modification in the 
setting of pain: The former requires ongoing treatment to reduce 
the experience of pain, whereas the latter, acting on the pathophys-
iology of the disease, has the potential to have long-lasting conse-
quences, for example, interventions that can prevent the transition 
of acute to chronic pain or the development of axonal neuropathy, 
and hence neuropathic pain. To date, there are only symptom sup-
pressor analgesic interventions.

We need to recognize the diverse nature and the multiple distinct 
mechanisms responsible for different pain conditions to be able to 
select those interventions with the greatest chance of efficacy. Building 
an algorithm that enables identification of the most likely responders 
to particular therapies that act on distinct mechanisms, rather than 
relying on an empirical trial and error approach, could be an effec-
tive approach for developing better treatments for specific pain 
conditions. Such a precision pain medicine approach requires par-
allel efforts to understand and fully reveal all the mechanisms 
underlying different pains, identify specific biomarkers for the 
mechanisms, and develop therapies that interact specifically with 
each of the distinct mechanisms. The goal of developing analgesics 
with defined selective actions in particular patients will require an 
approach substantially different from that used conventionally for 
the development of analgesic therapies. The nature of such a drug 
development approach, and how to realize it using human stem 
cell–derived neuronal assays and screens, specifically for selectively 
targeting nociceptors, is the focus of this Review.

CURRENT PHARMACOLOGICAL TREATMENTS FOR PAIN
The current repertoire of analgesics (Fig. 1) is limited, providing treat-
ment for only a few of the defined types of acute or chronic pain. 
Existing analgesics have several major problems including generally 
low efficacy and multiple adverse effects, including induction of tol-
erance requiring increasing doses, dependency upon withdrawal or 
discontinuation, and abuse liability (33–35).

Available analgesics operate through multiple mechanisms. 
Nonselective sodium channel blockers, acting either as local anes-
thetics such as lidocaine or bupivacaine or as systemic sodium 
channel blockers, like carbamazepine, mexiletine, lacosamide, and 
amitriptyline, reduce electrical activity in neurons (36). The lack of 
selectivity means that all excitable cells exposed to the blockers will 
be affected, limiting the therapeutic index and triggering adverse effects 
due to activity on non-nociceptor neurons/cells. Cyclooxygenase 
(COX)–inhibiting nonsteroidal anti-inflammatory drugs (NSAIDs), 
which block prostaglandin E2 (PGE2) synthesis (37, 38), as well as 
anti–tumor necrosis factor (TNF) or anti–interleukin-1 (IL-1) anti-
bodies in particular inflammatory conditions (12, 39), block the 
action of inflammatory mediators on nociceptors. COX2 is induced 
in macrophages during inflammation and therefore COX inhibitors 

A

B

Fig. 1. Clinically used analgesics act on diverse targets in the central and pe-
ripheral nervous system. (A) Analgesics acting on central and peripheral targets. 
Opioids act on the brain, spinal cord, nociceptors, and the enteric nervous system, 
and the debilitating side effects of opioids, such as sedation, respiratory depres-
sion, and physical dependence, arise from actions on the brain leading to attempts 
to develop peripherally restricted opioid ligands (245). Tricyclic antidepressants 
such as amitriptyline, gabapentinoids such as pregabalin, and voltage-gated Ca2+ 
channel (Cav) blockers such as ziconotide and anti–calcitonin gene-related peptide (CGRP) 
receptor analgesics act on the brain and spinal cord. These centrally acting analgesics 
are used to treat a variety of pain conditions including nociceptive, inflammatory, 
visceral, and muscular pain. On the other hand, voltage-gated Na+ channel blockers 
(Nav; such as lidocaine) nonsteroidal anti-inflammatory drugs (NSAIDs), anti-TNF, 
and anti–IL-1 agents, in addition to opioids, act on peripheral nociceptors to mediate 
analgesia. The broad action of most of these agents on multiple organs or multiple 
members of a molecular target family, for example, the nonselective actions of li-
docaine on all Navs, contributes to their lack of efficacy and numerous side effects, 
highlighting the need for nociceptor-selective targets and ligands. (B) Molecular 
targets of clinical analgesics and their location within the inflammatory and neuro-
pathic pain or nociception pathway. Inflammatory mediators released from 
peripheral tissues sensitize nociceptor axon terminals by acting on ion channels 
and G protein–coupled receptors (GPCRs). NSAIDs, opioids, and local anesthetics 
all reduce the activation of nociceptor terminals to produce analgesia. Under neuro-
pathic pain conditions, ectopic nociceptor activity leads to both spontaneous pain 
and central sensitization. Voltage-gated Ca2+ channels located at presynaptic ter-
minals control action potential–mediated release of glutamate and neuropeptides 
from central terminals in the dorsal horn of the spinal cord. In addition to opioids 
and gabapentinoids, tricyclic antidepressants and antiepileptics are currently pre-
scribed to treat neuropathic pain.C
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are only effective in reducing the sensitization of nociceptors in 
those conditions where COX activity determines pain (40–42). In 
the context of postoperative pain relief, the NSAIDs diclofenac, 
ibuprofen, and naproxen only provide at best 50% maximum pain 
relief for 4 to 6 hours (43) and reduce opioid use only with moderate 
success (44–46). In addition, inhibiting PGE2 production during 
inflammation, although a widely used analgesic strategy, has several 
disadvantages on prolonged use, including bleeding, gastrointestinal 
symptoms, and cyclic vomiting syndrome (47). Combination therapy 
using lower doses of NSAIDs together with acetaminophen has 
proven beneficial (48). TNF- is elevated in many inflammatory 
conditions and anti-TNF therapies can be used for treatment of 
rheumatoid arthritis, Crohn’s disease, and psoriasis (49). Anti-TNF 
antibodies reduce cytokine production in joints, particularly IL-1, 
IL-6, and TNF itself (50). Injectable therapies include soluble TNF 
receptors such as etanercept and PEG-sTNFR1, or TNF- antibodies 
such as infliximab, adalimumab, and CDP-870. Small-molecule in-
hibitors of TNF- synthesis, such as p38 mitogen-activated protein 
kinase and PDE4 inhibitors, are additional alternatives (51, 52). 
However, all of these options are associated with side effects (51), 
including increased risk of congestive heart failure and resurgence 
of latent tuberculosis. IL-1 blockers, such as anakinra, rilonacept, or 
canakinumab, provide relief from broad-spectrum inflammatory 
diseases including rheumatoid arthritis, osteoarthritis, osteomyelitis, 
traumatic joint injury, systemic juvenile idiopathic arthritis, and gout. 
However, suppressing innate immune activity increases the risk of 
bacterial infections (53). Reducing synaptic transmission from 
nociceptors to dorsal horn neurons is another mechanism by which 
current analgesics act, but the action of the drugs used is not re-
stricted to communication between these cell types, and blocking 
transmission broadly in the CNS causes adverse effects. Such blockers 
include mu opiate receptor opioid agonists (54), 2 calcium chan-
nel subunit ligands, e.g., the gabapentinoids (55, 56), the Cav2.2 
inhibitor ziconotide (57, 58), and, for migraine, calcitonin gene- 
related peptide (CGRP) receptor antagonists (59, 60). Although most 
options for CGRP are monoclonal antibodies, a small-molecule 
antagonist for its receptor is also proving to be equally effective 
(61). Expression of the 2 calcium channel subunit increases sub-
stantially in dorsal root ganglion (DRG) neurons after nerve injury 
(62, 63), explaining why gabapentin and pregabalin, which bind to 
it, are effective in reducing neuropathic pain. Pregabalin is also used 
to treat nociplastic pain (64). Promoting inhibition in the CNS by 
mimicking the activity of inhibitory transmitters is another mecha-
nism by which some analgesics act. However, at present, these treat-
ments lack selectivity of action for nociceptive circuits. Current 
options include dual amine uptake inhibitors like duloxetine (64–66), 
opioids (67), and -aminobutyric acid type A (GABA-A) receptor 
modulators, like the benzodiazepines. Specific GABA-A receptor 
subtypes expressed in lamina II inhibitory interneurons of the spi-
nal dorsal horn have been linked to analgesia. However, the sedative 
effects of the currently available nonselective allosteric modulators, 
such as benzodiazepines, diminish therapeutic potential as analge-
sics (68–72). The highly conserved nature of GABA receptor trans-
membrane and extracellular domain drug-binding pockets where 
most GABA receptor allosteric modulators bind pose a problem for 
identifying subtype-selective molecules. Developing efficacy-selective 
compounds that bind to a particular binding site in different recep-
tor subtypes with equivalent affinity but with selective efficacy in only 
a small subpopulation of subtypes once bound might offer a partial 

solution to this problem by minimizing the broad, nonselective drug 
action of molecules whose affinity for a conserved binding site de-
termines their efficacy (73). Last, there are drugs that reduce use- 
dependent plasticity in the CNS, particularly NMDAR antagonists 
such as ketamine, which diminishes synaptic plasticity (74); once 
again, the actions are not limited to changes in nociceptive circuits, 
leading to adverse events (75). Timing of treatment needs to be con-
sidered, given that in some situations, preemptive treatment can be 
more effective than treating established pain (76, 77). Thus, the two 
major problems with existing analgesic therapies are their nonselec-
tivity and the fact that available drugs often only block one of many 
parallel pain triggering signals. There is, therefore, an enormous 
need to both improve selectivity for pain mechanisms and broaden 
action to improve efficacy and reduce adverse effects.

There are targets for analgesic drug development that have shown 
promise and are moving toward clinical development. These include 
TRPV1 and TRPA1 channel antagonists to block nociceptor trans-
duction (78, 79), inhibitors of acid-sensitive ion channels (80), or 
purinergic receptors (81, 82); anti–nerve growth factor (NGF) anti-
bodies to neutralize the pain-promoting actions of NGF produced 
by immune cells (83, 84); JAK/STAT (Janus kinase/signal transduc-
er and activator of transcription) pathway inhibitors as nociceptive 
cytokine signaling inhibitors (85); K channel openers to suppress 
neuronal excitability (86, 87); Nav selective blockers that act only on 
sodium channels expressed by nociceptors (Nav1.7 and Nav1.8 block-
ers) (88, 89); GABA receptor subunit–specific potentiators (90, 91), 
inhibitors of tetrahydrobiopterin synthesis (92), and angiotensin 
type 2 receptor inhibitors (93); and attempts to modify opioid ac-
tion on opiate receptors to retain analgesia but reduce side effects 
such as euphoria, tolerance, dependence, and respiratory depression 
(94–97). Although some of these efforts have been abandoned be-
cause of failure in the clinic, others, for example, biased opioid re-
ceptor ligands, and GABAR subtype selective modulators, are still 
progressing (34), but none have resulted in a new analgesic yet.

CURRENT OBSTACLES IN PAIN TREATMENT
The obstacles for the development of effective pain treatments that 
have not been overcome include the very limited range of targets 
and mechanisms that current analgesics act upon. This results in 
pharmacoresistance, a phenomenon where administered analgesic 
drugs are commonly ineffective in patients either at the start of their 
use or on chronic administration. Indeed, current U.S. Food and 
Drug Administration–approved analgesic drugs typically are clini-
cally effective (>50% reduction in pain) in only a minority of pa-
tients with chronic pain. A useful metric of this phenomenon is the 
number needed to treat, which defines how many patients need to 
be given a particular treatment to see a clinically meaningful reduc-
tion in pain. Ideally, this should be 1, but usually it ranges from 5 to 
20 for chronic pain conditions (98, 99). Apart from low efficacy 
across the pain spectrum, most available analgesics also have a low 
persistence of activity when used chronically, including both opioids 
and NSAIDs (100, 101).

TARGETING NOCICEPTORS FOR CELL SELECTIVITY
Like all neurons, nociceptors express multiple types of sodium, po-
tassium, and calcium ion channels that together regulate their excit-
ability. However, the expression levels of particular ion channels in 
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primary mouse nociceptors are substantially different from those in 
other neurons, even when compared with other primary sensory 
neurons (102). The unique pattern of expression of ion channels in 
nociceptors results in distinct intrinsic electrical properties compared 
to other neurons. It should be possible to exploit these differences to 
differentially inhibit/modulate the excitability of nociceptors, with 
minimal inhibition of other kinds of neurons. So far, such efforts 
have largely focused on a “magic bullet” approach of developing 
highly selective blockers for either Nav1.7 or Nav1.8 channels, which 
are predominantly expressed in nociceptors. Selective blockers for 
Nav1.7 channels have been effective in rodent models of pain but so 
far have been disappointing in human trials. Although the reasons 
for the failure are still under investigation, it remains possible that it 
partially reflects problems with pharmacokinetics and target en-
gagement of particular compounds (103). A Nav1.8 inhibitor has 
shown efficacy against some means of inducing pain in healthy 
volunteers but not others (104). It may be that selectively targeting 
any single ion channel will only have limited efficacy given that ex-
citability is driven by activity of multiple channels, and the capacity 
of neurons for compensation in response to inhibition of a single 
channel. It is noteworthy that almost all ion channel–targeted drugs 
currently effective in clinical practice are not extremely selective, in 
the sense that they inhibit many different ion channels; for example, 
carbamazepine and phenytoin used to control hyperexcitability in 
epilepsy not only target almost all subtypes of Navs with similar ef-
ficacy but also have effects on many kinds of calcium and potassium 
channels (105). The efficacy of these drugs was established without 
knowledge of their full target profile, but we now realize that the 
electrical activity of neurons has a complex nonlinear dependence 
on the dozens of different ion channel types they express, which are 
present in different combinations and proportions in different neu-
rons. With this knowledge, we can now set out to analyze and model 
the overall excitability of different neurons with the goal of rationally 
identifying the particular combination of targets required for opti-
mal differential cell-selective effects. It should be possible to screen 
for compounds with polypharmacological actions only on those 
multiple specific targets present in nociceptors—an approach similar 
to that proposed for improved G protein–coupled receptor (GPCR)–
targeted drugs for mood disorders (106).

An additional consideration is that many ion channels have dis-
tinct patterns of expression in different regions of nociceptors— 
peripheral axon terminals, axons in the nerve or dorsal root, and 
central axon terminals—than in the cell bodies in the DRG, where 
electrical properties are commonly studied. Our knowledge of the 
expression of individual ion channels in nerve endings, axons, and 
central terminals is unfortunately very limited, because even sub-
stantial channel densities are difficult to detect using immunocyto-
chemistry. The most detailed knowledge of regional expression in 
the case of sodium channels is currently based on the differential 
sensitivity of transduction, action potential propagation, and trans-
mission in response to local tetrodotoxin (TTX) administration, 
revealing that specific populations of nociceptors differ widely in 
the extent to which TTX or more specific sodium channel blockers 
inhibit transduction at terminals, the propagation of action poten-
tials, or central terminal activation. This has led to the conclusion 
that because Nav1.7 and Nav1.8 channels are differentially import-
ant for the generation and the propagation of action potentials, re-
spectively, in various nociceptors, “a dual-targeting strategy of 
peripheral Nav1.7 and Nav1.8 inhibition would be more effective in 

providing analgesia” than either alone (107). Although this could be 
done by combining two selective Nav1.7 and Nav1.8 inhibitors, an 
alternative approach would be to find single compounds with such 
dual-target action, and with minimal, or no effects on other neuro-
nal, cardiac, or skeletal muscle sodium channels, or even compounds 
with a broader profile on more/different ion channels.

Identification of the cell region–specific expression of ion chan-
nels in nociceptors will be valuable, particularly for the many types 
of potassium channels that regulate the excitability of nociceptors. 
There are compounds that can both inhibit sodium channels and 
enhance several types of potassium channels, like riluzole, used for 
treating amyotrophic lateral sclerosis (ALS) (108, 109), so it is not 
far-fetched to search for, and generate single agents that could si-
multaneously target specifically those multiple sodium, potassium, 
or calcium channels important for different aspects of nociceptor 
function, to restore the changes that occur during inflammation or 
after nerve lesions. Potassium channels with substantial expression in 
nociceptors include Kv3.4, BK, Kv7, and TREK channels (102, 110), 
and Kv7-enhancing compounds are effective in multiple pain mod-
els (110, 111). However, in general, the pharmacology of potassium 
channel enhancement is an underdeveloped area, but one of future 
promise for targeting neurons in a cell-selective way, especially 
because of the widely different patterns of potassium channel expres-
sion in different neurons. Overall, a polypharmacology approach 
toward acting on that set of ion channels that determine nociceptor 
activity in health or disease should both increase efficacy over single 
target-selective drugs and, because of cell selectivity, reduce the 
adverse effects inherent in nonselective drugs.

There are two potential approaches to reach this goal, either 
identify compounds with the desired activity on the identified set of 
targets by parallel screening of each channel separately or screen 
directly for compounds (single-agent or in a combinatorial fashion) 
that have the desired modulatory action on nociceptors, but not on 
other excitable cells, using induced pluripotent stem cell (iPSC)–
derived neuronal phenotypic screens. Both have advantages and 
some limitations and ideally a combination of both may be best.

Analgesic development is increasingly being based on the inno-
vative approach of the optimal utilization of human stem cell–derived 
neurons for disease modeling, cell type– and disease state–specific 
screening, and identification of patient susceptibility to particular 
disease states, like neuropathy, or responsiveness to particular treat-
ments (112–119). Three therapeutic approaches based on human 
neuron assays are possible. First, blocking inputs to nociceptors to 
reduce either the activation or the sensitization of nociceptors in health, 
inflammatory conditions, or after nerve lesions. Second, blocking 
action potential transmission selectively only in nociceptors, using 
drugs that silence these neurons with no or minimal activity on other 
cells, to block pain-triggering signals entering the CNS. The strate-
gy of using permanently charged sodium channel blockers that only 
enter neurons through activated large pore ion channels, which are 
primarily only expressed by nociceptors, generates long-duration 
selective silencing of nociceptors, but can only be administered top-
ically (120, 121). Third, selectively blocking activity only in nociceptive 
circuits in the CNS, by either reducing excitation or increasing inhi-
bition and preventing/reversing maladaptive plasticity only in these 
circuits in the spinal cord or brain (15, 122–124). However, given 
the similarity of the cellular nature of the nociceptive circuits to 
many others in the CNS, it is likely the third approach will be the 
most challenging, and we will therefore focus here on exploring 
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how human nociceptors differentiated from stem cells can be used 
for reducing the activation/sensitization of the nociceptors and se-
lectively silencing them.

HUMAN IPSCS, A RELIABLE SOURCE OF HUMAN 
CELLULAR MATERIAL
Human PSCs, such as iPSCs, are defined by their unlimited self-re-
newal capacity in the absence of senescence, with high telomerase 
activity maintaining telomere length and stability, and the potential 
to differentiate into all somatic cell types (125). Yamanaka and col-
leagues (126, 127) established the first iPSC lines by reprogramming 
skin fibroblasts to a pluripotent state by transient expression of four 
transcription factors (OCT4, SOX2, KLF4, and C-MYC). Given that 
iPSC lines can be established in a patient- and disease-specific fashion, 
they offer unprecedented opportunities for translational research 
and provide the large cell numbers required for phenotypic and 
genetic screenings that are otherwise unattainable, together with a 
promise of personalized therapy.

Progress has been made recently in generating and culturing 
iPSCs using bioreactors, automated liquid handlers, and robotic cell 
culture systems (128–130). For instance, it is now possible to auto-
mate all essential steps of iPSC culture and directed differentiation 
into neurons, cardiomyocytes, and hepatocytes (130). This approach 
allows culturing of up to 90 iPSC lines in parallel, which is typically 
not possible by traditional manual cell culture. Robotic cell culture 
can support the standardized manufacturing of billions of human 
cells, which can be cryopreserved and then used for high-throughput 
and high-content screening of chemical libraries, natural products, 
and biologics.

DIFFERENTIATING IPSCS INTO FUNCTIONAL CELL TYPES
Converting iPSCs into specialized functional cell types entails step-
wise differentiation following the principles of developmental biology. 
By modulating cell signaling pathways with small molecules and 
recombinant proteins, iPSCs are directed into lineage-committed 
precursor cells and then further patterned and differentiated into 
more specialized cell types that demonstrate gene expression signa-
tures and functional properties similar to their in vivo counterpart, 
particularly the expression of marker proteins, cell type–specific 
transcriptomes, active intracellular signaling pathways, response to 
natural ligands, and electrophysiological properties. However, because 
most of our developmental biology knowledge is derived from ani-
mal models, not all available information on pathways controlling 
cell differentiation can be directly applied to human cells because of 
substantial species-specific differences (131–134). Reproducible pro-
tocols need, therefore, to be carefully developed and optimized for 
human iPSCs followed by comprehensive functional and molecular 
characterization of differentiated cell types to assess validity, matu-
ration state, and usefulness for translational applications. Currently, 
a major challenge for using iPSC technology for translational research 
and therapeutic development is the lack of highly efficient, repro-
ducible, and scalable cell differentiation protocols. Other hurdles for 
iPSC application are cell line–to–cell line variability and technical 
variation of cell culture conditions that strongly influence the dif-
ferentiation process (135–137). Nevertheless, progress has been made 
over the past decade in improving cell differentiation protocols. For 
instance, iPSCs can be converted into neural crest cells expressing 

the transcription factor SOX10, which then can be further differen-
tiated into nociceptors by simultaneously manipulating specific cell 
signaling pathways. These iPSC-derived nociceptors express typical 
transcription factors including BRN3A, ISL1, and PRDM12; neuro-
peptides such as Substance P and CGRP; transmembrane receptors 
such as TRPV1, TRKA, TRKB, and P2RX3; and sodium channels 
particularly Nav1.7, 1.8, and 1.9, and display cell type–specific fea-
tures of peripheral sensory neurons including response to specific 
ligands such as capsaicin, menthol, mustard oil, and ATP (adenosine 
triphosphate) (115, 132, 138–142). Various other cell types relevant for 
pain research have been derived from iPSCs, including spinal cord 
neurons (143), Schwann cells (144, 145), microglia (146), astrocytes 
(147–149), GABAergic neurons (150), and cortical neurons (151).

A thorough characterization of iPSC-derived cells and compari-
sons with native DRG neurons is necessary before using cells in 
phenotypic screens. Current differentiation protocols are generally 
inadequate in achieving the necessary similarity between the stem cell- 
derived and primary sensory neurons. New sensory neuron differ-
entiation protocols are though being developed by our colleagues at 
the National Center for Advancing Translational Sciences (NCATS) 
at the National Institutes of Health (NIH) that generate nociceptors 
with high efficiency and with more mature functional features than 
current protocols, and with a closer molecular and functional resem-
blance of the differentiated cells with primary human nociceptors, 
than existing protocols (https://patentscope.wipo.int/search/en/
detail.jsf?docId=WO2020219811&_cid=P21-KUMWLF- 29547-1).

DEVELOPING NOCICEPTOR-SPECIFIC THERAPIES BY 
IDENTIFYING TARGETS AND COMPOUNDS
We propose two complementary approaches to identify novel pain 
targets: (i) use differential gene and protein expression analyses to 
identify and characterize targets selectively expressed in nociceptors 
or those cells linked to increased excitability in sensory neurons, 
such as immune cells or glia, and (ii) use phenotypic screens of 
human iPSC–derived excitable cells against annotated libraries of 
bioactive compounds whose mechanism of action (MoA) and tar-
gets are known, to identify those that selectively inhibit nociceptor 
excitability while sparing other excitable cells—such hits will reveal 
targets driving nociceptor-specific function (Fig. 2A).

The first approach will yield a list of gene transcripts and pro-
teins selectively expressed in nociceptors and not in other neurons 
or excitable cells—using both human tissue samples and iPSC- 
derived cells (Fig. 2B). Nociceptor selective proteins can then be 
assembled into causal networks that reveal signaling pathways that 
modulate excitability (152). The best combination of network nodes 
predicted to diminish or block nociceptor activity can then be de-
termined and tested for selective modulation of nociceptor excit-
ability. Targeting selective pathways instead of a single protein could 
provide the basis for a polypharmacology approach to modulating 
nociceptor excitability (153–156). Single-cell/nuclei RNA sequenc-
ing enables the determination of the repertoire of genes expressed 
in nociceptors under physiological conditions, in response to disease- 
based manipulations or the action of a drug. Although some attempts 
have been made to identify targets enriched in primary human DRGs 
(131) relative to those expressed in other human cell types (157), 
single-cell profiling analyses are required to define exactly the 
human nociceptor transcript profile. Resources exist to combine 
nociceptor-selective gene sets into biological pathways that modulate 
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excitability such as the Integrated Network and Dynamical Reasoning 
Assembler (INDRA) (158) and Ingenuity Pathway Analysis (Qiagen). 
Pathways hypothesized to selectively modulate nociceptors can then 
be tested in these neurons and a set of iPSCs derived other cell types 
such as cortical and motor neurons, and cardiomyocytes, for 
counter screens.

In the second approach, a phenotypic screen of bioactive com-
pounds to identify hits that selectively only modulate nociceptor 
excitability will also enable the deconvolution of a set of nociceptor 
selective pain targets. These targets can then be screened for modu-
lators using a standard approach. Compounds that selectively block 
action potential generation only in nociceptors will reveal targets 
for managing nociceptive pain. Compounds that decrease action 
potential firing only when nociceptors are treated with inflammatory 
mediators will reveal targets useful in managing inflammatory pain. 
Targets for neuropathic conditions can be identified by identifying 
compounds that diminish nociceptor excitability on laser cutting of 
axons, treatment with chemotherapeutic agents, or other forms of 
axon injury. Genome-wide genetic editing screens in iPSC-derived 
neurons could provide an alternative way to identify targets, pro-
viding the false-positive and -negative rate is small, and gene editing 
does not affect iPSC function or their differentiation into nociceptors 
(115, 159–164).

Once suitable targets are identified, their activity profile needs to 
be verified, either using available small molecules selective for these 
targets or by knockout/knockdown approaches, looking for nociceptor 
selectivity and disease normalization with no activity in counter 
screens on other neurons/cells. After such validation, heterologous 
expression systems can then be used to identify chemical entities 
that selectively modulate the function of the validated target in cell 
lines. Large chemical libraries can be screened against selected ion 
channel, GPCR, or kinase targets to identify chemical scaffolds as 
starting material for medicinal chemistry campaigns for structure- 
activity relationship studies and ensuring drug-like properties. 
Target-based screening has the technical advantage that the screen-
ing assay is typically relatively straightforward with robust signal 
yielding high Z-prime values (Z′, a measure of the separation between 
positive and negative controls in a high-throughput screening assay). 
A limitation is that the activity of a target in a non-neuronal hetero-
logous expression system may not match that in nociceptors, because 
of a lack of posttranslational processing or absence of interacting 
proteins that create a particular functional molecular architecture 
in native cells.

CELL- AND DISEASE-BASED PHENOTYPIC SCREENING USING 
IPSC-DERIVED NOCICEPTORS
Unbiased phenotypic screens can also be designed to identify com-
pounds that act selectively only on a particular cell or change a spe-
cific disease-related phenotype (reduce inflammatory sensitization 
or neuropathic ectopic firing in nociceptors). It is possible that hits 
identified in such assays may act on multiple targets and signal 
pathways, and such polypharmacology might show better efficacy 
in vivo than a compound that acts exclusively on one target, although 
establishing structure-activity relationships for medicinal chemistry 
would be challenging. Target-annotated, MoA, library compounds 
often demonstrate promiscuous pharmacological activity, acting on 
more than one target, with differing potencies (165, 166). Measuring 
the activity of a MoA library of compounds on nociceptors and other 

A

B

Fig. 2. Identification of candidate analgesics and targets. (A) Two approaches 
for identifying novel analgesic targets using human iPSC–derived nociceptors. In 
one approach, differential gene expression in nociceptors is identified. In the second, 
an annotated library of bioactive compounds, whose primary targets of action are 
known, are screened for silencing electrical activity using multiple cell types. The 
annotated targets of those compounds that selectively only inhibit nociceptor ac-
tivity are potential pain targets. (B) Identifying and validating candidate nociceptor-
s elective targets and pathways. Identify genes selectively expressed in iPSC-derived 
nociceptors (1). A similar comparison of primary mouse and human tissues will yield 
sets of genes selectively expressed in nociceptors for each species. These can be 
assembled into signaling pathways (2) predicted to affect nociceptor excitability 
selectively (3) and represent potential translatable target sets. Nociceptor-selective 
targets can be validated using small molecules that act on the targets or through 
CRISPR-Cas9 editing (4). The process can be repeated in the presence of inflammatory 
mediators, chemotherapeutic agents, or after axon injury, to discover selective tar-
gets for different pain conditions. Reporters of intracellular signaling can be used 
to garner information on pathways activated by disease perturbations.C
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excitable cells differentiated from human iPSC–derived cell lines might 
be able to reveal compounds with differential effects on the excit-
ability of the different cell types. The annotated targets of those 
compounds that selectively suppress nociceptor excitability could 
reveal those combinations of excitability-related targets that can be 
pursued further in a discovery pipeline. Deep annotations of the hit 
compounds could identify not only their nominal (known/expected) 
targets but also other unexpected targets (165). Such a screen can 
serve as an entry point to a screening funnel specifically designed to 
identify potential targets or target combinations with no prior link 
to pain, in an unbiased, target-agnostic fashion. In addition, this 
approach can potentially identify compounds for drug repurposing 
or as a source of lead chemical scaffolds, for medicinal chemistry 
optimization for improved analgesic efficacy without target identi-
fication. Such a phenotypic screen will prioritize the selection of hits 
with analgesic efficacy, while mitigating undesired side-effect pro-
files. However, several challenges must be overcome before such a 
phenotypic screen can be conducted and novel pain targets can be 
identified by this approach.

Phenotypic readouts for such screens could include changes in 
excitability, cell morphology, reporter-based interrogation of sig-
naling pathways, and changes in protein expression/function. 
Currently, there are several image-based assays that can be used to 
identify compounds that act on nociceptors in high-content screens. 
Nociceptor activity can be measured using genetically encoded 
calcium indicators (GECIs) or voltage indicators. The primary ad-
vantage of measuring calcium signals as a surrogate for electrical 
activity, for example, with GCaMP (a GECI that is a fusion of green 
fluorescent protein, calmodulin, and a myosin light-chain peptide), 
is the strong magnitude of the signal, whereas a limitation is the 
slow kinetics of calcium entry (167). However, nociceptors are 
adapted to respond only to the specific activation of their peripheral 
terminals by noxious stimuli and therefore have low spontaneous 
activity, which means that it is difficult to directly screen for 
nociceptor silencing compounds when there is little basal activity 
to inhibit. One way to circumvent the problem is to increase activity 
of the nociceptors by, for example, enhancing sodium currents with 
veratridine (168) or reducing potassium flux with barium. Another 
more physiological way is to incubate the iPSC-derived nociceptors 
with those inflammatory mediators that sensitize TRPV1 channels, 
increase the current density of Nav1.8, and enhance the trafficking 
of Nav1.7 channels to the membrane, mimicking inflammation- 
induced peripheral sensitization (169). Well-known mediators of 
inflammation such as PGE2, serotonin, and histamine along with 
other agents such as NGF can be used to sensitize neurons (170). 
Screening for a reduction of such inflammatory mediator–triggered 
activity will identify compounds that either silence the nociceptors, 
for example, by blocking action potential firing, or reduce the 
peripheral sensitization, by mechanisms such as inhibiting kinases 
activated by the inflammatory mediators, and secondary screens will 
be required to identify which specific action the compounds have. 
Alternatives to genetically encoded excitability reporters are auto-
mated patch clamp and multi-well multielectrode array recordings. 
They have a lower-throughput screening capability and higher cost 
compared to the previous approach, but the direct measurement of 
membrane current or voltage makes them a useful option for 
secondary validation assays. Automated neurite imaging systems in 
multi-well assay format can, for example, detect compounds that 
rescue chemotherapy-induced axon degeneration or promote the 

regeneration of axons after axon injury (171). Last, spatially multiplexed 
imaging of signaling reporter islands as indicators of second 
messengers [calcium and cAMP (cyclic adenosine monophosphate)] 
and kinases [PKA (cyclic adenosine monophosphate–dependent pro-
tein kinase), PKC (protein kinase C), and phospho-ERK (extracellular 
signal-regulated kinases)] in neuronal culture can unveil which 
signaling pathways drive changes in excitability. Such assays can 
reveal the specific pathway a hit compound acts on and the changes 
that lead to pathological alteration such as sensitization/ectopic 
activity in nociceptors (172, 173).

A crucial element of phenotypic screening strategies is to run 
parallel counter screens. If the aim is to find compounds that act 
selectively on nociceptors, for example, then a clear demonstration 
of a lack of activity on other excitable cells is required; if the aim is 
to reduce the spontaneous firing that drives neuropathic pain, then 
there must be no effect on noninjured nociceptors; if the goal is to 
develop a drug that reduces inflammatory pain, then specific disrup-
tion of immune cell interaction with nociceptors is required. Cortical 
and motor neurons are representative of CNS excitable cells, whose 
activity when affected by analgesics will contribute to major CNS 
side effects (for example, addiction and sedation). In addition, com-
pounds that act on cardiomyocytes will also be unsuitable leads. 
Counter phenotypic screens are therefore as important as the 
primary screen.

A direct comparison of target-based versus phenotypic strategies 
reveals that phenotypic screens are successful in developing first-in-
class drugs (174), and combining network-based pharmacology 
with phenotypic screens increases hit rates (153). Screening chemi-
cal libraries in miniaturized 384- and 1536-well plates using different 
compound concentrations can establish valuable dose-response curves 
and the use of multiple replicates will minimize false-positive and 
false-negative hits (175, 176). Similarly, taking advantage of fast and 
precise low-volume liquid dispensing using acoustic sound energy 
allows for flexible testing of multiple small molecules in combinato-
rial drug screens (175, 177).

As an example of the promise of nociceptor phenotypic screens, 
Studer and colleagues (178) screened iPSC-derived neural crest pre-
cursors from patients with familial dysautonomia against 6912 
small-molecule compounds and identified compounds that induce 
expression of IKBKAP, the gene affected in this rare disease that 
leads to insensitivity to pain. In another example, iPSC-derived 
motor neurons from patients with ALS harboring the superoxide 
dismutase 1 (SOD1) mutation display a hyperexcitability similar to 
that observed in patients with ALS, whereas a genetically corrected 
line does not. This study also identified the capacity of retiga-
bine, a Kv7 voltage-gated potassium channel opener, to reverse 
this hyperexcitability (179). Screens based on assaying hyper-
excitability of the SOD1 mutant lines led to the identification 
of 13 potential targets that modulate excitability of motor neu-
rons, including Kv7 channels (180). iPSC technology does enable 
screening at different stages of cell differentiation or disease state, 
and it might be possible, therefore, to elucidate temporal features of 
pathological changes and perform chemical screens accordingly. 
For instance, precisely characterizing the transition from acute to 
chronic pain could lead to treatment options that prevent or re-
verse the development or maintenance of cellular pathology and 
aberrant cellular plasticity. Although the standardized use of 
human iPSC–derived neural cell types generated by stepwise dif-
ferentiation for high-throughput screening is still in its infancy, 
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more efficient and scalable cell differentiation protocols, together 
with improved cryoprotection and viability (176), should help 
overcome technical challenges such as batch-to-batch differenc-
es and establish satisfactory Z′ values for defined pain-related 
phenotypes.

An iPSC-based phenotypic screen could be designed as follows. 
First, human iPSCs are differentiated into desired cell types, for ex-
ample, sensory, cortical, and motor neurons, and cardiomyocytes, 
ideally from the same starting iPSC line. Transcriptome-based 
molecular measurements of a set of known marker genes over a de-
fined period of in vitro maturation of the iPSC-derived neurons can 
determine the time window for conducting the phenotypic screens 
(181). Furthermore, transcript abundances alone must not dictate 
the readiness of derived receptors for use in phenotypic screens, 
complementary approaches measuring protein product expression 
and distribution, and cellular function must guide assay development. 
For example, TRPV1 expression and response to capsaicin should 
determine when nociceptors are ready to be used in phenotypic 
screens in addition to detecting TRPV1 transcripts. Nociceptors 
suitable for screens must also replicate sensitization on application 
of suitable inflammatory mediators (119), for example, with higher 
Ca2+ responses on treatment with PGE2. Baseline measurements of 
activity can be recorded with confocal imaging systems with liquid 
handling capacity, followed by brief incubation with drugs of interest, 
to detect changes in activity. A compound that selectively silences 
nociceptor activity while sparing those of motor and cortical neu-
rons as well as cardiomyocytes would be considered a hit compound 
and advanced to measuring its effects over a range of concentra-
tions to determine half-maximal inhibitory concentration, IC50, of 
its selective effect on nociceptors. Judgment should be exercised in 
the initial choice of drug concentration to prevent a universal block 
of activity in all cell types due to high off-target effects. Bioactive 
compounds with well-annotated targets that have a reasonable dif-
ference in IC50 for activity on nociceptors as opposed to other cell 
types can be deconvoluted to reveal the targets responsible, such as 
a selective Nav1.8 blocker.

iPSC-derived cell types can also be exploited for disease modeling 
in response to neurotoxicants, chemotherapeutic drugs, metabolites, 
and pathogens. Chemotherapy-induced polyneuropathy (CIPN) is a 
common side effect of cancer treatment, including numbness and loss 
of proprioception as well as hyperalgesia or allodynia (182). To model 
CIPN, patient-derived iPSC neurons can be treated with paclitaxel, 
cisplatin, and vincristine (183, 184). Such studies will provide 
invaluable information on disease mechanisms and interindividual 
susceptibility as well as generating novel neuroprotectant therapies.

In addition to using phenotypic screening with annotated bio-
active compound libraries to identify targets, derived nociceptor 
phenotypic screening can be performed using large chemically 
diverse libraries, whose compounds have no identified target. If a 
compound/chemical scaffold has the desired selectivity profile, for 
example, only silencing nociceptors and not other excitable cells, 
then, although how it acts will not be known without further study, 
the scaffold can be used for a target-agnostic medicinal chemistry 
campaign program where potency, selectivity, and drug-like proper-
ties are improved, as assessed in repeated derived and primary cellular 
assays and in vivo testing. This strategy has challenges relative to 
target-based drug discovery approaches but is an option that needs 
exploration as it has high potential to identify candidates with the de-
sired activity profile, which target-based approaches may not have.

DISEASE MODELING USING IPSC-DERIVED NEURONS
Disease modeling and identification of underlying cellular and mo-
lecular disease mechanisms is an important recent opportunity enabled 
by iPSC technology, constituting “disease-in-a-dish” or “patient- 
in-a-dish” for probing relevant phenotypes in cell types under pre-
cisely controlled laboratory conditions (Fig. 3).

Over the past decade, protocols have been developed to differen-
tiate human iPSCs into a variety of neuronal (sensory, spinal motor, 
cortical, dopaminergic, and cholinergic neurons) and non-neuronal 
cell types (oligodendrocytes, astrocytes, and microglia) (119, 147, 185–194). 
These cells offer unique advantages over use of primary murine 
neurons and are particularly well suited for screening efforts. Also, 
primary neurons dissociated from mouse or rat DRGs represent in-
jured neurons and typically must be used within 1 day of plating to 
preserve molecular similarity to naïve, intact in vivo neurons. How-
ever, important questions remain as to whether these derived neu-
rons serve as good models of primary human neurons. Do derived 
cells fully capture the essential features of primary cells, which pheno-
typic determinants need to be used for screens and are these surrogates 
of patient conditions, and do hits have in vivo translational potential?

A protocol developed by Chambers et al. (138) has been widely 
used to generate nociceptors to model pain conditions, including 
using iPSCs from patient with inherited erythromelalgia (140, 141) 
and migraine (114). Using five small molecules that regulate BMP 
(bone morphogenetic protein), TGF- (transforming growth factor–), 
WNT, Notch, and VEGF/FGF (vascular endothelial growth factor/
fibroblast growth factor) signaling, iPSCs are differentiated into sensory 
neurons with >75% efficiency and express nociceptor markers such 
as NTRK1 (neurotrophic tyrosine kinase receptor-1), CGRP, and 
Substance P. The differentiated sensory neurons also express key ion 
channels (Nav1.7, Nav1.8, and Nav1.9) and transducers (TRPV1, 
TRPM8, and P2RX3) associated with detecting noxious stimuli and 
action potential generation. However, the Chambers protocol gener-
ates only a few TRPV1+ neurons (1 to 2%), requires extended matu-
ration, and does not fully capture the molecular diversity of DRG 
sensory neurons. Recent protocols can generate mixed populations 
of sensory neurons (195–197). Transdifferentiation protocols that 
start with fibroblasts have been characterized but have low efficien-
cy (119, 198). Ongoing efforts at NCATS (https://patentscope.wipo.
int/search/en/deta i l . j s f ?docId=WO2020219811&_cid= 
P21-KUMWLF-29547-1) and other laboratories (197) are focused 
on developing improved iPSC differentiation protocols that are 
highly efficient and scalable for translational projects and that could 
produce mature cells without the need to culture them for extended 
periods of time.

Although the transcriptional profile of iPSC-derived neurons 
resembles human DRGs and iPSC-derived nociceptors from patients 
with chronic pain display hyperexcitability (199), the extent to which 
the cell fully captures the functional and disease profile of human 
nociceptors remains to be determined. Studies have compared pri-
mary rodent DRG neurons and human neurons, highlighting simi-
larities and differences in intrinsic electrical properties and synaptic 
properties, such as resting membrane potential, action potential 
threshold, amplitude, rise time, after-hyperpolarization magni-
tude, and spontaneous activity (199). Comparisons between pri-
mary human DRG neurons and iPSC-derived sensory neurons are 
required too.

Three key criteria need to be fulfilled before iPSC-derived neu-
rons can be used for phenotypic screens:
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1) Establish transcriptional similarity: Performing RNA-
seq experiments comparing iPSC- derived neurons and human 
and murine primary tissues to identify similarities and differences 
in gene expression is a critical step to establishing suitability for 
phenotypic screens. Relative abundance of gene transcripts and fold 
differences in key marker genes need to be evaluated. Ratios be-
tween key ion channel transcript abundance can serve as measures 
of similarity in membrane conductance levels (102, 152). Mass 
spectrometry data can reveal presence of specific proteins and post-
translational modifications, which reflect active signaling pathways. 
The rank orders of protein and gene transcript abundance can serve 

as useful determinant of translational similarity and signaling path-
way fidelity (200). Antibody staining of key marker gene products 
can compare subcellular localization.

2) Establish similarity of nociceptor-enriched genes: The utility 
of phenotypic screens will depend on the presence of target genes 
enriched in nociceptors when compared to other cell types. A high 
overlap between genes enriched in human DRGs and genes enriched 
in differentiated nociceptors, when compared with other derived 
cells and primary tissues, is an important measure. Recent (201–204) 
and prior reports (131) provide a wealth of information on tran-
scripts expressed in the human DRG and other tissues (157).

3) Establish functional similarity: This is a key consideration 
for translational potential. On the basis of a particular phenotypic 
activity profile of a compound on a set of iPSC-derived cell types, 
can we predict whether it will act as an analgesic with the desired 
efficacy and side-effect profiles? One approach to establishing a trans-
lational matrix to compare functional similarity between human and 
iPSC-derived nociceptors would be to measure phenotypic effects 
using a set of curated test compounds on human primary and iPSC- 
derived sensory neurons. Electrophysiological, Ca2+, and reporter- 
based intracellular signaling assays can determine whether the cells 
behave similarly in response to inhibiting or activating certain signal-
ing pathways, including ion channels, GPCRs, and kinases.

Establishing genotype-phenotype relationships and charting 
disease signatures that accurately reflect disease phenotypes repre-
sent a key strategy for translating preclinical research findings into 
clinical applications (174, 205). Genome engineering using CRISPR- 
Cas9 allows site-specific and precise manipulation of normal and 
disease alleles and expands the translational toolbox of iPSCs (159, 206). 
For modeling monogenic diseases and target identification, the uti-
lization of isogenic iPSC lines genetically matched with the parental 
cell line is valuable. Use of isogenic iPSC lines enables accurate 
comparisons between normal and diseased cellular phenotypes and 
reduces technical and biological variability as potential experimen-
tal confounders (136, 159, 207).

Genome-wide association studies and study of rare familial dis-
orders have provided new insight into the genetics and epigenetics 
of acute and chronic pain, including susceptibility and interindividual 
differences, and have identified potential targets (208–212). For in-
stance, gain-of-function mutations of Nav1.7 lead to erythromelalgia, 
paroxysmal extreme pain disorder, and small fiber neuropathy 
(213, 214). By investigating iPSC-derived nociceptors of a family 
with the same Nav1.7 mutation (S241T) but different pain severity 
(mother with moderate pain and son with severe pain), correlations 
between in vitro excitability of nociceptors with the clinical present-
ation can be made. Further analysis using whole-exome sequencing 
identified a variant in the potassium channel KCNQ2 that conferred 
the resilience to pain in the mother (142). Interindividual differences 
in pain phenotypes and the underlying molecular mechanism(s) can 
therefore be identified using patient-derived nociceptors. In vitro 
drug testing in iPSC-derived nociceptors from a patient with small 
fiber neuropathy also predicted that the anticonvulsant lacosamide 
alleviates pain in the patient (116). Testing patient-derived cells can 
serve, therefore, as a precision medicine approach to develop personal-
ized treatments. Whereas iPSC-derived nociceptors preserve features 
on Nav1.7 gain-of-function mutations, such as enhanced activity 
and temperature dependence, these mutations in mice do not pro-
duce a pain phenotype (215), suggesting that mice may not be useful 
for modeling some human pain conditions.

A

B

Fig. 3. Human iPSC technology for target discovery and translational applica-
tions. (A) Patient-derived somatic cells such as skin or blood cells can be repro-
grammed into iPSCs using four defined transcription factors (OCT4, SOX2, KLF4, 
and C-MYC). Once pluripotent stem cell lines are established, they can be expanded 
indefinitely and differentiated into nociceptors and other cell types relevant to pain, 
particularly astrocytes, microglia, and macrophages, or for counter screens using 
cortical and motor neurons, enabling a broad range of applications for translational 
pain research including disease modeling, identification of novel targets, drug 
screening, and cell/gene therapy. (B) Similarity of human iPSC–derived cells to 
human primary cells. Neurons and other cell types derived from iPSCs have to be 
verified for similarity with in vivo counterparts before they can serve as a suitable 
model for the translational research outlines in (A). Key criteria need to be a tran-
scriptional, translational, and posttranslational similarity between the derived and 
primary human nociceptors and the expected differences with other derived or 
primary cell types, and a functional similarity tested for example, with compounds 
that modulate a particular signaling pathway.
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ORGANOIDS AND COMPLEX TISSUE MODELS
Under two-dimensional (2D) cell culture conditions, cells grow 
attached to flat cell culture plates and therefore do not fully reca-
pitulate in vivo physiology. In contrast, 3D models such as organoids 
or mini-organs more closely model dynamic in vivo cell function 
and behavior, including cell-cell interactions and biomechanical 
forces within the appropriate extracellular matrix (216). Use of 3D 
models can also help enhance cell maturation. Organoid models 
with relevance for pain research have been developed for skin (217), 
DRG (218), and thalamus (219) and will provide future opportuni-
ties to interrogate nociceptive circuits and test neuroactive drugs. 
However, the reproducibility and consistency of randomly self- 
organizing organoid models need to be improved before they can 
be used as robust assays for drug discovery. Technologies based on 
advances in bioengineering and biomaterials could lead to standard-
ized microphysiological assays, organs-on-chips, and bioprinted 
tissues (220, 221). These complex systems are also being developed 
as platforms for ADME (absorption, distribution, metabolism, and 
excretion) of small molecules, which may provide human pharmaco-
kinetic predictions. Another model is the “nerve-on-a-chip,” generated 
by culturing Schwann cells with human motor or sensory neurons 
to establish long axonal projections for measuring electrophysio-
logical properties, drug effects, and response to injury (222).

CELL THERAPY
One of the great promises of iPSCs is development of personalized 
cell-based therapies (Fig. 3). Autologous nonimmunogenic cell 
therapies, unlike allogeneic approaches, do not require long-term 
immunosuppression or donors with a matching human leukocyte 
antigen signature. Although cell products generated from human 
pluripotent cell lines are being tested in clinical trials (206), none 
target chronic pain. However, cell therapy may become an option 
for certain pains, because human iPSC–derived GABAergic neurons 
injected into the spinal cord of mice with chronic neuropathic pain 
reduces the pain phenotype for up to 2 months after transplantation 
(223). This approach was based on the observation that grafting 
GABAergic precursors isolated from fetal rodent brains or human 
embryonic stem cell (ESC)–derived GABAergic neurons mitigated 
pain after spinal cord or peripheral injury by overcoming disinhibi-
tion (224, 225). These studies are consistent with the observation 
that intrathecal application of the GABA agonist baclofen provides 
analgesia in patients with chronic pain (226). Central neuropathic 
pain may also benefit from grafting neuronal cells with other inhib-
itory neurotransmitter phenotypes, such as glycine, oligodendro-
cytes (227), and astrocytes (148, 149), but more research is needed 
to define optimal cell therapeutic interventions. iPSC-based cell 
therapies may prove useful for treatment of peripheral neuropathy 
and neuropathic pain, because the complex interplay of multiple 
cell types including sensory neurons, Schwann cells, satellite glia, 
and immune cells contributes to axon loss, demyelination, ectopic 
firing, and pathological pain (228). Grafting undifferentiated neural 
crest stem cells supports axonal regrowth and myelination after 
sciatic nerve injury (229, 230). Although progress has been made 
in differentiating iPSC-derived neural crest stem cells into Schwann 
cells (144, 145, 231), more efficient and clinically relevant protocols 
are needed to generate large quantities of cells with myelination ca-
pacity. Satellite glia are specialized support cells that closely envel-
op the cell bodies of sensory neurons in the DRG and are activated 

during inflammation and nerve injury (232). Despite this, human 
satellite glia are understudied, and derivation of satellite glia from 
iPSCs could provide new opportunities. There is also interest in 
immune cells such as microglia and DRG-resident macrophages, 
which contribute to the induction and maintenance of chronic pain 
(233, 234). Derivation of microglia from human iPSCs (146) should 
enable better understanding of their biology, immunomodulatory 
function, and therapeutic potential. Production of all disease- 
relevant cell types from iPSCs (neuronal and non-neuronal) would 
allow the systematic testing of the cells in animal models of central 
and peripheral neuropathic pain. However, stem cell–derived prod-
ucts will require extensive safety measures to ensure that grafted 
cells are karyotypically normal and properly differentiated; other-
wise, in vivo tumor formation may occur. Use of undifferentiated or 
proliferative cells is risky as they can continue to grow upon trans-
plantation and form teratomas or other tumors (235).

GENE THERAPY
The rationale for gene therapy includes replacing or correcting a 
disease-causing mutation in a specific cell type, overexpression of 
neurotransmitters or ligands to modulate specific receptors, expres-
sion of transcription factors to drive change in function, neuro-
protection, and change of cellular identity or recruitment of 
endogenous cells for repair or replacement. Relevant technologies 
for gene delivery use replication-incompetent viruses such as herpes 
simplex viral vector and adeno-associated viral vector, including in 
the context of pain (236). Other gene therapy strategies are RNA 
interference and antisense oligonucleotide technology that can de-
grade or inhibit the processing of specific mRNA molecules, thereby 
modulating or silencing expression of a protein of interest (237–239). 
Application of CRISPR-Cas9 methods can correct genetic defects, 
overexpress genes, or fine-tune gene expression, via inducible sys-
tems that increase the level of control and avoid/reverse unwanted 
effects. More research is warranted though to understand off-target 
effects, neurotoxicity, and long-term consequences (240). iPSC- 
derived cell types in the context of gene therapy could become a reality 
in two scenarios: First, gene therapy therapeutic strategies could be 
directly tested in relevant human cell types expressing the target gene, 
as part of a predictive in vitro platform. For instance, modulating 
the expression of specific ion channels in human nociceptors and 
characterizing the resulting functional consequences would provide 
valuable information before moving into application. Second, com-
bined use of gene and cell therapies could expand the therapeutic 
armamentarium of personalized medicine. In theory, any iPSC-derived 
somatic cell and gene could be manipulated and given back to the patient 
donor. Using chemogenetic or optogenetic cell engineering approaches, 
only the genetically modified cells could be selectively activated or in-
hibited in the patient. Neuromodulation could also be achieved using 
prodrugs that only become pharmacologically active after being me-
tabolized in vivo or on photostimulation (241–244).

PERSPECTIVES AND TRANSLATIONAL OPPORTUNITIES
To develop effective analgesic drugs with no abuse liability or other 
side effects, it is important to acknowledge pain as a major and di-
verse systems-level challenge and identify optimal strategies across 
the preclinical and clinical spectrum. The wealth of recent bio-
engineering technologies, multiomic platforms, bioinformatics and 
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machine learning, and artificial intelligence will certainly aid in 
generating and integrating information derived from genomics, 
iPSC-derived human cells, and animal models, with a better repre-
sentation of human disease and predictor of outcome in clinical studies. 
As a major frontier in therapeutics development, iPSC technology 
can bridge the gap between genomic data and personalized medi-
cine by enabling disease modeling and phenotype characterization, 
new target, and clinical candidate identification through drug 
screening and experimental validation (Fig. 3). The development of 
such therapeutic strategies requires running trials in a dish and using 
iPSC lines from large patient cohorts (including different genders, 
ethnic backgrounds, and disease histories) to identify novel thera-
peutics and patient responders and nonresponders. Mechanism- 
based scientific findings using human cellular models can, we argue 
because of the technical advances in the field, be efficiently translated 
into clinical applications that improve the management of chronic pain 
and avoid adverse effects, including dependence and addiction.

Crucial to translating preclinical findings to clinical use is to un-
derstand exactly which conclusions drawn from preclinical studies 
apply to clinical settings. Until recently, preclinical studies largely only 
used rodent models, although important species differences exist 
(203, 204), and pain cannot be directly measured in animals. The 
introduction of human iPSC–derived models provides an opportu-
nity to begin to overcome these difficulties, although challenges 
remain in establishing which preclinical parameters positively cor-
relate with clinical efficacy. Phenotypic screenings allow for the de-
termination of the specific action of compounds on particular cells 
and on defined disease phenotypes, as well as exploitation of poly-
pharmacology opportunities. Counter screening provides a means 
of removing compounds with nonspecific/undesired effects early in 
the discovery process. Overall, prospects using iPSC-derived neurons 
are now higher for the development of effective nociceptor selective 
silencers suitable for managing surgical or post-traumatic pain, and 
eliminators of either the immune-mediated sensitization that drives 
inflammatory pain hypersensitivity or the development of ectopic 
activity in injured nociceptors that triggers neuropathic pain.

A powerful approach to the discovery, validation, and efficacy 
testing of novel pain targets/analgesic compounds will be a com-
bined, complementary approach, incorporating major facets of the 
traditional target-based approach along with phenotypic screening. 
The preservation of intact, functional, cellular components provides 
the means for a new phenotypic approach for target discovery. Once 
targets are discovered, traditional target-based approaches can be 
pursued to identify clinical candidates. Safety profiles can be addressed 
by the complementary phenotypic screening of appropriate differ-
entiated cell lines and combined with in vivo rodent or other suit-
able preclinical models.

Information flow between human iPSC–derived cellular pheno-
typic assays and single target-based assays can certainly contribute 
to successful drug discovery programs. Target identification outcomes 
of phenotypic assays from bioactive compound screenings will help 
inform which target-based assays to run, which, in turn, can deter-
mine structure-activity relationships and the high-resolution struc-
tural information that can improve affinity and selectivity. However, 
screening of large chemical diversity libraries against functional or 
disease phenotypes in derived neurons will likely identify promising 
lead compounds with a desired selective activity profile. However, it 
may not be possible to identify which target(s) these lead compounds 
act on. In this scenario, structure-activity relationships cannot be 

used to improve the potency or selectivity of a hit compound and 
medicinal chemistry may need to be driven by machine learning–
based algorithms analyzing the different effects of distinct com-
pounds on the phenotype rather than on target-binding. This is the 
challenge for drug discovery that now flows from the enormous 
opportunities that human derived cellular phenotypic screening pro-
vides. Phenotypic assays in derived human cells will contribute to 
the analgesic drug discovery process through accessing the molecular 
architecture of healthy or diseased nociceptors, or other cell types 
used for counter screens, serving as a pivot to guide target discovery 
and a means of discovering effective compounds without necessarily 
identifying targets, which will require a different drug discovery path 
forward for generating suitable clinical candidates.
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P A I N

Brain circuits for pain and its treatment
Nicole Mercer Lindsay1,2, Chong Chen1, Gadi Gilam3, Sean Mackey3*, Grégory Scherrer1,4*

Pain is a multidimensional experience with sensory-discriminative, affective-motivational, and cognitive-evaluative 
components. Pain aversiveness is one principal cause of suffering for patients with chronic pain, motivating 
research and drug development efforts to investigate and modulate neural activity in the brain’s circuits encoding 
pain unpleasantness. Here, we review progress in understanding the organization of emotion, motivation, cogni-
tion, and descending modulation circuits for pain perception. We describe the molecularly defined neuron types 
that collectively shape pain multidimensionality and its aversive quality. We also review how pharmacological, 
stimulation, neurofeedback, surgical, and cognitive-behavioral interventions alter activity in these circuits to 
relieve chronic pain.

INTRODUCTION
Chronic pain conditions are leading causes of  
disability and suffering
Chronic pain affects about 20% of the human population world-
wide (1). Although chronic pain conditions do not directly cause 
death, they are major sources of disability and suffering. The Global 
Burden of Disease Study 2019 revealed that chronic low back pain 
was the single greatest cause of years lived with disability (YLDs) 
worldwide and that several other chronic pain conditions contribute 
as major sources of YLDs, including neck pain, migraine, osteo-
arthritis, other musculoskeletal disorders, and medication overuse 
headache (2, 3). Furthermore, for patients affected by intractable 
conditions, the emotional burden associated with the prospect of 
living with daily pain and suffering can lead to mental disorders (4) 
and even suicide (5). In fact, chronic pain is considered both a 
symptom and a primary disease that brings about other illnesses such 
as depression (6, 7). Because of this immense medical, economic, 
and social burden, achieving a better understanding of pain biology 
to develop targeted, novel, safe, and effective treatments has become 
a worldwide priority.

Pain mechanisms and treatment: peripheral divergence 
and central convergence
Most research and drug development efforts to discover effective 
analgesics focus on peripheral nervous system (PNS) and spinal 
mechanisms and targets. This strategy is motivated by the relative 
simplicity of this approach, given the pharmacological challenges 
associated with efficiently engaging brain targets without generating 
side effects, and the early description of a PNS cell type dedicated to 
generating pain, the primary afferent nociceptor (8). Successful 
identification of molecules either selectively expressed by nociceptors 
or that influence their function has been the main driver of analgesic 
drug development in recent decades (9), such as for ion channel 

transducers of the transient receptor potential channel family (TRP 
channels) (10, 11). The recent resolution of dorsal root ganglion 
(DRG) neuron transcriptomes by RNA sequencing (12–16) and the 
discovery of additional potential drug targets, including in other 
DRG neuron types compared to nociceptors (for example, mechano-
sensory DRG neurons), as suggested by the role of the ion channel 
Piezo2  in mechanical allodynia (pain in response to light touch) 
(17, 18), bring hope for the development of additional pain treat-
ments targeting the PNS.

A complementary approach aims to identify analgesic targets 
that could directly act on the main concern of individuals living 
with pain—pain unpleasantness, suffering, and loss of control—by 
leveraging the latest knowledge of pain brain circuits. Indeed, 
peripheral nociception’s cellular and molecular mechanisms are 
diverse and complex, corresponding to the function of the PNS to 
precisely detect, for each individual organ, a multitude of threatening 
environmental stimuli and/or internal dysfunctions. Notably, RNA  
sequencing studies also revealed dozens of DRG neuron types capa-
ble of generating pain (12–16); these studies and others have found 
that the mechanisms of function and molecular repertoires of these 
cells are dynamic and evolve considerably in an injury- and dis-
ease-specific manner as chronic pain develops. Considering a few 
common types of chronic pain conditions such as low back pain, 
osteoarthritic pain, migraine, cancer pain, or neuropathic pain 
(which on its own represents a broadly diverse group of condi-
tions with diverse symptoms such as spontaneous pain and allo-
dynia) illustrates that, for each condition, unique peripheral 
biological processes engage one or several distinct classes of molecu-
larly defined primary afferent neurons to cause pain. Thus, the 
treatment of certain pain types by targeting nociceptors could 
prove exceptionally challenging, with each pain condition requir-
ing specific research and drug development efforts, and the difficul-
ty to faithfully model in animals some of the most prevalent human 
chronic pain conditions such as low back pain. Further compli-
cating the targeting of peripheral biological processes for individ-
ual pain conditions is the growing recognition that these conditions 
frequently co-occur. This phenomenon, referred to as chronic over-
lapping pain conditions (COPCs), includes painful conditions such 
as temporomandibular disorder (TMD), fibromyalgia (FM), irritable 
bowel syndrome (IBS), vulvodynia, myalgic encephalomyelitis/chronic 
fatigue syndrome, interstitial cystitis/painful bladder syndrome, 
endometriosis, chronic tension-type headache, migraine headache, 
and chronic low back pain (19, 20). Therefore, overcoming the 
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emergent peripheral divergence of chronic pain mechanisms and 
COPCs represents an exciting challenge for the pain field (Fig. 1).

In contrast, after neurons of the trigeminal and spinal anterior/
dorsal horn (DH) across all segmental levels process and transmit 
these diverse peripheral nociceptive signals to the brain, the brain’s 
emotional circuits generate the unpleasant quality of pain across 
acute and chronic pain types, including COPCs. Thus, this conver-
gent mechanistic organization of pain brain circuits, combined with 
the development of preclinical assays to interrogate the affective- 
motivational dimension of pain, provides an opportunity to develop 
treatments capable of limiting pain suffering and improving the 
quality of life of broad patient populations, regardless of their 
primary condition. In this review, we discuss the neural circuits that 
generate the emotional responses and negative affect during pain 
perception, and the therapeutic approaches that target these circuits 
to relieve pain suffering.

THE NEURAL BASIS OF PAIN
Pain multidimensional perceptions and behaviors
Pain is both a sensory and emotional experience. Philosophers have 
long debated how pain relates to the perception of noxious stimuli. 
Some argued that pain is the representation of a noxious object/

event (representationalist approach, as for vision when we see an 
object), whereas others characterized pain as a feeling or experience 
with subjective properties (qualia) that are not necessarily related to 
that object/event (as is the case for referred pain) (21, 22).

To reconcile these views, pain can be described as a complex 
multidimensional experience that includes sensory-discriminative, 
affective-motivational, and cognitive-evaluative components (23, 24). 
Pain multidimensionality integrates (i) the somatosensory percep-
tion of the noxious object/event’s features (such as location, tem-
perature, and pressure), (ii) the encoding, within emotional and 
motivational circuits, of negative affect and the drive to halt the 
unpleasant percept, and (iii) an evaluation and modulation of pain 
experience by cognitive circuits. All three components are necessary 
to optimally select actions that limit exposure to noxious stimuli 
and pain experience.

As previously discussed for the field of emotions (4, 25, 26), 
understanding and treating pain affect require operational definitions 
that enable mechanistic studies. Pain includes both pre-cognitive 
physiological and behavioral responses (for example, withdrawal 
reflex and increase in heart and breathing rates) and cognitive pro-
cessing of nociceptive information that leads to pain perception and 
affect; both are important for people living with chronic pain and 
can be defined and studied in animal models of pain (Fig. 2). First, 
primary afferent nociceptors [and, in the case of allodynia, non- 
nociceptive afferents (27)] engage motor and autonomic spinal/
brainstem circuits to produce fast reflex responses, including with-
drawal reflexes (Fig. 2A) (28). These stereotyped nocifensive re-
sponses, which persist in decerebrated animals (29,  30), limit 
exposure to noxious stimuli and injury while nociceptive informa-
tion is transmitted to and processed in the forebrain (31–33). The 
multidimensional pain perception is then generated and enables the 
selection of more complex adaptive behaviors. Specific behaviors 
are chosen from a panoply of possible nocifensive responses based 
on the features of the noxious event (sensory-discriminative 
component) and the expectation—derived from recalling previous 
experiences and an understanding of the context that led to and 
accompanies pain perception—that this action is the most likely to 
relieve pain unpleasantness and promote positive outcomes and 
survival (for example, attending, cooling down and putting a 
bandage on the affected body part in response to a mild burn injury; 
Fig. 2A). During this process, changes in pain perception and its con-
text are continuously monitored and evaluated (cognitive-evaluative 
dimension). If the selected nocifensive behavior fails to relieve pain 
unpleasantness, another nocifensive behavior is selected (for exam-
ple, planning a doctor visit to treat burn pain; Fig. 2A). In fact, 
in high-order species, conflicting needs can lead individuals not 
to engage in adaptive behaviors and instead to endure pain, when 
considering this action beneficial to achieve superiorly important or 
longer-term goals, at least when the pain condition is perceived as 
benign (for example, deciding not to go to the doctor and instead 
prioritizing participation in a work activity).

The temporal logic of nociceptive behavior organization during 
acute pain perception, with pain-limiting reflexive behaviors exhibited 
first, followed by reflective and voluntary nocifensive behaviors, is 
largely conserved between humans and rodents (Fig. 2, A and B). 
These behaviors can be studied in detail in mice experiencing pain 
during the hotplate test, if this assay is used to comprehensively 
analyze mouse behavior (Fig. 2, B to D), rather than scoring only 
the latency for the first nocifensive reflex. In an opioid pharmacology 

Fig. 1. Peripheral divergence and central convergence in pain mechanisms. 
The recent International Classification of Diseases (ICD-11) adopted by the World 
Health Organization describes chronic pain both as a primary disease and as a 
symptom of other illnesses, and divides it into six main categories. This figure illus-
trates the multitude of pain types (using neuropathic pain subtypes as an example) 
that can originate from various organs and tissues of the human body. In each 
case, nociception is initiated through a variety of complex cellular and molecular 
mechanisms. Acting on the common brain mechanisms that generate pain 
unpleasantness raises the possibility of treating chronic pain suffering across all 
pain categories at once.C
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study that took advantage of single-, double-, and triple-knockout 
mice for opioid receptor subtypes, after opioid agonist administra-
tion intracerebroventricularly, only mu opioid receptor ( or MOP 
receptor), but not delta opioid receptor ( or DOP receptor), activa-
tion suppressed reflexive nocifensive withdrawal from noxious 
heat; however, activation of either  or  could result in antinoci-
ception if paw licking and jumping on the hotplate was measured to 
evaluate pain perception (34). Given the known differential expres-
sion of  and  receptors in the brain’s pain pathways (35, 36), these 
results suggested that distinct circuits (and molecules in these 
circuits) control different nocifensive behaviors during the hot-
plate pain experience. By annotating video recordings of mice 
exposed to noxious stimuli, raster plots can be generated to categorize 
and quantify the rapid and stereotyped reflexive paw withdrawal 
and flicks/flinches, versus the delayed, reflective, voluntary, and 
more variable behaviors aimed to minimize pain unpleasantness, 
which include attending to the affected paw (such as lifting, guard-
ing, licking, and biting) and escape behaviors (searching for an 
escape route via exploration, rearing, and jumping; Fig. 2B) (37–39). 
Thus, each mouse displays a unique sequence of attending and 
escape behaviors (Fig. 2C), indicating that this method can also be 
used to study the mechanisms that underlie the idiosyncrasies of 
both the experience of pain and the expected efficacy of individual 
actions to provide pain relief. Given this variability, attending and 
escape behaviors can be grouped and labeled as affective-motivational 
behaviors (Fig. 2D). This categorization, which can be automated 
using deep learning approaches such as DeepLabCut or MoSeq, 
described elsewhere (40–42), complements other approaches such 
as conditioned place preference or avoidance paradigms (43, 44), 
grimace scoring (45, 46), and wheel running monitoring (47) to 
provide a more complete description of pain experience in nonver-
bal animals, which, combined with rigorous experimental design 
(48), may better predict the clinical efficacy of treatments than when 
relying solely on reflexive behavior–based measurements (49).

Brain circuits for pain experience (Fig. 3A)
Neuroimaging and neurophysiological studies in humans have 
shown that noxious stimuli elicit neural activation and connectivity 
patterns within and between numerous brain areas, including the 
somatosensory cortex, insular cortex (IC), various regions of the 
prefrontal cortex (PFC), anterior cingulate cortex (ACC), thalamus, 
periaqueductal gray (PAG), and cerebellum (50–52). Additional 
regions, including the basal ganglia, parabrachial complex, posterior 
cingulate, amygdala, hypothalamus, and supplementary motor area, 
show less consistent and more context-dependent responses to 
noxious stimuli. Earlier studies demonstrated a relatively consistent 
noxious stimuli–evoked response in some of these structures that 
correlated with the perceived intensity of pain, leading to the hypoth-
esis of a specific network for pain perception, the “pain neuromatrix” 
(50, 51). More recent evidence has refuted this hypothesis by chal-
lenging the notion that pain can be uniquely associated with a 
specific pattern of activated brain regions (53, 54). Instead, it seems 
that pain perception engages brain regions that tend to coalesce in 
networks associated with the multidimensional components of pain 
experience and broader functionality related to multisensory inte-
gration, emotion regulation, general cognitive and attention pro-
cessing, self-referential processing, and other functions (55, 56). At 
the same time, a growing number of studies have used multivariate 
pattern analysis tools to capture, even within the same brain 

A

B

C

D

E

Fig. 2. Categorization of reflexive versus affective-motivational nocifensive behav-
iors to interrogate pain affect in rodents. (A) Examples of human responses to 
noxious stimulation, which include reflexive and affective-motivational behaviors. 
(B) Mouse responses to noxious stimulation, such as with the hotplate test, also include 
reflexive and affective-motivational behaviors like protective responses (such as 
guarding and licking of an affected paw) and escape seeking (for example, rearing 
and jumping). (C) Raster plots showing the nocifensive behavioral responses of in-
dividual mice in the hotplate assay and the reduction in both reflexive (green) and 
affective-motivational (orange, brown) pain behaviors after morphine administra-
tion. (D) In contrast to the effect of morphine (C), inhibition of nociceptive BLA neurons 
with hM4Di after injection of clozapine-N-oxide (CNO) reduces affective-motiva-
tional pain behaviors in the hotplate assay, but not reflexive withdrawal. (E) In a 
two-plate preference assay, CNO also decreases nerve injury-induced aversion to 
innocuous cool stimuli in the setting of neuropathic allodynia. Adapted from (37–39).C
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regions, fine-grained differential activation patterns between the 
distinct components or modalities of pain experience, in healthy 
individuals versus patients with chronic pain (57–60). These studies 
have produced interesting findings; for example, although the 
amygdala is thought to critically contribute to the affective compo-
nent of pain experience, these experiments found no specific role 
for this brain region in the encoding of thermal pain (58). Together, 
these findings suggest that the experience of pain involves numer-
ous interconnected brain structures working together, whereas 
more domain-general features of the underlying experience may 
have distinct neural coding through more specific pathways. Pain 
research in animals offers unique opportunities because it allows 
characterization (for example, genes and proteins expressed, 
electrophysiological properties, and connectivity) and causal deter-
mination of the function of individual neurons in some of the 
regions described above. We describe here some of the rodent 
studies exemplifying the utility of this approach. Nevertheless, we 
should acknowledge the debate regarding the degree of neurophys-
iological and anatomical congruence between the rodent and human 
brain. For example, there are inconsistencies regarding the function 
and anatomy of the PFC subregions and thalamic nuclei across 
species (61–63).

In rodents, as is the case in primates, DH nociceptive projection 
neurons, which comprise distinct populations located predomi-
nantly in lamina I and, to a lesser extent, in deeper DH laminae 
[there are also, in fact, a number of nociceptive projection neurons 
in the intermediate and ventral horn that remain understudied 
(64–66)], directly transmit nociceptive information to several brain 
regions in the medulla [nucleus of the solitary tract (NTS), inferior 
olive, and reticular formation], pons [parabrachial nucleus (PB) 
and reticular formation], midbrain (PAG, superior colliculus, and 
reticular formation), and forebrain (thalamus), with the two most 
thoroughly studied outputs being the PB and thalamus. Activity in 
these ascending pathways elicits sensory-discriminative and affective- 
motivational pain perceptions and the array of autonomic physio-
logical responses (for example, increase in breathing rate and 
grimace) and nocifensive voluntary behaviors (such as attending 
and escape) that characterize pain experience in most mammals. 
Regarding the sensory-discriminative aspect of pain, we recommend 
other readings that describe the function in the representation and 
discrimination of noxious stimuli of the lateral thalamus [ventral 
posteromedial (VPM), ventral posterolateral (VPL), and posterior (Po) 
nuclei], zona incerta (ZI), primary and secondary somatosensory 
cortices (S1 and S2), PFC, and posterior insular cortex (pIC) (67–69). 
In this translational review, we describe recent advances regarding 
the organization of brain circuits that shape the affective- motivational 
and cognitive-evaluative dimensions of pain.

Transmission of nociceptive information to the  
forebrain: spino-parabrachial-amygdalar and  
spino-thalamo-cortical circuits
Parabrachial nucleus
The PB receives diverse interoceptive and exteroceptive sensory 
information and plays a vital role in generating a wide array of 
autonomic responses, such as for pain, respiration, or thermoregu-
lation (70–72). The lateral PB (lPB) has long been known to receive 
inputs from nociceptive projection neurons of the contra- and 
ipsilateral spinal cord (SC) DH and spinal trigeminal nucleus 
caudalis (SpVC; the neuroanatomical name for the trigeminal DH) 

A

B

Fig. 3. Pain emotional and cognitive networks and treatments that can 
ameliorate chronic pain affect. (A) Primary afferent neurons synapse onto second- 
order neurons in the spinal dorsal horn (DH) or the trigeminal nucleus caudalis 
(SpVC). These neurons, in turn, project to the lateral parabrachial nucleus (lPB) and 
the periaqueductal gray (PAG), which then connect with the anterior cingulate, 
insular, and prefrontal cortices, medial thalamus, amygdala, nucleus accumbens, 
and hypothalamus to generate and modulate pain experience. Note, mixed arrows 
indicate glutamatergic and GABAergic pathways. (B) Prevalent treatments for 
pain commonly use opioid receptor signaling to induce a prominent action on 
pain affect circuits. Investigative treatments include motor cortex stimulation (MC 
stim), dlPFC stimulation (dlPFC stim), neurofeedback, and cognitive behavior 
therapy (CBT) that act on frontal cortex circuits to modulate pain. In severe cases of 
intractable pain, cingulotomy reduces chronic pain. Frontal cortex modulation is 
hypothesized to relieve pain through descending pain control in the PAG, but 
notable connections to the medial and intralaminar thalamus (MT) and to the parab-
rachial nucleus could also play a role. ACC, anterior cingulate cortex; BLA, basolateral 
amygdala; CeA, central amygdala; IC, insular cortex; mPFC, medial prefrontal cortex; 
NAc, nucleus accumbens; Orb, orbitofrontal cortex; RVM, rostromedial ventral 
medulla; VTA, ventral tegmental area.C
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and, to a lesser extent, from neurons located in deeper spinal lami-
nae (73–75). Recently, the identification of marker genes that define 
distinct populations of spino-parabrachial and lPB neurons enabled 
detailed studies of lPB connectivity and function in pain. DH 
projection neuron populations characterized by the expression of 
distinct molecular markers [Tac1, Tac1r, Gpr83, or Phox2a (31, 76–78)] 
differentially innervate the external, dorsal, and superior (or inter-
nal) subdivisions of the lPB (lPBe,d,s/l), with the lPBe additionally 
receiving inputs from Trpv1+ trigeminal ganglion nociceptors 
(79, 80). Ablation of Tac1+ DH projection neurons, which innervate 
the lPBs/i, abolishes paw licking and conditioned avoidance, but 
not reflexive nocifensive behaviors, in response to sustained noxious 
stimulation. Optogenetic stimulation in lPB of axon terminals 
either from Tac1+ (78), Tacr1+, or Gpr83+ (31) DH projection neu-
rons or from Trpv1+ nociceptors (80) drove acute and conditioned 
avoidance. The nocifensive responses engaged after activation of 
these different pathways are, however, distinct; for example, stimu-
lation of Gpr83+ lPB inputs induced forward locomotion, whereas 
stimulation of Tacr1+ lPB inputs caused backward locomotion and 
jumping (31). Interestingly, in the setting of facial pain induced 
by capsaicin injection, optogenetic silencing of Trpv1+ nociceptor 
axon terminals in the lPB not only produced preference for the 
light-paired compartment in a real-time place preference assay but 
also diminished brisk head withdrawal after stimulation with a von 
Frey filament, suggesting an action both on pain affect and on 
reflexive withdrawal, presumably through descending control of 
nociception in the trigeminal DH (80). However, as is typical for 
optogenetically or chemogenetically driven place aversion or 
preference experiments in the pain field, although avoidance or 
preference indicates the aversive versus rewarding quality of the 
manipulation, whether the percept that motivates the animal’s 
avoidance or preference behavior resembles experiencing authentic 
pain or analgesia, respectively, requires further clarification. This 
question can be resolved by comparing neural dynamics (37). 
Remarkably, low-intensity optogenetic stimulation of Gpr83+ DH 
projection neurons, which predominantly receive input from pri-
mary afferent mechanosensory neurons and not Trpv1+ nociceptors, 
can also, in contrast to the Tac1r+ projection neuron population, 
promote place preference, suggesting a dual function in generating 
rewarding or aversive somatosensory experiences (31). This result 
also illustrates the importance of mimicking physiological firing 
patterns in optogenetic sufficiency experiments. Together, these 
studies support the idea that the lPB nociceptive circuits are essen-
tial for the expression of pain precognitive emotional physiological 
responses and behaviors. Furthermore, PB neurons integrate 
competitive signals that modulate pain, such as hunger, which 
inhibits nociception through inputs from hypothalamic agouti- 
related protein (Agrp+)-expressing neurons and neuropeptide Y 
signaling in the PB (81).
Amygdala
Although the amygdala is prominently considered a key brain re-
gion involved in emotional experiences, research has shown that it 
plays a broader role, including processing and coding the biological 
value of various types of salient stimuli (82–85). Basic pain research 
on the amygdala first identified nociceptive neurons in the central 
amygdala (CeA), a predominantly gamma-aminobutyric acid–ergic 
(GABAergic) nucleus, and examined their physiological properties 
and connectivity, including with the lPB (86–90). These CeA GAB-
Aergic neurons include a distinct ensemble of neurons that are 

activated by general anesthesia and inhibit pain (91). Recent studies 
have begun to investigate distinct populations of lPB neurons, 
defined by expression of Calca, Tac1, Nts1, Pdyn, Sst, and/or Tac1r 
(29, 70–72, 92–95). Together, these studies suggest that lPB neurons 
that receive monosynaptic input from DH projection neurons 
transmit nociceptive information to the lateral subdivisions of the 
CeA (CeL) [and the laterocapsular subdivision (CeCL), often re-
ferred to as the “nociceptive amygdala”] through two populations 
of Slc17a6+ (VGLUT2+) neurons: (i) Calca+ Slc17a6+ lPBe neurons, 
via Pdyn+ lPB neurons (92,  93), and (ii) intralaminar (ILN) and 
midline thalamic (MThal) neurons, via Tac1r+ lPB neurons (94, 95). 
In addition to the CeA, ILN, and MThal, these molecularly de-
fined populations of lPB neurons differentially project to the bed 
nucleus of the stria terminalis (BNST), ventromedial hypothala-
mus (VMH) and lateral hypothalamus/parasubthalamic nucleus, 
lateral and ventrolateral PAG (lPAG and vlPAG), superior collicu-
lus, MThal, medial PFC (mPFC), and insular cortex (IC) (29, 93–96). 
Functionally, silencing Calca+ lPBe-to-CeA neurons with the 
light chain of tetanus toxin (TetTox) inhibited footshock-induced 
immediate locomotor response and nocifensive jump response in 
the hotplate test, without altering the latency for reflexive with-
drawal from noxious heat or the force of mechanical stimuli neces-
sary to elicit a withdrawal reflex (92). These findings indicate the 
necessity of Calca+ lPBe- to-CeA neurons for innate escape behav-
iors after noxious stimulation, consistent with the essential function 
of the lPB for a variety of interoceptive and exteroceptive autonomic 
responses to threat (71). However, another study comparing the 
behavioral effects resulting from optogenetic stimulation of dis-
tinct lPB outputs found that activation of the lPBe-to-CeA path-
way caused no substantial movement, whereas activation of either 
lPBd-to-VMH or lPBd-to-PAG neurons increased locomotion and 
jumping (93). Both studies provide evidence that the lPB-to-CeA 
circuit is necessary for aversive memories, albeit by manipulating 
different populations of neurons using dissimilar protocols: Calca+ 
lPBe-to-CeA neurons in a footshock-based fear conditioning assay 
(92) or Pdyn+ lPBd neurons in an intraplantar formalin-induced 
conditioned place avoidance assay (93). Tac1r+ lPB neurons receive 
ipsi- and contralateral monosynaptic inputs from DH projection 
neurons and are activated in response to noxious stimuli (95). Che-
mogenetic activation of Tac1r+ lPB neurons, which can disynapti-
cally relay nociceptive information to the CeA, facilitated jumping 
in the hotplate test (95), as well as escape responses and nocifensive 
behaviors (for example, licking) in response to tail clip and after 
intraplantar injection of the TRPA1 agonist allyl isothiocyanate 
(AITC) (95) or formalin (94). Formalin- induced flinching (94) and 
the latency of the first nocifensive response on the hotplate (95) 
remained unaffected. Silencing of Tac1r+ lPBs almost completely 
eliminated licking induced by tail clip or AITC (95). Tac1+ lPB 
neurons include a subset of Calca+ lPBe-to-CeA neurons, as well as 
a different population of neurons that project to the medullary 
reticular formation region (MdD), which contains forelimb pre-
motor neurons (29). Remarkably, in the hotplate test, either 
chemogenetic or optogenetic stimulation of Tac1+ lPB neurons 
resulted in immediate and repetitive jumping behavior and de-
creased licking. Complex CeA microcircuits, composed of multiple 
molecularly defined populations (such as Sst+, Pkcd+, and Crh+) 
with distinct connectivity and functions (97–101), process nocicep-
tive information, which is transmitted from the CeL to the medial 
subdivision (CeM), the major output region of the CeA, and then to 
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brainstem structures such as the PAG (99, 102) that mediate de-
fensive behaviors. Physiological studies have demonstrated that 
calcitonin gene-related peptide (CGRP), which is encoded by Calca, 
facilitates N-methyl- d-aspartate (NMDA) receptor-mediated gluta-
matergic transmission at these lPB-to-CeL synapses (103), which 
show postsynaptic neuron type–specific (Som+ versus Crh+) alter-
ations in synaptic transmission after sciatic nerve injury (SNI) 
(104). It is worth noting that Pdyn+, Sst+, and/or Crh+ GABAergic 
CeA neurons project back to the lPB. This inhibitory pathway 
normally inhibits nocifensive behaviors; however, CeA-to-lPB in-
hibitory inputs are reduced after infraorbital nerve injury (105). A 
systematic comparison between the different lPB and CeA out-
puts, using the same silencing/activating tools and behavioral as-
says to interrogate distinct aspects of the pain experience, could 
further clarify the contributions of the lPBe-to-CeA and other lPB 
output circuits to pain. Optogenetic manipulation of the CeA and 
connected descending circuits in the lPAG and downstream reticular 
formation motor networks [the dorsal and ventral medullary retic-
ular formation (MdD and MdV), sometimes called the magnocellular 
reticular nucleus (Mc)] can produce freezing/immobility and/or 
flight behaviors in the absence of noxious stimulus or conditioning 
(106). In the same study, the authors reported that optogenetic acti-
vation of Slc17a6+ (VGLUT2+) lPAG neurons increased withdrawal 
latency in the tail immersion test. In another study, photostimula-
tion of Pdyn+/Penk+/Slc17a6+ lPB neurons that project to the 
hypothalamus preoptic area (POA) could induce hypothermia, 
aversion, and suppression of locomotion (107). Disentangling ef-
fects on movement from those on nociception and pain experience 
may not be trivial. If changes in reflexive nocifensive responses after 
lPB, CeA, and lPAG neuron manipulations result from descending 
inhibition of nociception in the DH [presumably via the rostral 
ventromedial medulla (RVM)], one would expect to observe an 
antinociceptive effect that reduces not only withdrawal reflexes but 
also affective-motivational pain behaviors. Crucially, the maladap-
tive nocifensive responses observed when manipulating activity in 
lPB and CeA circuits (such as immediate and repetitive jumping 
upon Tac1+ lPB neuron activation in the hotplate assay or absence 
of jumping when silencing Calca+ lPBe-to-CeA neurons) illustrate 
the critical control function of cortical and subcortical structures. In 
these optogenetic and chemogenetic experiments, cortical and sub-
cortical cognitive inputs are shunted during pain experience, result-
ing in failure to compute a wealth of information necessary to 
conceive plans (understanding current context, recalling memories 
from previous painful experiences, and formulating expectations) 
to select, among a wide variety of choices, the antinociceptive be-
haviors that are most likely to succeed, attempt them, and, in case of 
failure, adjust by selecting other behaviors (expectation violation 
and reformulation). Together, these results support the idea that 
lPB and CeA circuits mediate the expression of autonomic physio-
logical effects and behaviors in response to noxious stimuli through 
connections with brainstem and hypothalamic effectors.

To be useful as a learning signal, the negative valence of acute 
(nociceptive) pain must be contextualized. Only then can an animal 
learn and thereby improve its ability to both avoid and respond to 
noxious stimuli in a context-specific manner to halt pain. For 
patients with chronic pain, the contextualization and constant eval-
uation of pain affect through cognitive circuits seem to drive emo-
tional suffering and pain catastrophizing. Catastrophizing reflects 
maladaptive cognitions in response to actual or anticipated pain 

and has been associated with poor and deteriorating outcomes for 
people with chronic pain (108–110). A recent systematic review 
(111) in both healthy individuals and patients with chronic pain 
indicates that the brain regions most commonly linked to pain 
catastrophizing are those consistently active during pain processing 
and associated with the multidimensionality of pain, including the 
somatosensory cortex, thalamus, IC, ACC, and medial and dorso-
lateral PFC (dlPFC). The amygdala was also shown to play a role, 
although to a lesser extent. In healthy participants, during moderate 
pain, catastrophizing was negatively associated with neural activa-
tion in the amygdala (112). Compared to healthy controls, patients 
with chronic pain exhibited greater connectivity between the 
amygdala and a network of regions involved in cognitive process-
ing, which was strongest in patients with the highest tendency to 
catastrophize (113). Moreover, patients showed decreased basolateral 
amygdala (BLA) connectivity to a network of regions involved in 
self-referential compared to healthy controls. Combatting this 
deleterious process is a major therapeutic goal. The BLA, unlike the 
CeA, is densely connected with cortical and subcortical cognitive 
circuits that process and contextualize affective information. Rodent 
studies have established that the BLA contains predominantly 
Slc17a7+ (VGLUT1+) pyramidal neurons that project to the CeA 
and the striatum, particularly to the nucleus accumbens (NAc) (98). 
Over the course of evolution, the size of the BLA versus the CeA 
within the amygdaloid complex markedly increased (84), evincing the 
critical importance of the BLA in human emotions and presumably 
in pain affect. However, considerably fewer rodent mechanistic 
studies have interrogated the contribution of BLA neurons to pain 
experience. Although footshock has been used extensively in the 
learning and memory field to investigate BLA function, the rep-
resentation in the BLA of footshock and that of purely noxious 
stimuli considerably differ (37), presumably because the footshock 
generates activity in non-nociceptive primary afferents (such as 
mechanoreceptors and proprioceptors), producing an experience 
that is unquestionably aversive for the animal, but that does not 
precisely mimic pain experience. On the other hand, patient H.M., 
who had a temporal lobectomy that ablated most of the amygdala, 
including the BLA, but preserved the centromedial nucleus, could 
detect thermal noxious stimuli and report their intensity, but 
neither characterized them as painful nor showed motivation to 
avoid them (114, 115). Recently, in vivo optical recordings of about 
17,000 neurons in freely behaving mice encountering noxious stimuli, 
combined with the chemogenetic manipulation of BLA neurons ac-
tive during pain, enabled the identification of a distinct neural en-
semble of CamkIIa+ Rspo2+ BLA neurons that specifically encodes 
the negative affective valence of noxious stimuli across pain modal-
ities (heat, cold, and mechanical) and is necessary for the behavioral 
manifestation of pain affect (37). Inhibition of this nociceptive 
ensemble using genetic tagging in TRAP mice and Gi/o protein–
coupled DREADDs (hM4Di) alleviated pain affective-motivational 
behaviors (attending and escape) without altering withdrawal 
reflexes, anxiety, or reward. Moreover, functional studies of this 
nociceptive ensemble revealed a causal neural basis for allodynia. 
Specifically, after peripheral nerve injury, innocuous stimuli begin 
to activate this nociceptive ensemble to drive dysfunctional percep-
tual changes associated with neuropathic pain, including aversion 
to light mechanical and cool stimuli, as reported in patients. In-
terestingly, this recoding phenomenon resembles that which occurs 
during fear conditioning, when the representation of the conditioned 
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stimulus (CS) becomes more similar to that of the unconditioned 
stimulus (US) (116), suggesting that pain chronification and asso-
ciative learning share common BLA mechanisms, consistent with 
the view that aspects of the chronic pain disease state result from 
maladaptive plasticity in learning circuits. Neuroanatomical and 
electrophysiological studies have revealed the extensive connectiv-
ity of this nociceptive ensemble, including monosynaptic inputs 
from cortical areas such as the ACC and IC, MThal and hypothala-
mus, and projections to numerous regions such as the ACC, CeA, 
and NAc (117). In these pathways, altered activity in the BLA during 
chronic pain, including in arthritis pain models, results in enhanced 
feedforward inhibition both of mPFC pyramidal neurons, impair-
ing decision-making, and of CeA and intercalated cell (ITC) 
masses (101, 118), which are small clusters of tightly packed 
GABAergic neurons that receive BLA inputs and synapse onto CeA 
neurons.
Thalamus
In human functional magnetic resonance imaging (fMRI) studies, 
the thalamus is one of the brain regions most consistently activated 
by painful stimuli (119). The ILN and MThal, the latter of which 
includes the mediodorsal (MD) thalamus, are the major thalamic 
nuclei involved in pain affect and cognitive-evaluative processing of 
pain (120). As part of the dorsal thalamus, the ILN and MThal 
regions are composed almost entirely of Slc17a6+ (VGLUT2+) 
glutamatergic, excitatory neurons and are modulated by inhibitory 
neurons in the thalamic reticular nucleus and ZI. This region of the 
thalamus receives a confluence of nociceptive, arousal, and visceral 
information, notably not only from the Tacr1+ neurons in the lPB 
(94), the NTS (121), and the PAG, but also from brainstem arousal 
nuclei like the pedunculopontine nucleus, locus coeruleus, and 
various parts of the reticular formation (122, 123), as well as sparse 
inputs directly from the SC DH and SpVC (124). These diverse 
ascending signals are integrated with forebrain thalamo-amygdalar, 
thalamo-striatal, and thalamo-cortical loops (125–127). The ILN 
and MThal are composed of many small nuclei including the 
central medial (CM), parafascicular (Pf), central lateral (CL), reunions 
(Re), and submedius (Sm) (119). Sequencing data and axon mor-
phology stratify the ILN and MThal neurons into two classes: The 
ILN and MThal nuclei excluding MD show similar RNA profiles, 
whereas the MD thalamus more closely resembles so-called higher- 
order processing thalamic nuclei like the posterior (Po) thalamus for 
somatosensation and the lateral posterior (LP) thalamus for vision 
(128). Each of the small nuclei in the ILN and MThal has distinct 
connections with the PFC (122, 123, 129, 130), and some are known 
to play a specific role in processing pain affect (126, 131, 132). 
One well-studied example shows that the Sm nucleus, through its 
prime prefrontal partner, the ventrolateral orbitofrontal cortex (Orb), 
engages the vlPAG descending pain control circuits using opioid 
peptides, serotonin, dopamine, and glutamate (131). Furthermore, 
separate modulation of MD pathways to either the BLA or ACC was 
found to inversely modulate pain-related aversion (127). As a final 
example, a recent study showed that, when the CM nucleus is 
lesioned before nerve injury, mechanical hyperalgesia failed to de-
velop, and revealed that the CM receives vlPAG inputs and sends 
outputs to excitatory neurons in the BLA that could mediate this 
effect (132). Although there is evidence for the specific roles of the 
ILN and MThal in acute and chronic pain, more emphasis must be 
placed on specific pathways to fully dissect the role of the thalamus 
in pain affect, particularly circuits connecting the ILN, BLA, and 

cortical hubs for pain affect such as the ACC and IC, which them-
selves have dense reciprocal connections with the BLA (133, 134).

Cortical circuits involved in the affective-motivational 
and cognitive-evaluative dimensions of pain
The insular, anterior cingulate, and prefrontal cortices play import-
ant roles in mediating the cortical components of the affective- 
motivational and cognitive-evaluative aspects of pain experience. 
Human imaging studies performed during acute pain have specifi-
cally identified that the IC-to-PFC pathway is activated by discrimi-
nation of pain intensity, whereas the dlPFC is activated during 
spatial discrimination of pain (135).

The IC is one of the brain regions most consistently activated 
in fMRI during pain (56, 136) and while observing others in pain 
(137), and is the only cortical region that can be stimulated to 
induce pain experience (138). The anterior IC (aIC) and pIC receive 
visceral and nociceptive information through reciprocal connec-
tions with the PB, NTS, and ILN/MThal (139) and integrate this 
information with sensory and cognitive cues to generate internal 
and emotional states (140). The IC is thought to serve as a bridge for 
the exchange of pain affective and sensory-discriminative signals 
through reciprocal connections between the pIC, which connects to 
S1, S2, and lateral thalamus, and the aIC, which connects with the Orb, 
NAc, and ILN/MThal (139). Optogenetic inhibition of CamkIIa+ 
neurons in the pIC of mice and transcranial magnetic stimulation 
(TMS) of the pIC in humans lead to enhanced a decrease in capsaicin- 
induced mechanical hypersensitivity and increased heat pain 
thresholds, respectively (141, 142). Lesions of the pIC, but not of 
the ACC, prevent long-term mechanical hypersensitivity in sciatic 
nerve–injured mice (143). Together, these studies suggest that the 
pIC modulates the sensory- discriminative component of pain 
(141, 142). In contrast, the aIC is thought to be important for pain 
affect and for its relief, including via  opioid receptors (144, 145). 
Injections of morphine into the aIC resulted in reduced nocifensive 
behaviors after hindpaw formalin injection (144).

Although the IC reciprocally connects to the BLA, these inputs 
display topographical patterns. The aIC preferentially targets 
excitatory outputs to the anterior BLA, the region preferentially 
associated with positive-valence neurons (146). In contrast, the pIC 
sends dense excitatory outputs to the posterior BLA, which is 
thought to be involved in negative valence processing. The entirety 
of the IC also sends excitatory projections to the CeA, which can 
drive descending circuits that mediate nocifensive behaviors. How 
these pathways encode pain affect and aversion during painful 
situations remains unexplored; however, conditioned taste aversion 
assays have implicated the necessity of the IC-to-amygdalar path-
ways (133, 147). Activation of IC-to-BLA projection neurons during 
a pleasurable consumption (saccharin) induced aversion to an 
otherwise positive cue (133). These studies suggest an important 
role for these reciprocal IC-amygdalar connections in generating 
the negative valence of pain (148).

The ACC contributes to numerous functions related to cognition 
(such as attention or learning), socio-emotional processes (like 
reward or empathy), and somatosensation, and although it is 
undoubtedly engaged during pain, there remains an ongoing debate 
as to the precise nature of its contribution (149–151). The ACC 
described here is distinct from the more caudal midcingulate cortex 
(MCC); these cingulate regions contribute differently to nocifensive 
behaviors (142, 152–154). In humans with ACC cingulotomies and 
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animal models involving lesions to the ACC, pain aversiveness is 
often diminished, with minimal impacts on executive, cognitive, or 
motor functions (155, 156); however, this decrease in pain affect 
may be disorder- and/or context-specific, as shown by a case study 
in which a patient with schizoaffective disorder reported increased 
pain after cingulotomy (157). Structural changes have been ob-
served in layer 2/3 (L2/3) of the ACC after induction of chronic 
pain in rodent models [recently reviewed here (69, 158)]. After the 
development of chronic pain in mice with SNI, L5 pyramidal 
neurons in the ACC have increased dendritic integration due to a 
decrease in hyperpolarization-activated cyclic nucleotide-regulated 
(HCN) channels, which is reversed by the serotonergic agonist 
5-HT7 (159). A second study found HCN channel dysfunction in 
L2/3 pyramidal neurons in the ACC and mPFC developed after SNI 
in rats (160), further suggesting HCN channel function in the ACC 
changes during chronic pain.

Optogenetic activation of pyramidal neurons in the rodent ACC 
increases pain-related aversive behaviors. Optogenetic stimulation 
of pyramidal CamkIIa+ ACC neurons abolishes ketamine-induced 
reductions in aversion to a pinprick-paired chamber in a condi-
tioned place preference assay (161). Optogenetic inhibition of ACC 
neurons in rats with either chronic constriction of the trigeminal 
nerve or SNI resulted in a reduction of cold hypersensitivity, similar 
to what is observed after ACC lesion in rodents or cingulotomy in 
humans (162, 163).

Bidirectional modulation of the ACC in the context of chronic 
pain can induce or abolish negative pain affect, resulting in secondary 
effects on mood, such as anxiodepressive phenotypes similar to 
those observed in patients with chronic pain. Lesions of the ACC 
abolish anxiodepressive-like behaviors in mice with SNI, including 
immobility during the forced swimming test and aberrant grooming 
behavior observed after splash (143). Conversely, optogenetic 
activation of predominantly Thy1+ pyramidal neurons in L2/3 and 
L5 of the ACC induces anxiodepressive phenotypes in healthy 
mice, consistent with nerve-injured mice (143). Slice electro-
physiology studies revealed presynaptic and postsynaptic long-term 
potentiation mechanisms in the ACC that have been associated 
with chronic pain and comorbid anxiety (164).

The ACC input and output circuits regulating pain affect are 
being explored in rodents using electrophysiology, calcium imaging, 
and manipulation of subcircuits with opto- and chemogenetics. 
Experiments examining the relationship between the ACC and MD 
thalamus show that noxious stimulus-evoked activity in acute and 
chronic pain states transmits through the MD thalamus before 
reaching the ACC and that lesioning the MD thalamus abolishes 
aberrant spiking in the ACC (165). This study reported that the MD 
thalamus inputs to ACC L2/3 are responsible for transmitting aber-
rant spiking activity to L5 neurons that, in turn, project to the BLA 
and dorsolateral PAG (dlPAG) as well as back to the MD thalamus 
(127, 165, 166). Optogenetic activation of the ACC-to-MD pathway 
was mildly aversive, as evidenced by a slight avoidance of the side 
paired with optogenetic stimulation in a place preference assay 
(127). In contrast, optogenetic activation of the ACC-to-BLA 
pathway reduces SNI-associated aversion for the optogenetic 
stimulation-paired chamber (127). fMRI studies in humans show 
ACC activation during pain or pain relief, as well as when observing 
another human in pain (167, 168). A meta-analysis of fMRI during 
pain empathy consistently observed activation of the posterior 
ACC/anterior MCC border region and aIC and hypothesized an 

instrumental role for these two regions in empathy (137). Recent 
studies have shown that rodents likewise respond to social conta-
gion with prosocial behaviors (169). Mice observing other mice with 
an acute inflammatory injury have decreased nocifensive thresholds; 
furthermore, this social transfer of pain is dependent on a pathway 
from the ACC to the NAc (170).

Although both the human and rodent PFC are similarly involved 
in decision-making, identification of reward, and executive func-
tions, the rodent PFC differs in important ways from the human 
PFC. The most functionally analogous rodent structure to the 
human dlPFC lies within the rodent mPFC. Furthermore, the entire 
rodent PFC is agranular, whereas in humans, the mPFC, dlPFC, 
and most of Orb are granular (in other words, the mPFC and Orb 
lack a cortical L4 in rodents) (171–173). Although rodents might 
lack complex abstract thought, they show affective-motivational 
and cognitive-evaluative behaviors in response to painful stimuli 
not altogether dissimilar from those of humans (attending to injury, 
avoidance, etc.) (Fig. 2, A and B).

The mPFC, composed of the infralimbic (IL) and prelimbic (PL) 
cortical regions, and Orb are particularly well studied for their roles 
in Pavlovian and instrumental conditioning (174, 175), both of 
which are driven by reward or punishment (for example, pain relief 
or pain). As previously discussed, the Orb receives input from the 
Sm nucleus of the ILN and receives notable inputs from the IC and 
ACC that create associations between pain and environmental cues 
conveyed from secondary somatosensory cortex or other higher- 
order sensory cortices (176). The Orb responds to a diverse set of 
nociceptive stimuli (cutaneous, visceral, and thermal) and can act on 
descending pain control through its direct output to the vlPAG (131).

The mPFC plays a key role in generating complex associations 
using working and long-term memory. A gradient has been 
observed from the ACC ventrally through the PL and IL that 
demonstrates the importance of the more dorsal ACC (dACC) and 
PL for memory retrieval, whereas the ventral IL is important for 
working memory (177). Mice with SNI exhibit altered mPFC-to- 
hippocampus oscillation patterns and decreased working memory 
(178). The PL and IL regions change distinctively during chronic 
pain. The PL had no change in density of FOS protein (an immedi-
ate early gene that reports recent neural activity) in mice observing 
a cagemate in pain; however, there was an increase in FOS expres-
sion after observing a stranger in pain (179). Acute blockade of the 
glucocorticoid stress response in the PL induces a social transfer of 
pain for stranger mice similar to that for cagemates, whereas injec-
tion of corticosterone in the PL reduces the social transfer of pain 
for cagemates (179). Inputs to the PL region from the ventral teg-
mental area (VTA) release dopamine, which induces antinocicep-
tion in a mouse model of chronic pain by activating PL-to-dlPAG 
neurons (180). Bilateral lesions of the PL, but not IL, result in heat 
hypersensitivity and anxiety-like behaviors (181). Optogenetic 
inhibition of PL pyramidal CamkIIa+ neurons induces anxiety- 
like behaviors, suggesting that the PL is involved in the regulation 
of social context and anxiety related to pain (181). The IL tends to 
show less distinctive changes during acute or chronic pain; however, 
BDNF protein decreases in the IL after peripheral inflammatory 
injury, and infusion of BDNF in the IL reverses inflammatory 
hypersensitivity (182). Further discussion of the distinct roles of the 
mPFC in chronic pain can be found elsewhere (183).

The PFC and ACC play critical roles in modulating pain experi-
ence based on the expectation of pain or pain relief. In humans, this 

www.SCIENCETRANSLATIONALMEDICINE.org     10 November 2021     Vol 13 Issue 619 eabj7360

http://www.science.org/journal/stm


43

R E V I E W

Mercer Lindsay et al., Sci. Transl. Med. 13, eabj7360 (2021)     10 November 2021

S C I E N C E  T R A N S L A T I O N A L  M E D I C I N E  |  R E V I E W

9 of 21

effect is often associated with the expectation of treatment. Human 
fMRI and positron emission tomography scans have paved the way 
to understanding the brain circuits underlying this phenomenon. 
Across the entire brain, fMRI studies have associated placebo 
analgesia, a phenomenon in which pain perception is shaped by 
expectation, with correlated activity in the PFC, ACC, hippocampus, 
PAG, pons, and cerebellum (184–188). Placebo analgesia in humans 
has recently been reviewed (135). Recent and ongoing work in 
rodents has used operant conditioning, which allows more precise 
circuit dissections to understand the precise pathways that mediate 
placebo or nocebo effects. For example, pairing opioids or aspirin 
with a CS cue showed that rodents can anticipate analgesia (189). 
Further work is needed to fully establish rodent models of placebo 
analgesia to take full advantage of the genetic and circuit dissection 
tools available.

PFC outputs to the PAG are believed to play a critical role in 
modulating pain by activating the descending pain control path-
ways from the PAG to the RVM and are discussed later in this 
review. Together, the PFC consolidates pain affective information 
and sensory features, evaluates motivational factors, and computes 
a course of action, effected through motor circuits, to halt or choose 
to endure pain.

Midbrain circuits for reward and aversion, 
and the motivation-decision model of pain
Pain is aversive, whereas pain relief is rewarding. The motivation to 
avoid pain and seek pain relief is generated through dopaminergic 
VTA and substantia nigra compacta (SNc) outputs, particularly to 
the NAc (mesolimbic dopaminergic system) (190). Human fMRI 
studies have revealed the involvement of the VTA and NAc both 
during pain and when anticipating pain or its relief, as well as altered 
functionality during chronic pain (191–197), consistent with the 
dual function of the VTA-to-NAc pathway in processing both re-
warding and aversive stimuli. Rodent studies have shown NAc 
responses analogous to those in humans during pain onset and 
offset (198) and have enabled investigation of the anatomy and 
function of discrete VTA and NAc cell types and circuits in aversion 
and reward (190, 199–203). For example, in a mouse model of nerve 
injury–induced neuropathic pain, increased excitability of NAc 
indirect pathway medium spiny projection neurons (MSNs) increased 
mechanical allodynia (204). In a rat model of migraine, vlPAG 
inputs to the VTA are required to generate conditioned place avoid-
ance (205,  206). Remarkably, dysfunction in the mesolimbic 
dopaminergic system during chronic pain also involves non-neuronal 
cells, including activated microglia in the VTA that can alter dopa-
mine release in the NAc (207). In addition, the decreased motiva-
tional drive that can accompany chronic pain has been associated 
with galanin receptor 1–induced depression of excitatory synaptic 
transmission in NAc indirect pathway MSNs (208). Inhibition of  
opioid receptor signaling in the NAc using the selective antagonist 
NorBNI or chemogenetic inhibition of NAc dynorphin-expressing 
(Pdyn+) MSNs restored normal motivation in a model of chronic 
inflammatory pain (209). Note that alongside this mesolimbic 
dopaminergic pathway, which mediates learning and anticipation 
of pain, the mesocortical dopamine system entrains the relative 
reward value (190), both systems defining the aversiveness of the 
situation and urgency to respond during pain. Crucially, pain 
aversiveness is often perceived in the context of other conflicting 
goals; cortical inputs to the NAc resolve these motivational conflicts 

and implement action decisions based on predictions (210, 211). 
Glutamatergic projections from the ACC, IL, and PL regions to the 
NAc and VTA regulate approach-avoidance behaviors (212–214). 
Chemogenetic inhibition and optogenetic excitation of the IL-to-NAc 
pathway revealed an essential role for determining the approach- 
avoid balance in response to a pain-predictive cue (212). Pairing 
chemogenetic inhibition of either the ACC-to-NAc and ACC-to-
VTA (214) or PL-to-NAc (213) projections with a chamber in a 
conditioned place paradigm led to chamber preference in chronic 
injury rats, but not controls. The importance of reward circuits and 
motivation in the context of pain has been thoroughly reviewed 
elsewhere (192, 210, 211, 215, 216).

Descending circuits for pain modulation
Activity in forebrain and midbrain circuits can profoundly influ-
ence nociception at the spinal level through direct cortico-spinal 
connections or medullary relays (217–222). For example, ACC 
neuron axon terminals, which can be observed in the SC DH, facili-
tate spinal excitatory transmission and behavioral hypersensitivity 
(223). Furthermore, neurons of the somatosensory cortex also in-
nervate the DH, control tactile sensitivity, and contribute to tactile 
allodynia during neuropathic pain (224). The PAG critically con-
tributes to descending pain modulation by integrating forebrain 
and midbrain inputs and, through neurons located predominantly 
in its lateral and ventral quadrants (vlPAG), by engaging distinct 
populations of RVM neurons that project to the DH and facilitate 
or inhibit nociception. Three populations of nociceptive RVM 
neurons have been defined: (i) On-cells show a burst in firing rate 
before a nociceptive withdrawal reflex and facilitate pain; (ii) off-cells 
fire tonically, pause during withdrawal reflexes, and inhibit pain; 
and (iii) neutral cells show no alteration in firing pattern during a 
nociceptive reflex, and their role remains less well understood 
(218, 219, 225). Recent studies have begun to elucidate the molecular 
identity of some of these RVM-to-SC neurons, their connectivity, 
and modulatory function in distinct pain modalities (218, 226). A 
population of dual GABAergic and enkephalinergic (Penk+) 
RVM-to-SC neurons reduces behavioral sensitivity to both heat 
and mechanical stimuli (227). In contrast, another population of 
GABAergic, but Penk-negative, RVM-to-SC neurons facilitates 
mechanical pain by inhibiting spinal GABAergic and enkephalinergic 
(Penk+) neurons that normally presynaptically inhibit mechano-
sensitive primary afferent DRG neurons via GABAA and opioid 
receptors located on their central terminals (228). These RVM-to-
SC neurons express the  opioid receptor and represent a class of 
RVM on-cells. Alternatively, RVM neurons can modulate nociception 
by synapsing directly onto the central terminals of nociceptors and 
controlling their release of glutamate. Thus, RVM-to-SC serotonergic 
neurons release serotonin (5-HT) onto 5-HT3A- and TRPV1- 
expressing nociceptors, which sensitizes TRPV1 and causes 
hyperalgesia (229). In addition to GABA and 5-HT, another 
neurotransmitter, noradrenaline (NA) from the locus coeruleus 
(LC), critically contributes to descending pain modulation. Remark-
ably, activation of LC neurons that project to the SC inhibits 
nociception and can relieve neuropathic pain, whereas activating 
forebrain-projecting LC neurons increases spontaneous pain (230). 
This engagement of LC neurons for descending antinociception 
may depend on phospholipase C4 (PLC4) signaling in PAG-to-
LC neurons (231). These descending pain control systems show 
considerable sexual dimorphism (232), as well as modulation by 
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additional antinociceptive and pronociceptive endogenous mole-
cules and drugs such as hormones, neuropeptides, cannabinoids, 
and nicotine (233–237). Last, note that the vlPAG also contains as-
cending pain modulatory neurons; a recent study described a class 
of vlPAG/dorsal raphe nucleus dopamine antinociceptive neurons 
that project to the BNST (238). Remarkably, this cell population 
shows sexual dimorphism; its optogenetic activation inhibited 
nocifensive behaviors resulting from inflammatory pain in male, 
but not female, mice.

MANIPULATING THE BRAIN’S AFFECTIVE PATHWAYS 
TO PROVIDE PAIN RELIEF (FIG. 3B)
Pharmacology (opioids)
Long-term opioid use is associated with harmful side effects, as well 
as risk of misuse, abuse, and opioid use disorder (239). However, 
clinical experience suggests that, in a subgroup of patients with 
chronic pain, stable doses of opioids can provide durable pain relief 
with limited side effects. This section focuses on opioids because long- 
standing evidence indicates a direct action on affective-motivational 
and cognitive-evaluative networks (240, 241). Furthermore, the 
identification of the  opioid receptor as the molecular target of 
clinical opioids like morphine (242) has enabled detailed mechanistic 
studies of neurotransmission modulation by opioids (243–245), 
including in affective circuits. Both clinical and rodent studies sup-
port the idea that opioids preferentially decrease the affective com-
ponent of pain (246–248). For example, moderate activation of  
opioid receptors with a low dose of the biased and partial agonist 
PZM21 reduced affective-motivational nocifensive behaviors, 
without altering reflexive withdrawal from noxious stimuli in rodents 
(39). These features separate opioids from other common analgesic 
drugs that limit the production of pronociceptive mediators [for 
example, non-steroidal anti-inflammatory drugs (NSAIDs) (249)] 
or affect the function of primary afferent nociceptors (including so-
dium channel or calcium channel blockers such as lidocaine and 
ziconotide, respectively) or for which the molecular and circuit 
mechanisms of action remain unclear (such as gabapentinoids, 
anticonvulsants, and antidepressants). For example, activation of 
the gabapentin receptor 2-1, in addition to its effects on ion chan-
nels (250, 251), can promote excitatory synaptogenesis in response 
to thrombospondin released by astrocytes in the SC DH (252, 253). 
Gabapentin blocks this synaptogenesis mechanism, which may 
contribute to central sensitization during chronic neuropathic 
pain. However, it remains unclear whether gabapentinoids also 
influence remodeling of brain synapses of the pain affect circuitry 
via the same mechanisms to produce pain relief (254).

At the circuit level,  opioid receptor distribution is prominent 
in emotional and cognitive brain circuits (255). The study of these 
opioidergic circuits has been facilitated by the generation of mutant 
mouse lines in which individual opioid receptor or peptide genes 
have been either targeted to express fluorescent receptors or DNA 
recombinases or flanked by loxP sites for conditional deletion 
experiments (117, 228, 256–262). Remarkably,  opioid receptor–
expressing neurons are found in lPB, ILN/MThal, and PAG, the three 
major output regions by which nociceptive DH projection neurons 
connect with emotional and cognitive circuits (35, 36, 257, 263, 264).

In the lPB,  opioid receptors are expressed by Calca+ lPBe neu-
rons, in which  receptor activation decreases glutamate release 
onto CeL neurons. In the dorsomedial/midline thalamus (dMT), 

 receptors are present in thalamo-cortical (ACC), thalamo-striatal 
[dorsomedial striatum (DMS)], and thalamo-amygdalar (CeL and 
BA) circuits. In the dMT, including the paraventricular (PVT) and 
paratenial (PT) thalamic nuclei,  receptor activation decreases 
glutamatergic transmission between dMT neurons and basal amyg-
dala (BA) and CeL amygdala neurons, resulting in an overall reduc-
tion in feedforward activation of CeM neurons (265).  receptors 
are also expressed by several classes of amygdalar neurons: by some 
BLA neurons (266) and, more abundantly, by ITC masses and 
populations of CeA GABAergic neurons, including Cck+ neurons 
and neurons that project to the PAG, in which  receptors regulate 
both the flow of information within the amygdaloid complex 
through G protein-coupled inwardly rectifying K+ (GIRK)-mediated 
hyperpolarization and the release of GABA in downstream targets 
(36, 267–270). Note that  receptor expression in the PVT might 
also mediate the expression of opioid withdrawal symptoms and 
aversive memory through a PVT-to-NAc circuit (271). A recent 
study demonstrated that  opioid receptor+ dMT neurons project to 
the dorsomedial, rather than the ventral, region of the striatum, 
where they synapse onto MSNs that receive convergent,  opioid 
receptor– negative [although, see also (272)] input from ACC pyra-
midal neurons. Interestingly, these  opioid receptor+ thalamo- 
striatal neurons also project back onto L5 ACC pyramidal neurons, and 
 opioid receptor agonists can presynaptically decrease glutamate 
release onto both DMS MSNs and L5 ACC pyramidal neurons. The 
latter synaptic mechanism of function of  opioid receptors may 
contribute to the antinociceptive effect of intracerebral ACC 
morphine injections on the affective component of pain, without 
influencing withdrawal reflexes (247, 273). Because glutamatergic 
thalamic  opioid receptor+ neurons predominantly express VGLUT2, 
these synaptic mechanisms could underlie the reduced opioid 
antinociception in mice with a conditional deletion of  receptors 
in Slc17a6+ neurons (274). However, aside from regulating excit-
ability and transmitter release, including via several forms of synap-
tic plasticity in multiple types of pyramidal neurons, such as in the 
mPFC and insula (126, 272),  receptors are also thought to be 
expressed by multiple populations of GABAergic cortical inter-
neurons such as Lamp5+, Sst+, Vip+, and Pvalb+ neurons (275). 
Precise genetic strategies may be required to resolve the contribu-
tion of these distinct populations of cortical  opioid receptor- 
expressing neurons to opioid analgesia. Although intracerebral 
injection of  opioid receptor agonist into the vlPAG has long been 
known to produce antinociception (276), the identity and connec-
tivity of  opioid receptor–expressing neurons in the vlPAG remain 
less well understood (218). We know, however, that these vlPAG 
neurons regulate the activity of several classes of spinally projecting 
neurons in the RVM, including  receptor–expressing on-cells 
(217–222, 227, 228, 277). Identifying the precise contribution to 
these different processes of the molecularly and pharmacologically 
diverse types of receptors activated by morphine-like opioids rep-
resents an exciting challenge (278–282).

Note that the expression patterns of  and  opioid recep-
tors in pain circuits profoundly differ from that of  receptors 
(36, 255, 257, 259, 283, 284), consistent with the divergent properties 
of their selective agonists. For example, in the cortex,  receptors are 
predominantly expressed by Pvalb+ (PV) inhibitory interneurons 
rather than by thalamic -expressing glutamatergic inputs to the 
ACC, where  enhances the glutamatergic, excitatory input from the 
MThal to the pyramidal neurons in the ACC by disinhibiting local 
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feed-forward inhibition mediated by Pvalb+ interneurons (126). 
Note that these PV inhibitory interneurons represent the class of 
cortical and hippocampal neurons that abundantly coexpresses  and 
 receptors, a rare feature in the nervous system (36, 257, 275, 283–285). 
In the amygdala,  receptors are predominantly found in the BLA, 
on the soma and axon terminals (258), in contrast to  receptor 
distribution in ITC and CeA neurons.  receptors are also present 
in affective and valence circuits, but generally in different cell types 
compared to , consistent with the diverging properties of their se-
lective agonists (209, 286, 287). Last, although  opioid receptors 
are expressed by nociceptors and spinal projection neurons (36, 283), 
conditional deletion studies suggest that  receptors in nociceptors are 
dispensable for morphine analgesia [(38); however, see also (288)].

Stimulation
The first documented use of stimulation intended specifically to 
alleviate chronic pain was performed in the 1960s, targeting deep 
brain electrical stimulation (DBS) to the thalamus (185). In the 
1980s, TMS was developed as an alternative to electrical stimulation 
(ES) (289). TMS uses magnetic induction to generate macroscopic 
electrical currents in the brain (289). A shift from invasive to non-
invasive forms of stimulation like TMS has made stimulation and 
modulation of brain circuits available to a broader patient group. 
Today, TMS and transcranial direct current stimulation (tDCS) are 
the most commonly used methods for noninvasive modulation of 
brain circuits to alleviate chronic pain (290).
How do TMS, ES, and tDCS work?
ES and TMS drive action potential firing by exciting neurons and 
passing axons and backfiring input terminals at the site of stimula-
tion (291). In contrast, tDCS is less temporally and spatially specific 
than ES and TMS and acts by hyperpolarizing the resting mem-
brane potential, making the anode region more excitable and the 
cathode less (292). Studies in human subjects and animal models 
both show that high-frequency stimulus trains excite the target 
more efficiently than low-frequency trains (293–297). Theta burst 
stimulation, a TMS protocol commonly used for cortical stimulation, 
uses three pulse bursts delivered at high frequency (for example, 
50 Hz), repeated every 200 ms (5 Hz) (293). Theta burst protocols 
are a compromise aimed to capture the advantages of high- 
frequency stimulation while limiting the risk of inducing seizures 
(294, 298). Examination of fMRI interleaved between TMS pulse 
trains shows a stimulus target volume of 5 to 10 cm3 (299). In vivo 
voltage dye imaging in cat cortex found a progressive rise in exci-
tation at the targeted region throughout a 10-Hz electrical stimulus 
train (300), supporting previous slice electrophysiology studies that 
had similarly concluded that high-frequency stimulation in cortical 
tissue preferentially activates excitatory neurons (301). Further-
more, a recent calcium imaging study in mice showed that excitatory 
neurons in L2/3 activate in response to specific stimulation fre-
quencies, similar to visual cortical neurons tuned to a specific direc-
tion of drifting grating stimuli (296). Although our understanding 
of the biophysics underlying brain stimulation is evolving, many 
important questions remain to be explored.
MCS for pain relief and as a model for understanding 
TMS and tDCS
The motor cortex (MC) is a common target of studies attempting to 
determine the neurobiology of cortical stimulation. MC stimulation 
(MCS) results in motor activity that enables confirmation of cor-
rect targeting. The muscle end-plate potential (MEP), which can 

be performed in humans and in animal models, enables examina-
tion of resting motor threshold, amplitude of stimulus-evoked 
responses, and long-term changes in muscle tone (299, 302). Per-
forming MCS with MEP as the readout reveals long-term changes 
in MC excitability after stimulation (303, 304).

MCS was first used to reduce chronic pain in 1991, when 
Tsubokawa and colleagues (305) implanted electrodes into the 
primary MC of patients with refractory central pain. Nine of 
12 patients described their pain relief as good or excellent on the 
days when stimulation occurred, and 8 of these patients continued 
the therapy with reduced chronic pain after 1 year of treatment 
(305). In the intervening 30 years, hundreds of patients have re-
ceived MCS. A meta-analysis across studies reported that 64% of 
patients experienced a favorable response after MCS and 45 to 75% of 
patients reported a decrease of at least 5 points on a 0 to 10 visual 
analog scale (VAS) of pain intensity (297). Furthermore, case stud-
ies applying MCS to patients with severe, otherwise untreatable, 
pain showed remarkable pain relief (295, 305, 306).

The mechanisms underlying MCS efficacy remain poorly under-
stood. fMRI imaging in human subjects identified MCS-induced 
hotspots of activity in descending pain control regions that correlated 
with suppression of acute secondary hyperalgesia (307). Intracranial 
injection of GABAergic or glycinergic antagonists into the PAG of 
SNI rats before MCS prevented MCS-induced antinociception, 
providing further evidence for the involvement of descending pain 
control (308). In contrast, MCS increased the density of FOS+ neu-
rons in the ACC and BLA, and lesions of the aIC enhanced MCS- 
induced antinociception in a chronic pain rat model (309–311), 
together suggesting that pain affective circuits are involved in MCS 
analgesia as well.
Noninvasive targeting of pain-related brain regions
In addition to MC, noninvasive brain stimulation has been targeted 
to many pain-related brain areas with the intention of reducing 
chronic pain, including the ACC, IC, somatosensory cortex, and 
dlPFC, with varying degrees of success (312). Stimulation of S1 and/or 
S2 has been found to modulate perception of sensory features of 
pain without providing the clinically necessary reduction in pain 
affect (313–315). In contrast, a study using noninvasive stimulation 
of the ACC or IC in patients with central chronic pain found that 
neither target evoked a measurable effect on chronic pain scores in 
patients, although the ACC stimulation decreased anxiety and the 
IC stimulation increased heat pain thresholds (141). The most 
promising alternative, to the MC for noninvasive stimulation is the 
dlPFC, the stimulation of which reduces acute pain in healthy volun-
teers and decreases chronic pain scores in patients (290, 316–318).
DBS for chronic pain relief
Many regions critical for pain processing are difficult to effectively 
stimulate noninvasively. The ACC, VP thalamus, and PAG have all 
been identified as promising DBS targets for reducing chronic pain; 
the literature for these methods has recently been reviewed (319).

Neurofeedback
Given the crucial role of the brain in the experience of pain and its 
modulation, researchers have hypothesized that direct manipulation 
of one or more brain regions could enhance pain modulatory 
systems and thereby reduce the underlying central nervous system 
(CNS) abnormalities associated with chronic pain. In addition to 
the pharmacological, direct stimulation (TMS, DBS, and tDCS), 
and surgical techniques discussed in this review, researchers have 
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developed neurofeedback techniques that teach individuals to 
self-regulate brain functionality. Neurofeedback is a noninvasive 
therapy that directly targets brain activity and/or connectivity 
patterns and uses either electroencephalograph (EEG) recordings 
or fMRI signals to provide individuals with real-time visual and/or 
auditory feedback reflective of the targeted brain functionality 
(320, 321).

EEG neurofeedback is used more frequently than fMRI because of 
its greater accessibility and lower cost. Typically, EEG neurofeedback 
targets a change in a specific oscillatory bandwidth, most often the 
alpha band (8 to 13 Hz) (322). In contrast to EEG neurofeedback, 
fMRI neurofeedback measures and feeds back information from 
specific brain regions or networks using fMRI’s higher spatial reso-
lution. The lower temporal resolution of fMRI seems to benefit the 
learning of self-regulating brain functionality.

An example from one of the earliest studies of fMRI neurofeedback 
fed back brain signals from the dACC (323). In healthy volunteers 
given an evoked thermal stimulus, neurofeedback training led to 
increased control over brain activity and an associated increase in 
control over pain intensity. In a single training session, patients 
with chronic pain noted reduced pain that correlated with the 
degree of brain control over the dACC. Similarly, Guan et al. (324) 
modulated the rostral ACC (rACC) in a group of patients with 
postherpetic neuralgia (PHN). Patients learned to modulate their rACC 
signal and their pain perception. Using an fMRI-to-EEG amygdala 
fingerprint, Goldway et al. (325) conducted a neurofeedback trial in 
which they taught patients with FM to modulate their own amygdalar 
activity using a single EEG channel. Patients demonstrated im-
provements in objective measures of sleep and follow-up improve-
ments in pain, demonstrating the benefit of this approach combining 
fMRI and EEG neurofeedback (325).

More recently, Zhang et al. (326) illustrated the potential of 
implicit learning strategies to modulate pain. Specifically, they used 
real-time decoded fMRI signals from the IC integrated into a 
closed-loop feedback control system and found that decoding the 
brain patterns without the participant’s volitional control leads to 
adaptive changes in the brain. These results demonstrate the need 
to account for these adaptive changes in the design of future systems 
intended to direct brain control. Although neurofeedback using 
fMRI and EEG is a promising avenue for therapeutic interventions, 
researchers must still identify the optimal brain targets, patterns, 
frequency bands, and networks for manipulation; demonstrate that 
neurofeedback training leads to learning; ensure that neurofeedback 
leads to measurable changes in behavior (examples include pain 
relief, coping, pain catastrophizing, and fear avoidance); and develop 
appropriate controls and clinical trial designs (327, 328). For 
additional information on neurofeedback in the context of pain, we 
direct the reader to the following reviews (320, 321, 329).

Cognitive behavioral therapy
Cognitive behavioral therapy (CBT) is a psychotherapeutic treatment 
encompassing a set of techniques and approaches, ranging from 
structured psychotherapies to self-help materials, that helps indi-
viduals learn to identify and change destructive and/or disturbing 
thought patterns that may negatively influence behavior and 
emotions (330–333). Key processes for pain management include 
relaxation training, cognitive restructuring, and exposure tech-
niques. In addition to pain, CBT is used to treat a wide variety of 
mental health conditions including addiction (334,  335), anxiety 

(336, 337), depression (338, 339), and personality disorders (340). It 
has also proved helpful for patients with chronic pain (340, 341).

Although we refer here and below to CBT (and its neural 
correlates) as a singular therapy, it represents a family of psychological 
treatments that has evolved over time. The first generation of CBT 
applied learning principles intended to change overt behavior. 
Classic CBT (second generation) was introduced in the late 1970s 
and focuses on the role of maladaptive thought processes in 
emotion, behavior, and pain. More recently, a third generation of 
CBT places more emphasis on themes such as acceptance, mindful-
ness, values, metacognition, and interpersonal relationships, giving 
rise to therapies such as acceptance and commitment therapy, 
mindfulness-based cognitive therapy, and several others. This 
section will focus on classic CBT and review its neural correlates.

CBT draws on cognitive and behavioral strategies to improve 
pain-related functioning and help patients cope with pain (341). 
After CBT treatment, patients with chronic pain report reduced 
pain, distress, nocebo hyperalgesia, and pain catastrophizing, as 
well as improvement of their daily functioning (342–344). CBT- 
induced pain relief is highly variable between patients, and the 
improvement correlates strongly with the patient’s attitude: Distressed 
patients who see their pain as an uncontrollable and highly negative 
life event benefit less, whereas patients with low perceived disability 
and high orientation toward self-management during CBT treatment 
benefit more (342, 343). These observations support the hypothesis 
that the outcomes of multidisciplinary pain treatment correlate 
with the individual patient’s cognitions and coping responses (343).

Although CBT continues to be widely used for pain manage-
ment, the neural mechanisms that mediate analgesia during CBT 
remain unclear. Human functional neuroimaging studies dominate 
CBT research related to pain perception. Given the relatively limited 
literature investigating brain activation changes during CBT treat-
ment in patients with pain, it is helpful to first understand how CBT 
impacts an individual’s psychological state to affect pain processing. 
Studies examining the effects of distraction on pain processing 
found that pain-evoked activity in several cortical areas, like the S1, 
IC, and ACC, is stronger when an individual focuses on pain than 
when distracted (345–347). Neuroimaging studies evaluating the 
effects of emotional states on pain processing found that negative 
emotional states alter pain-evoked cortical activation in several 
brain regions, but most consistently in the ACC (345, 347, 348). 
Placebo administration has been shown to increase activity in the 
ACC, PAG, and cerebellum but decrease activity in the S1 and 
IC (349–351).

Studies have demonstrated that, for individuals with chronic 
pain, CBT generates both functional and structural changes in the 
brain. One of the first studies on chronic pain found that CBT treat-
ment increased pain-evoked activity in the lateral PFC, which 
subsequently increased its connectivity with the thalamus, com-
pared to controls (352). This lateral PFC region contributes to 
semantic processing and cognitive control, both of which are asso-
ciated with exposure and cognitive restructuring therapies. Similarly, 
large brain networks involved in sensorimotor, self-referential, and 
cognitive control show altered connectivity patterns in patients 
with chronic pain compared to controls, which return to baseline 
after CBT (353–355). These connectivity changes also occurred in 
healthy controls when receiving CBT-based training to cope with 
evoked pain (356). In another study in patients with chronic pain, 
CBT led to increased gray matter volume in multiple regions 
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associated with pain processing, such as the dlPFC, ACC, and S1, 
some of which correlated with decreased pain catastrophizing (357).

A few studies have shown evidence that CBT generally affects 
neural function in pain networks. Biofeedback relaxation activates 
the ACC, basal ganglia, S1, inferior parietal cortex, and cerebellar 
vermis (358). Similarly, progressive muscle relaxation, one type of 
CBT, gradually decreases activity in the superior frontal gyrus 
(SFG), inferior frontal gyrus (IFG), and posterior cingulate cortex (PCC) 
(359), suggesting that CBT may activate endogenous pain descend-
ing modulatory systems. Last, the efficiency of CBT for the treatment 
of other mental diseases such as anxiety and depression (68, 360) 
may suggest that the nociceptive neurons within CBT- responsive 
cognitive and emotional circuits are polymodal neurons that control 
other functions beyond pain, such as attention and mood.

Finally, researchers have identified that different cognitive strate-
gies to modulate pain evoke distinct brain activity patterns. For 
example, during focused attention, brain activity localizes to the 
pre- and postcentral gyrus (the primary motor and somatosensory 
cortices, respectively), middle occipital gyrus, and inferior pari-
etal lobe, whereas reappraisal of the pain (imaging the painful stim-
ulus alternating between harmful or nonharmful) engaged the 
thalamus, amygdala, ventral lateral PFC, MCC, and parahippocam-
pal gyrus (361). The postcentral gyrus was the only area that over-
lapped in activation during both strategies. In a more recent study, 
researchers investigated three distinct pain modulation strategies: 
(i) non-imaginal distraction by counting backward in steps of 
seven, (ii) imaginal distraction by imagining a safe place, and 
(iii) reinterpretation of the pain valence (reappraisal) (362). They 
also identified strategy-dependent activations. Reappraisal and the 
imaginal distraction (safe place) primarily engaged the anterior insula, 
whereas the non-imaginal distraction task activated primarily the cen-
tral operculum. The tasks involving distraction from pain (counting 
and safe place) modulated activity in the PCC. Together, these findings 
and others suggest that combining specific strategies with targeted 
brain stimulation or neurofeedback enhances treatment efficacy.

Surgery
First used in 1962, cingulotomy (lesioning of the ACC or the cingulum 
bundle white matter) has long been an option for decreasing chronic 
pain unpleasantness in patients who fail to respond to other inter-
ventions (185, 363). In this initial study, 16 patients suffering from 
debilitating chronic pain were selected for unilateral or bilateral 
cingulotomies (363). The authors classified pain relief as poor, fair, 
good, or excellent, finding that 12 of the 16 patients experienced 
good or excellent pain relief and 11 of 16 showed decreases in 
comorbid psychiatric disorders (363). The authors further noted 
that pain relief was observed immediately after the cingulotomy was 
performed, while the patient was still in the operating room (363). 
Although use of this technique has decreased in recent years in 
favor of nondestructive alternatives, a recent meta-analysis com-
paring data from 11 articles that included 224 patients concluded 
that, across all studies, more than 60% of patients reported substantial 
pain relief at least 1 year after the intervention (364). In this meta- 
analysis, the few side effects noted included, in <5% of patients, 
transient postoperative confusion and/or seizures (364). However, 
a case study of a patient with schizoaffective disorder found that 
cingulotomy increased pain, the opposite of the expected effect 
(157). Last, note that a number of other surgical procedures are 
used to treat pain (365).

CONCLUSION
Although pharmacotherapy, brain stimulation, neurofeedback, 
CBT, and surgical protocols used to treat pain continue to improve, 
research regarding the brain circuits and neuron types that mediate 
pain affect in animal models is revealing a wealth of candidate 
molecular targets to develop innovative analgesic drugs that could 
selectively dampen the unpleasantness of pain, without altering 
nociception in the circuits that underlie other necessary aspects of 
pain experience, such as withdrawal reflexes and the sensory- 
discriminative dimension of pain.

Cell type–specific multiomics is revolutionizing our under-
standing of neuronal diversity by revealing the molecular content of 
individual neurons within circuits. In the pain field, single-cell/
nucleus RNA sequencing (366) can now generate, from each of a 
subject’s nociceptive neurons, comprehensive catalogs of expressed 
genes that encode proteins with inhibitory functions and potential 
analgesic capabilities, enabling precision pain medicine. Similarly, 
although this review focuses on circuits, molecules in non-neuronal 
cells such as microglia could be targeted for the treatment of pain 
(367, 368). Optically recording the activity of molecularly defined 
nociceptive neurons in freely moving mice experiencing chronic 
pain and administered with candidate analgesics can be used as a 
screening approach that relies on the normalization of both 
affective-motivational behaviors and pathological neural codes 
associated with pain chronification in the amygdala (37) and con-
nected regions including the ACC, IC, ILN, MThal, and lPB (148). 
For example, with agonists of neuromodulatory receptors such as 
inhibitory Gi/o protein-coupled receptors (Gi/o GPCRs), individual-
ized drug dosage could reduce patients’ pain unpleasantness while 
preserving both withdrawal reflexes and the sensory- discriminative 
dimension of pain. Such pain asymbolia-like treatments would 
not only rescue the well-being and function of patients with 
chronic pain, but also maintain sufficient nociceptive functions 
necessary to sense and withdraw from noxious stimuli unrelated 
to their chronic pain condition, a substantial challenge when target-
ing primary afferent nociceptors or spinal networks and their as-
cending circuits. As a proof of principle, expressing and activating 
Gi/o protein-coupled DREADDs (hM4Di) (369) in BLA nociceptive 
neurons of mice alleviated pain affective-motivational behaviors 
across pain modalities (acute heat, cold and mechanical pain, and 
chronic neuropathic pain) without altering withdrawal reflexes, 
anxiety, or reward (37); one would expect that activating Gi/o GP-
CRs natively expressed in these neurons to have the same effect. 
Alternatively, by resolving the molecular repertoires both of the  
opioid receptor–expressing neuron types that modulate emotional 
and cognitive pain circuits to dampen pain affect during opioid 
analgesia and of the  opioid receptor–expressing neuron types 
responsible for deleterious effects such as addiction and opioid- 
induced respiratory depression, researchers could potentially develop 
better opioid therapies that mimic the effect of morphine on 
nociceptive neurons and/or adjuvant therapeutics that oppose 
deleterious opioid signaling in reward and breathing circuits.

In conclusion, these neural circuit discoveries and translational 
endeavors, supported by outstanding efforts such as the National 
Institutes of Health (NIH) Brain Research Through Advancing 
Innovative Neurotechnologies (BRAIN) (370) and Helping to End 
Addiction Long-term (HEAL) (371, 372) Initiatives and its Preclinical 
Screening Platform for Pain (PSPP) (373), provide an unprece-
dented opportunity to end the dual public health crises of chronic 
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pain and opioid use disorders. To fulfill this goal, we will need to use 
these discoveries to develop better biomarkers to facilitate the de-
velopment of non-addictive pain therapies. Objective biomarkers 
can indicate that a therapeutic intervention has reached its central 
target, predict the response to the therapy, enhance the quality of the 
clinical trial by allowing clustering of patients by presumed respon-
siveness, and improve monitoring of safety and efficacy over time. 
Frameworks for developing and validating neuroimaging-based 
biomarkers and composite biomarkers have been put forward 
(374, 375). Programs like the NIH HEAL Initiative are stimulating 
considerable research efforts to advance the development and trans-
lation of biomarkers to yield targeted, safe, and effective therapies 
for pain.
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Selective targeting of NaV1.7 via inhibition 
of the CRMP2-Ubc9 interaction reduces  
pain in rodents
Song Cai1†, Aubin Moutal1†, Jie Yu1, Lindsey A. Chew1, Jörg Isensee2, Reena Chawla3, Kimberly Gomez1, 
Shizhen Luo1, Yuan Zhou1, Aude Chefdeville1, Cynthia Madura1, Samantha Perez-Miller1,4, 
Shreya Sai Bellampalli1, Angie Dorame1, David D. Scott1, Liberty François-Moutal1, Zhiming Shan1, 
Taylor Woodward5, Vijay Gokhale3,6, Andrea G. Hohmann5, Todd W. Vanderah1,7, Marcel Patek8,9, 
May Khanna1,3,4,8, Tim Hucho2, Rajesh Khanna1,3,4,7,8*ǂ

The voltage-gated sodium NaV1.7 channel, critical for sensing pain, has been actively targeted by drug developers; 
however, there are currently no effective and safe therapies targeting NaV1.7. Here, we tested whether a different 
approach, indirect NaV1.7 regulation, could have antinociceptive effects in preclinical models. We found that 
preventing addition of small ubiquitin-like modifier (SUMO) on the NaV1.7-interacting cytosolic collapsin re-
sponse mediator protein 2 (CRMP2) blocked NaV1.7 functions and had antinociceptive effects in rodents. In silico 
targeting of the SUMOylation site in CRMP2 (Lys374) identified >200 hits, of which compound 194 exhibited 
selective in vitro and ex vivo NaV1.7 engagement. Orally administered 194 was not only antinociceptive in 
preclinical models of acute and chronic pain but also demonstrated synergy alongside other analgesics—without 
eliciting addiction, rewarding properties, or neurotoxicity. Analgesia conferred by 194 was opioid receptor 
dependent. Our results demonstrate that 194 is a first-in-class protein-protein inhibitor that capitalizes on 
CRMP2-NaV1.7 regulation to deliver safe analgesia in rodents.

INTRODUCTION
The NaV1.7 voltage-gated sodium channel defines the threshold of 
the action potential and amplifies small depolarizing inputs, acting 
as a sentinel of nociceptive signal propagation (1, 2). The importance 
of NaV1.7 in nociception is evident from human pain syndromes 
caused by gain- and loss-of-function mutations in SCN9A, the gene 
encoding human NaV1.7 (3). Genetic and pharmacological interference 
of NaV1.7 renders animals refractory to pain (4–7). Conversely, 
up-regulation of NaV1.7 function contributes to the establishment 
of chronic pain (8, 9). So far, direct blockers of NaV1.7 have been 
disappointing in clinical trials (10, 11) because of lack of isoform 
selectivity, insufficient target engagement or off- target side effects 
[orthostatic hypotension (12)], failure to engage spinal NaV1.7, 
and suboptimal clinical trial design (13, 14). Targeted in vivo epigen-
etic repression of NaV1.7 has been recently proposed as a po-
tential platform for pain control (15). Here, we hypothesized that 
targeting NaV1.7 indirectly but specifically, via modulation of its 
interactions with accessory proteins, may be an effective therapeu-
tic approach.

We previously reported that NaV1.7 surface expression and 
current density are selectively controlled by SUMOylation of the 
cytosolic regulator collapsin response mediator protein 2 (CRMP2) 
at lysine-374 (K374)(Fig.  1A) (16–18). Restricting CRMP2 
SUMOylation promotes recruitment of an endocytic protein 
complex to NaV1.7 and its subsequent clathrin-mediated internal-
ization, culminating in decreased surface expression and current 
density (17–19). We identified an interaction between CRMP2 and 
the E2 small ubiquitin-like modifier (SUMO)–conjugating enzyme 
Ubc9 (20), uncoupling of which reduced NaV1.7 currents and 
alleviated experimental neuropathic nociception (20). Structural 
and biophysical studies identified a unique interface between Ubc9 
and CRMP2, coordinated by R440 and V371 on CRMP2 (Fig. 1B)
(21), a regulatory site potentially amenable for small-molecule 
targeting (Fig. 1B).

To further elucidate the in vivo role of CRMP2 SUMOylation in 
pain, we generated CRMP2 K374A knock-in (CRMP2K374A/K374A) 
mice in which Lys374 was replaced with Ala (18). CRMP2K374A/K374A 
mice had reduced NaV1.7 membrane localization and function in 
sensory neurons (18, 19). Behavioral evaluation of CRMP2K374A/K374A 
mice demonstrated no changes in depressive or repetitive, compulsive- 
like behaviors and a decrease in noxious thermal sensitivity (18). 
No changes were observed in CRMP2K374A/K374A mice to inflam-
matory, acute, or visceral pain. In contrast, in a neuropathic model, 
CRMP2K374A/K374A mice failed to develop persistent mechanical 
allodynia (18). Our study suggests that CRMP2 SUMOylation– 
dependent control of peripheral NaV1.7 is a hallmark of chronic, 
but not physiological, neuropathic pain.

To leverage this unique pathway for NaV1.7 regulation, a set 
of diverse 50,000 small molecules were computationally docked 
to a pocket encompassing the SUMOylated residue K374 (22) in 
CRMP2. Potential hits from the virtual screening were expected to 
inhibit the Ubc9-CRMP2 interaction, thereby blocking CRMP2 
SUMOylation by Ubc9 and ultimately reducing NaV1.7 surface 
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Fig. 1. Identification and characterization of compound 194 as an inhibitor of CRMP2-Ubc9 interaction and inhibitor of NaV1.7 currents in sensory neurons from 
multiple species. (A) Ribbon representation of the tripartite interaction between CRMP2 (dark pink), Ubc9 (orange), and SUMO2 (black). Key residues involved in the interaction 
are outlined as follows: V371 of CRMP2 interacts with A131 of Ubc9, and R440 of CRMP2 forms a salt bridge with E132 of Ubc9, and the K374 residue of CRMP2 to which the SUMO 
protein is positioned for covalent attachment. (B) Close-up representation of the best docking pose of 194 (green) near the interface between CRMP2 and Ubc9. (C) Structure of 
002 and 145 and of the lead compound 194, which presents with features from both core pharmacophores. (D) One-dimensional 1H saturation transfer difference 
nuclear magnetic resonance (STD NMR) showing resonance difference spectrum for CRMP5, CRMP2, and Ubc9 in the presence of 194. Regions that yielded an STD signal 
in the presence of 194 are indicated with #. ppm, parts per million. (E) Microscale thermophoresis of nitrilotriacetic acid (NTA)–labeled CRMP2 interaction with Ubc9 in the ab-
sence or presence of increasing concentrations of 194. Data were fitted with a one-site binding model. (F) Representative sodium current traces recorded from small-sized 
DRG neurons, incubated overnight with 194 (5 M) with or without the NaV1.7-selective inhibitor ProTx-II (24) (5 nM, 5 to 15 min), in response to depolarization steps from −70 to +60 mV 
from a holding potential of −60 mV. Summary of current-voltage curves (G) and normalized peak (H) currents (picoamperes/picoFarads) from small (<20 m) (i) or large (~38 to 
51 m). p = 0.0020, 0.0005, and 0.0300 for DMSO versus ProTx-II, 194, and 194 + ProTx-II, respectively (one Way- ANOVA; see table S1). (I) DRG neurons as indicated (n = 10 to 12 cells 
per group for small and n = 9 to 11 cells per group for large). (J) Concentration curve illustrating inhibition of NaV1.7 currents by 194 with an inhibitory constant IC50 of 1.2 M (n = 12 to 
25 cells per concentration). (K) Percentage inhibition of NaV1.x-mediated currents in HEK293 cell lines expressing NaV1.x subunits (yellow boxes) or rat DRGs (NaV1.7–9; gray 
boxes) after overnight treatment with 20 M 194. NaV1.7 was isolated with TTX (17), NaV1.8 was isolated with 500 nM selective blocker A803467 (70), whereas NaV1.9 was isolated 
with post hoc subtraction techniques described previously (17, 18). (L) Bar graph of normalized peak NaV1.7 current densities of mouse, pig, and human DRG neurons treated 
overnight with 5 M 194 (n = 9 to 12 cells per condition). (M) Bar graph of normalized peak NaV1.7 current densities of DRGs from wild-type and CRMP2K374A/K374A mice neurons treated 
overnight with 5 M 194 (n > 15 cells per condition). Complete sample size and statistical information are provided in table S1. Error bars indicate mean ± SEM.
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expression and current density. Subsequent in  vitro screening of 
over 200 hits led to identification of the hit series—benzoylated 
2-(4-piperidinyl)-1,3-benzimidazole analog—compound 194 (Fig. 1C 
and fig. S1). Here, we demonstrate that 194 (i) specifically inhibits 
the CRMP2-Ubc9 interaction and SUMOylation of CRMP2, (ii) 
decreases NaV1.7 currents in sensory neurons from four species, 
(iii) reduces spinal nociceptive neurotransmission, (iv) decreases 
mechanical allodynia in six models of neuropathic pain, (v) syner-
gizes with commonly used painkillers, (vi) engages NaV1.7- 
dependent endogenous opioid signaling, and (vii) has no motor or 
depressive- like side effect as well as does not exhibit addictive 
properties.

RESULTS
An analog of benzoylpiperidylbenzimidazole compounds 
binds to CRMP2 and reduces NaV1.7 currents in sensory 
neurons across species
To find blockers of the interaction between the E2 SUMO- 
conjugating enzyme Ubc9 and CRMP2, we computationally docked 
50,000 small molecules to a pocket encompassing the SUMOylated 
residue (K374) in CRMP2 (Fig. 1, A and B). Over 200 hits, across 
three iterative cycles (Fig. 1C), were screened for their ability to 
inhibit Ca2+ influx triggered by application of the sodium channel 
activator veratridine (23). Of these, the lead compound 194 (fig. S1), 
a benzoylpiperidylbenzimidazole analog (Fig.  1C), specifically 
bound to CRMP2, but not the related CRMP5, or Ubc9 (Fig. 1D). 
194 inhibited the Ubc9-CRMP2 interaction in a concentration- 
dependent manner (Fig. 1E). In small- to medium-diameter rat 
dorsal root ganglion (DRG) neurons, 5 M 194 inhibited ~57% of 
the total sodium current (Fig. 1, F to H), with an IC50 of inhibition 
of 1.2 M (Fig. 1J). Lack of further inhibition upon coapplication of 
the NaV1.7-specific blocker ProTx-II (24) suggests that 100% of 
functional NaV1.7 was blocked by 194 (Fig. 1, F to H). 194 did not 
inhibit sodium currents in large-diameter DRGs (>38 to 51 m), 
ruling out effects on NaV1.1 and NaV1.6 channels expressed by this 
neuron size class (Fig. 1I) (25). 194 had no effect on activation, 
steady-state inactivation, recovery from inactivation, or resurgent 
currents but increased entry into inactivation and slow inactivation 
(fig. S2). Inhibition by 194 was specific to NaV1.7 as no other 
NaV1.x channels were inhibited (194 used at ~16.7-fold its IC50 value) 
in recordings from heterologous cells or DRG neurons (Fig. 1J). 
Tetrodotoxin-resistant (TTX-R; i.e., NaV1.8 and NaV1.9) currents 
were not affected by 194 (fig. S3A). 194 inhibited NaV1.7 in DRG 
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Fig. 2. 194 blocks CRMP2 SUMOylation promoting recruitment of endocytosis- 
related proteins and internalization of NaV1.7. (A) Representative immunoblot 
and (B) quantification of SUMO1 immunoprecipitates from Cath.-a-differentiated (CAD) 
cells treated overnight with 194 (5 M) or transfected with the SUMO-null CRMP2- 
K374A plasmid and probed with anti-CRMP2 or anti-cdk5 antibodies (n = 3 independent 
samples). Ab, antibody. * denotes p = 0.0095 and 0.0047 comparing wildtype to 
194 or K374A, respectively (Kruskal-Wallis test). (C) Representative immunoblot 
and (D) quantification of CRMP2 immunoprecipitates from CAD cells treated overnight 
with 194 (5 M) or transfected with the SUMO-null CRMP2-K374A plasmid and probed 
with antibodies against NaV1.7, CaV2.2, III-tubulin, and endocytic proteins Nedd4–
2, Eps15, Numb, and CRMP2 as control (n = 3 independent samples). * denotes p = 
0.0014 and 0.0242 comparing NaV1.7 binding to CRMP2 between wildtype and 194 
or K374A respectively; p = 0.0507 and 0.0188 comparing Nedd4-2 binding to 
CRMP2 between wildtype and 194 or K374A respectively; and p = 0. 0.0175 and 
0.0507 comparing Eps15 binding to CRMP2 between wildtype and 194 or K374A 
respectively (Kruskal-Wallis test). (E) Representative immunoblot and (F) quantifica-
tion of the biotinylated-fraction of NaV1.7 in CAD cells treated overnight with 194 
(5 M) or transfected with CRMP2-K374A construct (n = 3 independent samples). * denotes 
p = 0.0100 and 0.0062 comparing NaV1.7 surface expression between wildtype 
and 194 or K374A, respectively (Kruskal-Wallis test). (G) Representative images 
of rat DRG cultures labeled with an extracellular epitope antibody against 
NaV1.7. (H) Quantification of normalized surface expression of NaV1.7 per neuron 
(n = 37 to 45 cells). * denotes p <0.0001 between wildtype and 194 (Mann Whitney 
test). (I) Representative traces and (J) graph of normalized peak Na+ current density 
(pA/pF) from rat DRG neurons treated with 194 (5 M) overnight with or without 
pretreatment (30 min before 194 application) with 30 M CME inhibitor PitStop 
(n = 16 to 19 cells per condition). * denotes p  = 0.0108 comparing DMSO and 194 
(One-way ANOVA with Tukey’s post doc test). Complete sample size and statistical 
information are provided in table S1. Error bars indicate mean ± SEM.

www.SCIENCETRANSLATIONALMEDICINE.org     10 November 2021     Vol 13 Issue 619 eabh1314

http://www.science.org/journal/stm


59

R E S E A R C H  A R T I C L E

Cai et al., Sci. Transl. Med. 13, eabh1314 (2021)     10 November 2021

S C I E N C E  T R A N S L A T I O N A L  M E D I C I N E  |  R E S E A R C H  A R T I C L E

4 of 12

neurons from mouse, pig, and human (Fig. 1L). 194 had no effect 
on total sodium currents recorded from DRGs of transgenic mice 
deficient in CRMP2 SUMOylation (CRMP2K374A/K374A) mice (Fig. 1M). 
194 did not block NaV1.7 currents acutely (5 to 15 min) or after a 
3-hour incubation (fig. S3B). 194 did not inhibit the cardiac hERG 
channel or the presynaptic N-type voltage-gated calcium channel 
(CaV2.2; a <10% reduction in N-type currents) (fig. S3, C and D). In 
summary, 194 specifically inhibits the Ubc9-CRMP2 interaction 
and represents a first-in-class, selective regulator of NaV1.7 
across species.

194 reduces NaV1.7 currents by promoting  
clathrin-mediated internalization of NaV1.7  
through blocking SUMOylation of CRMP2
As 194 prevents the binding between Ubc9 and CRMP2 (Fig. 1E), it 
is expected to block CRMP2 SUMOylation, thereby triggering 
clathrin-mediated endocytosis (CME) of NaV1.7 by promoting 
the recruitment of endocytic proteins Numb, Nedd4–2, and Eps15 
(17–20). CRMP2 SUMOylation was abolished by 194 to a magni-
tude concordant with that of SUMOylation-deficient CRMP2 
(Fig. 2, A and B). SUMOylation of another protein—the cyclin- 
dependent kinase 5 (Cdk5) (26)—was not affected by 194 
(Fig. 2, A and B). Canonical CRMP2 phosphorylation at Ser522 by 
cdk5 (27) was not affected by 194 (fig. S3, E and F). Treatment with 

194 phenocopied genetic loss of CRMP2 SUMOylation by promoting 
CRMP2 association with the endocytic proteins Numb, Eps15, and 
Nedd4–2 while decreasing its interaction with NaV1.7 but not the 
CRMP2-interacting proteins CaV2.2 or III-tubulin (Fig. 2, C and D). 
Consequently, cell surface expression of NaV1.7, but not CaV2.2 
(Fig. 2, E and F), was decreased (Fig. 2, G and H). Consistent with 
194’s proposed mechanism of action on CRMP2, PitStop2-mediated 
inhibition of clathrin assembly in rat DRG neurons nullified 
194-mediated reduction of TTX-S Na+ current density (Fig. 2, I and J) 
while sparing TTX-R currents (fig. S3G). Thus, 194 reduces Na+ 
currents via facilitating the internalization of NaV1.7.

194 inhibits in vivo SUMOylation and spinal 
neurotransmission
NaV1.7 is expressed in the lamina I of the spinal cord where primary 
afferent sensory neurons synapse onto second-order neurons 
(28, 29). As proof of in  vivo target engagement, 194 inhibited 
CRMP2 SUMOylation in the spinal dorsal horn (Fig. 3, A and B). 
Because 194 decreases NaV1.7 membrane localization in  vitro 
(Fig. 2, F to K), we next determined whether it could affect NaV1.7 
presynaptic localization in vivo. 194 decreased the presynaptic 
expression of NaV1.7 in the spinal dorsal horn (Fig. 3, C and D). To 
test whether displacement of NaV1.7 from the presynaptic element 
affected spinal nociceptive neurotransmission, we recorded spontaneous 
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Fig. 3. 194 inhibits CRMP2 SUMOylation, decreases the presynaptic fraction of NaV1.7 in vivo, and reduces sEPSC and action potentials in the lumbar horn of 
the spinal cord. (A) Representative immunoblot and (B) quantification of SUMO1 immunoprecipitates from spinal cord lysates of rats prepared 2 hours after intrathecal 
administration with 194 (0.5 g in 5 l) plasmid and probed with anti-CRMP2 antibody (n = 6 independent samples). III-Tubulin was used as a loading control. * denotes 
p = 0.0022 comparing SUMO IP between DMSO and 194 (Mann Whitney test). (C) Representative immunoblots of presynaptic fractions of lumbar dorsal horn samples 
from rats after intrathecal administration with 194 (0.5 g in 5 l) probed with antibodies against NaV1.7, the presynaptic marker synaptophysin (Syn.), and membrane- 
associated protein flotillin (loading control). PSD, postsynaptic density. (D) Quantification of NaV1.7 in the presynaptic fraction (n = 4 rats per condition). * denotes p = 
0.0002 comparing relative NaV1.7 presynaptic localization between DMSO and 194 (Mann Whitney test). (E) Representative spontaneous excitatory postsynaptic poten-
tial (sEPSC) recordings of lumbar dorsal horn neurons perfused with 0.1% dimethyl sulfoxide (DMSO) or 194 (5 M). Summary of (F) amplitudes and (G) frequencies of 
sEPSCs for both groups (n = 11 cells per condition). * denotes p = 0.0018 comparing mean frequency between wildtype and 194 (Mann Whitney test). (H) Representative 
action potential recordings of lumbar dorsal horn neurons perfused with 0.1% DMSO or 194 (5 M). (I) Summary of the number of action potentials recorded as a func-
tion of current injected (n = 6 to 7 cells per condition). * denotes p <0.01 comparing # of action potentials, at current injections of >15 pA, between DMSO and 
194 (Mann Whitney test). Complete sample size and statistical information are provided in table S1. Error bars indicate mean ± SEM.
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excitatory postsynaptic currents (sEPSCs) from cells in the substantia 
gelatinosa layer of the dorsal horn of the spinal cord of rats perfused 
with 194 (Fig. 3E). 194 had no effect on the amplitude (Fig. 3, E and F) 
but decreased the frequency of sEPSCs (Fig. 3, E and G). Furthermore, 
194 decreased dorsal horn neuronal excitability (Fig. 3, H and I). There-
fore, 194 exhibits target engagement in vivo via suppression of CRMP2 
SUMOylation and reduction of NaV1.7 trafficking and function.

Behavioral appraisal of 194 reveals efficacy across multiple 
pain models
We previously reported that genetic (30) or peptide-based (20, 21) 
interference of CRMP2 SUMOylation reversed allodynia associated 

with the spared nerve injury (SNI) model of experimental pain. 
Consistent with these studies, central [0.5 g/5 l, intrathecally (it)] 
administration of 194 reversed mechanical allodynia (Fig. 4, A and B). 
In contrast, peripheral (2.0 g/50 l, intraplantar) injection failed to 
reverse SNI-induced allodynia (Fig. 4, A and B). In addition, spinally 
delivered 194 (0.5 g in 5 l) alleviated mechanical allodynia in rat 
models of HIV- and chemotherapy-induced sensory neuropathy 
(fig. S4, A to D). Because pharmacokinetic studies showed 194 to be 
orally available (half-life ~2 hours; fig. S5), we next tested whether 
oral administration of 194 would provide pain relief in rat models 
of chemotherapy- and nerve injury–induced neuropathic pain. 194 
at 2 and 10 mg/kg, but not at 0.5 mg/kg, restored mechanical sensitivity 
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Fig. 4. 194 is antinociceptive when administered intrathecally or orally and produces synergistic antiallodynic effects with other analgesics. Time course (A) and 
quantification (B) of paw withdrawal threshold (PWT) of male rats that underwent spared nerve injury (SNI). At 14 days after SNI, 194 was administered either intrathecally 
(0.5 g/5 l) or in the paw (2.0 g/50 l, intraplantar). Time course (C) and quantification (D) of paw withdrawal threshold (PWT) of male rats that underwent spinal nerve 
ligation (SNL) surgery. At 21 days after SNL injury, decreased PWTs were noted. Rats were orally (po) administered 2 or 10 mg/kg of 194 (n = 6 rats per group). Sustained 
administration of 194 [1 mg/kg per day, subcutaneously (sc)] was achieved via osmotic minipump, for 14 days, and tactile (E and F) and thermal (G and H) hypersensitivity 
induced by SNL was assessed. Behavior was tested at multiple time points indicated in the bar graph. Time course (I) and quantification (J) of PWTs of male rats that 
underwent SNL surgery and administered doses of morphine (MOR; 2 or 6 mg/kg, po) alone or in combination with vehicle or 194 (0.5 mg/kg, po) (n = 6 rats per group). 
Time course (K) and quantification (L) of PWTs of male rats that underwent SNL surgery and administered doses of gabapentin (GBP; 3 or 10 mg/kg, po) alone or in com-
bination with vehicle or 194 (0.5 mg/kg, po) (n = 6 rats per group). Complete sample size and statistical information are provided in table S1. Error bars indicate mean ± SEM.
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in animals with chemotherapy-induced (fig. S4, F and G) and nerve 
injury–induced neuropathic nociception (Fig. 4, C and D). 194 
(0.5 g/5 l, 2 hours after intrathecal injection) produced condi-
tioned place preference (CPP) in rats with nerve injury–induced 
neuropathic pain (fig. S4E). No tolerance (loss of efficacy) was noted 
during a 14-day chronic dosing paradigm of 194 (1 mg/kg per day, 
subcutaneously) (Fig. 4, E to H). In addition, the pain-relieving 
effect of 194 lasted for 3 days beyond cessation of chronic exposure 
(Fig. 4, E to H). 194 inhibited formalin-induced defensive behaviors 
(fig. S6A), as well as nerve-injury (fig. S6, B and C) and postoperative 
pain behaviors (fig. S6, D and E). Thus, 194 demonstrates efficacy 
in reversing pain (evoked and affective) in six different models 
across two species and via four routes of administration.

194 analgesia synergizes with morphine and gabapentin
Given the high prevalence of side effects arising from commonly 
used painkillers (31), a reduction in their use would be beneficial. 
We observed an enhancement between subtherapeutic doses of 
194 and morphine on pain relief in a rat model of neuropathic pain 
(Fig. 4, I and J). Similarly, a subtherapeutic dose of 194 demonstrated 
synergy with parallel administration of gabapentin (Fig. 4, K and L). 
These results indicate that 194 can potentiate with different classes 
of analgesics to provide pain relief at subtherapeutic doses.

194 increases endogenous opioid signaling
In humans with nonfunctional NaV1.7, insensitivity to pain has 
been linked not only to the role of NaV1.7 in electrical conduction 
of nociceptive neuronal sodium influx but also to modulation of 
nociceptive signaling by regulation of endogenous opioids (32). 
NaV1.7 genetic deficiency in mice has been shown to control the 
balance of G protein–coupled receptor (GPCR)–mediated pro- and 
antinociceptive intracellular signaling, which converges on the 
activity of type II protein kinase A (PKA-II) (33). 194 did not 
change the cell counts, cell size distribution of DRG neurons, or 
NaV1.7 expression, suggesting that the compound was not cytotoxic 
(fig. S7, A and B). We therefore tested 194’s effect on depolarization- 
induced activation of PKA-II in DRG neurons after application 
of the NaV1.7 agonist veratridine (Fig. 5A). PKA-II activation by 
veratridine was blocked by TTX (IC50 = 60 nM) and by 194 with 
an IC50 of 2 M (Fig. 5, B to D). No additional block of PKA-II ac-
tivation was observed upon cotreatment with 194 and TTX, further 
supporting the notion that 194 acts on TTX-sensitive sodium chan-
nels (Fig. 5B). Treatment with 194 also resulted in a slight increase 
in the mRNA expression (number, area, and staining intensity of 
foci) of the - and -opioid receptor ligand proenkephalin (PENK) 
in DRG neurons (Fig. 5, E and F, and fig. S7C). To address a possi-
ble effect of 194 on opioid receptor signaling in vitro, DRG neu-
rons were pretreated with different doses of 194 overnight and then 
stimulated with forskolin in the presence of increasing doses of the 
opioid Met-enkephalin. Forskolin-induced PKA-II activity was 
dose- dependently inhibited by Met-enkephalin (Fig. 5G). The 
presence of 194, however, did not modulate the effect of opioids 
(Fig. 5G).

If 194 mediates antinociception via opioid receptor signaling at 
the central terminals of nociceptors, then blocking these receptors 
with the antagonist naloxone should negate 194’s pain-relieving 
effect in vivo. 194 reversed paclitaxel-induced mechanical allodynia 
(Fig. 5, H and I), which was prevented by coadministration of 
naloxone (Fig. 5, H and I). Thus, 194’s antinociceptive mechanism 

of action likely involves PENK up-regulation and PKA-II activation 
downstream of opioid receptor engagement.

194 does not cause locomotor deficits and depressive-like 
behavior and is not addictive
194 was counter-screened in behavioral assays in rodents to assess 
potential toxicity. No signs of systemic toxicity were observed upon 
continuous infusion of 100mg/kg per day of 194 for 10 days in rats 
as a histopathological study of all major organs did not reveal any 
anomalies (fig. S8). Spinal administration of 194 (0.5 g, it) did not 
affect motor performances of rats (Fig. 6A). In mice, spinal adminis-
tration of 194 increased their latency to lick their hindpaw when 
placed on a 52°C hot plate compared with vehicle-treated mice 
(Fig. 6B), whereas tail-flick latency to withdraw their tails from a 
52°C water bath was no different between the two groups (Fig. 6C). 
Systemic administration of 194 [10 mg/kg, intraperitoneally (ip)] in 
mice did not affect motor performance (open field) (Fig. 6, D and E). 
194 had no effect on anxiety (elevated plus maze) (Fig.  6F) or 
depression (forced swim test) behaviors (Fig. 6G). 194 treatment 
did not affect the ability of mice to find a hidden piece of food, ruling 
out any adverse effect on smell as NaV1.7 is also an essential 
requirement for odor perception (Fig.  6H) (34). Last, 194 was 
screened for addictive potential and induction of physical depen-
dence (35). 194 did not induce place preference (Fig. 6I), indicating 
that the compound is unlikely to be addictive. 194 did not affect 
naloxone-precipitated jumping behavior, which measures physical 
signs of opioid withdrawal, in mice rendered dependent to morphine 
by an escalating dose schedule over 3 days (Fig. 6J). Thus, 194 did 
not exacerbate opioid-induced physical dependence processes.

DISCUSSION
Previous efforts to target NaV1.7 for pain relief have focused on 
development of direct channel blockers without success (11, 36, 37). 
Lack of selectivity [for example, Biogen’s vixotrigine (38)], insuffi-
cient channel blockade, failure to engage spinal NaV1.7, suboptimal 
clinical trial design (13, 14), and failure to engage NaV1.7-dependent 
endogenous opioid signaling (13, 14) have been proposed as poten-
tial reasons for clinical failure of direct blockers of NaV1.7 (14). 
Here, we identified a first-in-class small-molecule regulator of 
NaV1.7 that might overcome these hurdles to deliver safe analgesia.

The compound 194, a class of benzoylpiperidylbenzimidazole, 
emerged as a lead series after three generations of optimization to 
maximally target NaV1.7 inhibition in DRG neurons. 194 blocked 
in vitro and in vivo SUMOylation of CRMP2 to selectively reduce 
the amount of surface-expressed NaV1.7. 194 blocked all of the 
ProTx-II–sensitive (the NaV1.7-sensitive) current in small-diameter 
DRGs but was ineffective in large-diameter DRGs, thereby ruling 
out potential effects of 194 on NaV1.1 and NaV1.6. Lack of a func-
tional effect on other NaV1.x channels, the presynaptic N-type 
voltage-gated calcium channel (CaV2.2), the cardiac hERG channel, 
and NaV1.7 currents from CRMP2K374A/K374A mice demonstrated 
the specificity of 194 for CRMP2 SUMOylation-dependent control 
of NaV1.7. That 194 did not affect binding between established 
CRMP2 interacting proteins CaV2.2 and III-tubulin provides 
further proof of specificity of the mechanism of action of this com-
pound. These results are congruent with previous reports, obtained 
using CRMP2 K374A mutants in DRGs or heterologous cells, demon-
strating lack of effects on (i) TTX-R currents or heterologously 
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* Fig. 5. Antinociceptive mechanism of action of 194 
involves PENK up-regulation and PKA-II inhibition 
downstream of opioid receptor engagement. 
(A) Representative HCS microscopy images of veratri-
dine (VT) (100 M, 5 min) or control (Ctrl, 0.2% DMSO) 
stimulated rat DRG neurons labeled with UCHL1 to 
identify neurons and pRII to quantify PKA-II signaling. 
Green/red encircled neurons indicate automatically 
selected/rejected objects, respectively. Scale bar, 200 m. 
(B) DRG neurons were cultured in the absence (0.2 % 

DMSO) or presence of 194 (20 M in 0.2% DMSO). After 12 hours, cells were pretreated with increasing doses of TTX (0 to 10 M, 5 min) and then tested for veratridine- 
induced (10 M, 5 min) PKA-II activity as measured by anti–phospho-RII staining as a proxy for PKA-II activity. a.u., artbitrary units. (C) DRG neurons were pretreated for 
6 hours with increasing doses of 194 (0 to 40 M), followed by stimulation with VT (100 M, 3 min), and again PKA-II activity as measured by anti–phospho-RII staining as 
a proxy for PKA-II activity. Values represent means ± SEM; n = 4 replicate experiments; >2500 neurons per condition. (D) Single cell–based density plots of pRII/RII-labeled 
DRG neurons shown in (C). Dashed lines indicate the gating threshold to discriminate activated (those with increased pRII intensity) and nociceptive [those with increased 
RII(+)] intensity, neurons with the numbers indicating the relative percentage of cells in the respective quadrant. Combined data of n = 4 experiments with a total of 
>2500 neurons per condition. (E) HCS microscopy images of rat DRG neurons treated with 20 M 194 or its solvent for 12 hours, followed by labeling of the neuronal 
marker ubiquitin C-terminal hydrolase L1 (UCHL1, formerly PGP9.5) by immunocytochemistry and proenkephalin (Penk) mRNA expression by fluorescence in situ hybridiza-
tion (FISH). The top panel shows controls without PENK probe. Fluorescent foci representing PENK transcripts were quantified within UCHL1-positive neuronal areas 
(see enlarged sections). (F) Single-cell data showing the mean Penk intensity and number of Penk spots per cell for all analyzed neurons (>8000 per condition). (G) Effect 
of 194 on opioid receptor signaling in vitro. DRG neurons were pretreated for 5 hours after seeding with different doses of 194 (0, 0.2, 2, and 20 M) or solvent control 
(0.1% DMSO). The next day, DRG cultures were stimulated with forskolin (3 M) for 3 min in the presence of increasing doses of the opioid Met-enkephalin (0 to 50 M). 
Values represent means ± SEM; n = 4 replicate experiments; >2500 neurons per condition. (H) Time course and (I) area under the curve (AUC) quantification of the paw 
withdrawal thresholds (PWTs) of male rats treated with paclitaxel (Px). Twenty-eight days after the initial injection of Px, the PWTs of rats were assessed after intrathecal 
administration of 0.5 g of 194 in the copresence of vehicle (DMSO) or naloxone (6 mg/kg, ip; indicated by the blue arrow), administered at the 2-hour mark of the 5-hour 
time course (n = 6 rats per group). Complete sample size and statistical information are provided in table S1. Error bars indicate mean ± SEM.
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expressed NaV1.1, NaV1.3, and NaV1.5 channels (16, 17); (ii) voltage- 
gated Ca2+ and K+ currents (18); (iii) CRMP2 binding to tubulin 
outgrowth (16); (iv) neurite outgrowth—a canonical function 
of CRMP2 (16); or (v) CRMP2 phosphorylation (17). As suggested 
by the complete conservation of the CRMP2 SUMOylation motif (22) 
and its regulation of NaV1.7 (17) from rodents to humans, 194 inhibited 
NaV1.7 currents in mouse, rat, pig, and human sensory neurons, 
suggesting translational potential of our preclinical lead compound.

A critical step to achieve the on-target specificity involved 
triaging compounds that bound the E2 SUMO-conjugating enzyme 
Ubc9. This counterselection was necessary as Ubc9 is broadly dis-
tributed (39), Ubc9 knockout (KO) mice are embryonic lethal (40), 
and global decreases in SUMOylation are implicated in cognitive 
dysfunction (41); thus, directly targeting Ubc9 is not viable. Only a 
few small-molecule inhibitors of SUMOylation have been reported 
to date (42–44), and these are therapeutically impractical because 
by targeting the SUMOylation machinery—either E1 or E2—they 
are likely to be nonselective antagonists of essential biological pro-
cesses. Experimentally, no binding to Ubc9 (or CRMP5) was noted. 
Block of SUMOylation was specific to CRMP2, as SUMOylation of 
Cdk5 (26), another Ubc9 client, was unaffected by 194. Thus, our 
study gave us a way to uniquely target NaV1.7 with high selectivity.

That the effect of 194 is observed only after an overnight incuba-
tion may at first seem at odds with ex vivo/in vivo effects, which 
develop with much more rapid time scales. The timing of these 
in vitro versus in vivo effects is likely due to a slower rate of 
deSUMOylation of CRMP2, which is necessary to observe inhibition 
of CRMP2 SUMOylation by 194 in vitro. Inhibiting CME with Pit-
Stop (30 min) negated the reduction in NaV1.7 currents imposed 
by 194, demonstrating that all of NaV1.7 can be recycled within 
30 min. These results are consistent with our previous findings 
showing that inhibiting CME with PitStop reverses the reduction in 
NaV1.7 currents imposed by genetic block of CRMP2 SUMOylation 
in DRGs from rats and mice (17, 19). This shows that, in our hands, 
NaV1.7 recycling occurs in less than 30 min. Of relevance to our 
observations on 194 are findings that gabapentin, which targets the 
trafficking of the N-type calcium channel (CaV2.2) by inhibiting 
the recycling of this channel, decreases DRG Ca2+ currents but 
requires >40 hours of incubation to achieve inhibition (45, 46). This 
is in contrast with the rapid effects of gabapentin observed in ex vivo 
and in vivo conditions (47, 48).

CRMP2K374A/K374A mice are refractory to the development of 
chronic neuropathic pain (18), whereas acute nociceptive pain is 
intact despite pharmacological (194) or genetic suppression of 
CRMP2 SUMOylation (18). In peripheral nerve damage, concomi-
tant increases in CRMP2 SUMOylation (30) and NaV1.7 localization 
in the gracile nucleus have been reported (8, 49). Therefore, limiting 
NaV1.7 function via targeting of CRMP2 SUMOylation is likely to 
spare acute nociceptive pain while silencing chronic pain and may 
contribute to the specificity/safety of 194. In CRMP2K374A/K374A 
mice, hippocampal long-term potentiation (LTP) was unaltered as 
evidenced by unchanged basal excitability and presynaptic or 
postsynaptic hippocampal plasticity in the CA1 circuit between 
wild-type and transgenic mice (18). Hippocampal LTP involves the 
presynaptic NaV1.1, NaV1.2, and NaV1.6 channels (50); the lack of 
effect of deSUMOylated CRMP2 on LTP (or the lack of effect of 194 
on NaV1.1, NaV1.2 and NaV1.6 channels) rules out any potential 
regulation of these channels by CRMP2.

At present, our assessment of central nervous system (CNS) 
exposure of 194 is driven by structural considerations, such as the 
number of hydrogen bond donors (0), pKa (nonionizable and 
neutral), total polar surface area (56.5 A2), and molecular weight. 
Values of those properties for 194 suggest a rather high chance of 
passive diffusion through the blood-brain barrier (BBB). We used a 
BBB score algorithm reported previously (51) to calculate a BBB 
score of 3 for 194; values of the BBB score in the range of 4 to 
6 correctly predict 90% of CNS drugs. However, because 194 reversed 
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Fig. 6. 194 does not impair motor function, induce anxiety- or depressive-like 
behavior, or produce reward or physical dependence. (A) Time course of the 
latency of rats to fall off a rotarod after 3 days of training (baseline) and after receiving 
an intrathecal injection of 0.5 g of 194 (n = 8 rats per group). Latencies to respond 
to noxious heat (52°C) in the hot plate (B) or tail-flick (52°C) (C) tests in female 
(open symbols) and male (closed symbols) in CD1 mice 2 hours after an intrathecal 
injection of 0.5 g of 194 (n = 11 to 12 mice per group). (D) Total distance traveled 
and (E) maximum speed of CD1 male mice in an open field tested at 120 min after 
intraperitoneal injection of 10 mg/kg of 194 or its vehicle (VHL) were not modified 
(n = 10 to 11 mice per group). (F) Time spent exploring the open arms of an elevated 
plus maze by CD1 male mice was not reduced by intraperitoneal injection of 
10 mg/kg of 194 (n = 10 to 11 mice per group). (G) Immobility time of CD1 male 
mice in the forced swim test was assessed after intraperitoneal injection of 10 mg/kg 
of 194 (n = 12 mice per group). (H) Latency of CD1 male mice to find a hidden piece 
of food was assessed after intraperitoneal injection of 10 mg/kg of 194 (n = 7 mice 
per group). (I) Changes from baseline in the time spent in chambers (seconds) 
paired with administration of either 194 at 10 mg/kg or vehicle (VHL) in a condi-
tioned place preference assay (n = 11 rats per group). (J) Number of withdrawal 
jumps in male and female C57Bl/6J mice rendered dependent to morphine by 
repeated administration. Mice were challenged with naloxone (10 mg/kg, ip) to 
precipitate opioid withdrawal and assess physical dependence (n = 20 mice per 
group). Withdrawal jumps were counted after saline challenge in 194- and vehicle- 
treated groups. Complete sample size and statistical information are provided in 
table S1. Error bars indicate mean ± SEM.
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SNI-induced mechanical allodynia when administered spinally but 
not peripherally, our data support a central mechanism of action of 
194, which is consistent with a recent study reporting a central 
mechanism of analgesia in mice and humans lacking the sodium 
channel NaV1.7 (52). These recent observations are also in agree-
ment with our data showing that 194 reduces (i) presynaptic NaV1.7, 
(ii) frequency of spinal EPSCs, and (iii) excitability. To enable full 
interpretation of pharmacokinetic (PK)/pharmacodynamic (PD) 
experiments, we intend—in future work —to obtain experimental 
values for unbound concentration in brain/plasma of 194 and any 
possible metabolites. Although 194 (at 5 M) blocks all of NaV1.7 in 
cultured DRGs, our pharmacokinetic data indicate that a plasma 
concentration of ~0.1 M at 1 hour after administration of 194 is 
still pain relieving. At this sub-IC50 dose, only partial inhibition of 
NaV1.7 is expected. Although the high degree (>90%) of channel 
block/current (in vitro) has been proposed as a prerequisite for 
achieving analgesia (in vivo), to our knowledge, no study has proven 
target engagement and the extent of block in  vivo. However, 
evidence from human genetic studies shows that despite having 
congenital insensitivity to pain (CIP) due to mutations in NaV1.7, 
partial channel function was still retained in patients (53, 54). These 
two reports support the possibility that even partial inhibition of 
NaV1.7 leads to painlessness.

Our previous work on the CRMP2K374A/K374A mice revealed no 
changes in depressive or repetitive, compulsive-like behaviors and a 
decrease in noxious thermal sensitivity. No changes were observed 
in CRMP2K374A/K374A mice to inflammatory, acute, or visceral pain 
(18). By contrast, in a neuropathic model, CRMP2K374A/K374A mice, 
irrespective of sex, failed to develop persistent mechanical allodynia 
(18). Collectively, this previous study demonstrated that CRMP2 
SUMOylation–dependent control of peripheral NaV1.7 is a hallmark 
of chronic, but not physiological, neuropathic pain, thus providing 
strong support in targeting CRMP SUMOylation with a small- molecule 
approach to inhibit NaV1.7. No effects were noted on excitability of 
sensory neurons or on hippocampal and spinal cord plasticity (at both 
presynaptic and postsynaptic sites) in the CRMP2K374A/K374A mice 
(18). Thus, the general lack of behavioral impairments observed in 
our CRMP2K374A/K374A mice underscores the overall safety of targeting 
CRMP2 SUMOylation for pain in rodents (18).

Appraisal of 194 demonstrated dose-dependent reversal of pain 
behaviors across six different models (formalin, postsurgical, SNI, 
spared nerve ligation, paclitaxel-induced peripheral neuropathy, 
and HIV-induced sensory neuropathy) in two species (mice and rats) 
via four routes of administration (intrathecal, intraperitoneal, 
subcutaneous, and oral). 194 relieved affective pain (produced 
CPP) associated with a nerve injury–induced model. In NaV1.7 KO 
mice refractory to pain and humans with CIP, the opioid antagonist 
naloxone precipitates pain (32), most likely via up-regulation of 
endogenous opioids. Similarly, coadministration of naloxone 
completely reversed the analgesic effects of the tarantula venom–
derived NaV1.7 blocking -theraphotoxin-Pn3a peptide (55). 194 
capitalizes on this unique mechanism to provide analgesia.

Conflicting reports both in favor and against a link for up- 
regulation of endogenous opioid peptides and NaV1.7 inhibition 
have been reported. It had been suggested that - and -opioid 
receptors are involved (56), and as early as 1974, it was proposed 
that sodium concentration is a critical regulator of opioid agonist 
binding (57) at - and -opioid receptors (58–60). Further support 
for this hypothesis was inferred from the following observations: (i) 

The expression of proenkephalin (PENK) mRNA encoding a 
precursor to endogenous opioid peptides was increased in condi-
tional NaV1.7 KO mice (32); (ii) the opioid receptor antagonist 
naloxone restored thermal and mechanical sensitivity in NaV1.7 
KO mice, whereas infusion of naloxone enabled a patient with CIP 
to experience a noxious thermal stimulus for the first time (32); (iii) 
naloxone coadministration reversed the analgesia observed for the 
NaV1.7 selective inhibitor -theraphotoxin-Pn3a in a mouse model 
of postsurgical pain—whole-cell patch-clamp electrophysiology ruled 
out a direct effect of naloxone on NaV1.7 channels (55); and (iv) 
naloxone coadministration reversed analgesia of GpTx I, a venom- 
derived gating modifying toxin inhibitor of NaV1.7 channels, in 
multiple rodent pain models (61). However, there are also data 
challenging the NaV1.7-endogenous opioid link: (i) Bennett and 
colleagues (62) saw no up-regulation of PENK mRNA in NaV1.7 
KO human induced pluripotent stem cells (iPSCs) and very little 
basal expression in healthy control neurons, (ii) in vitro treatment 
with naloxone failed to normalize hypoexcitability of NaV1.7 KO 
iPSCs (62), and (iii) naloxone failed to restore acute pain sensitivity 
in NaV1.7 loss-of-function rats (63). The presence of 194, however, 
did not modulate the effect of opioids in our models. As we see a 
clear effect of naloxone in vivo, our findings support that the anal-
gesic effect of 194 involves opioid-dependent mechanisms likely at 
the central terminals of nociceptors (52). Thus, our work implicates 
a role for opioid receptor engagement in the full mechanism of 
analgesia produced by 194.

We did not observe tolerance to 194-mediated pain relief. 194 
did not produce CPP in naïve rats, ruling out the possibility that 
194 is intrinsically rewarding. This is in contrast to rewarding anal-
gesic drugs such as morphine, which produce CPP in naïve or 
uninjured subjects (64). 194 also did not exacerbate physical depen-
dence to morphine or produce other common unwanted effects of 
painkillers including motor dysfunction and anxiety. In addition, 
chronic administration of high doses of 194 did not result in any 
cytotoxicity in any major organs. Another salient feature of 194 was 
its ability to potentiate the effect of subtherapeutic morphine or 
gabapentin, highlighting an opioid/gabapentin-sparing benefit, 
reminiscent of the analgesic synergy of Pn3a with oxycodone (55).

Several limitations of our study and of current knowledge should 
be noted. First, although we designed 194 to specifically inhibit 
CRMP2 SUMOylation, we cannot exclude the possibility that other 
SUMOylated proteins are also affected. As the canonical KX(E/D) 
SUMOylation motif maybe found in other proteins, 194 may also 
limit their SUMOylation. Second, CRMP2 SUMOylation–dependent 
regulation of NaV1.7 is not recapitulated in human embryonic 
kidney (HEK) 293 cells overexpressing NaV1.7 because these cells 
do not have sufficient endogenous levels of the SUMOylation 
machinery (Ubc9 and SUMO1)(16). Although we show that 194 
has no effect on NaV1.1–6, these data were acquired in a recombi-
nant system wherein CRMP2-dependent regulation of NaV1.7 was 
not recapitulated. That 194 did not inhibit sodium currents in 
large-diameter DRGs (>38 to 51 m) rules out effects on at least 
NaV1.1 and NaV1.6 channels expressed by this neuron-size class 
(25). TTX-R NaV1.8 and NaV1.9 currents were also not affected by 
194. Third, given that all recordings are from “axotomized” DRGs 
and that there is the presence of the pronociceptive agent NGF in 
the culture media, these DRGs likely represent a “neuropathic” 
state. This is particularly exciting because these data reinforce the 
notion that antagonists of CRMP2 SUMOylation, such as 194, 
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would spare acute nociceptive pain while silencing chronic pain. 
Fourth, 194 caused a modest increase in Penk mRNA expression in 
cultured DRGs. If endogenous opioids modulate the effect of 194 
in vivo, this likely occurs at the level of the central synapse, which 
cannot be analyzed in cultured DRG neurons. Further research is 
required to prove that opioid-receptor engagement is critical for 
194’s full mechanism of action.

Poor design of trials [for example, failure to recognize that 
heterogeneity of sensory phenotypes of patients may hint at differ-
ent underlying mechanisms (65, 66) or lack of target modulation 
assays to enable clinical interpretation of NaV1.7 inhibitors, but see 
(67)] has likely led to faltering of NaV1.7-targeted drugs at the 
doorstep of the clinical stage (68). Future clinical trials for CRMP2 
SUMOylation inhibitors should stratify patients with chronic pain 
based on the presence of SUMOylated CRMP2 in skin biopsies; 
increased amount of SUMOylated CRMP2 are present in the skin, 
spinal cord, and sciatic nerves in preclinical models of neuropathic 
pain (30). 194 might benefit patients with chronic pain selected 
using this precision medicine–style approach. Combining a 
multidisciplinary approach with a differentiated mode of action, 
our work identifies 194 as a first-in-class NaV1.7 inhibitor with tar-
get specificity to deliver safe analgesia in preclinical models.

MATERIALS AND METHODS
Study design
Our study goal was to harness the mechanism of indirect regulation 
of the voltage-gated sodium NaV1.7 channel by SUMOylated 
CRMP2 and to provide potential therapeutic strategies for control 
of chronic pain. We hypothesized that preventing CRMP2 
SUMOylation by the E2 SUMO-conjugating enzyme Ubc9 would 
reduce NaV1.7 surface expression and currents, lead to a reduction 
in spinal nociceptive transmission, culminating in normalization of 
mechanical allodynia in models of neuropathic pain. Thus, com-
pounds with the ability to prevent CRMP2 SUMOylation to indi-
rectly regulate NaV17 activity might provide benefit in preventing 
neuropathic pain conditions. The research objects were Sprague 
Dawley rats and CRMP2K374A/K374A mice as well as cultured DRG 
cells from rats and mice. DRGs from Yucatan miniswine and humans 
were also used. Calculation of sample size was determined based on 
previous experiments using G-power statistics, indicating that 6 to 
10 animals per group are required for  < 0.05. The exact n numbers 
used in each study are indicated in the respective figure legends. For 
behavioral experiments, data from animals that died or had severe 
health problems in the middle of the experiments were excluded 
(<1%). Experiments were completed in multiple time periods in 
male and female mice and rats, ensuring that replication was 
observed. Western blotting, electrophysiology, fluorescence in situ 
hybridization (FISH), and immunohistochemical imaging data 
were reproduced in multiple rats/mice. Animals were assigned 
randomly to experimental and control groups. The experimenters 
were blinded for animal allocation and behavioral testing until all 
data collection was complete.

Statistical analysis
Statistical analysis was performed using GraphPad Prism v8/9 
(GraphPad). Adherence to Gaussian distribution for each dataset 
was tested using the d’Agostino-Pearson normality test, and subse-
quent tests were chosen accordingly. Unless stated otherwise, data 

are presented at mean ± SEM. Dose-response curves of high-content 
screening (HCS) microscopy data were generated using nonlinear 
regression curve fitting (three parameters and standard Hill slope) 
with Prism (GraphPad). The parameters of the model (top, bottom, 
or pEC50/pIC50 values) were compared using the extra-sum-of-
squares F test. HCS experiments of PENK expression were analyzed 
with R (69) using ordinary one-way analysis of variance (ANOVA). 
Bonferroni’s post hoc analysis was applied to determine P values of 
selected pairs (i.e., control versus treatment at each time point) 
defined in a contrast matrix using the R library multcomp. Complete 
sample size and statistical information are provided in table S1.

SUPPLEMENTARY MATERIALS
www.science.org/doi/10.1126/scitranslmed.abh1314
Materials and Methods
Figs. S1 to S8
Tables S1 and S2
Data file S1
References (69–90)

View/request a protocol for this paper from Bio-protocol.
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P A I N

Oncostatin M can sensitize sensory neurons 
in inflammatory pruritus
Pang-Yen Tseng and Mark A. Hoon*

Chronic itch is a major symptom of many inflammatory skin diseases. This type of pruritus is thought to be facili-
tated by cytokines that activate cutaneous nerve fibers; however, the molecular components and mechanisms 
involved are poorly understood. We found that the cytokine oncostatin M (OSM) is highly up-regulated in psoria-
sis, atopic dermatitis, and cutaneous T cell lymphoma, diseases associated with chronic itch. OSM receptor (OSMR) 
is expressed by itch-selective natriuretic polypeptide B (Nppb) neurons, and single-cell sequencing showed that 
OSM is mainly produced by dermal T cells and monocytes. Unlike canonical pruritogens, OSM does not activate 
sensory neurons. Instead, it sensitizes neurons by potentiating neural responses to pruritogens and by enhancing 
neural excitability. Knockout of OSMR in sensory neurons attenuated OSM-sensitized itch and inflammatory itch 
in mice, and pharmacological antagonism of the OSMR complex effectively alleviated pruritus in experimental 
inflammatory dermatitis in a rodent model. Together, our results uncover OSM as an itch neuromodulator and 
reveal OSM signal transduction as a potential target for antipruritic therapy.

INTRODUCTION
Itch associated with cutaneous diseases is thought to arise from the 
activation of sensory neurons that innervate the skin (1). This acti-
vation often takes place in the context of skin diseases where the 
immune system is also activated frequently as a result of barrier dis-
ruption (2). For many persistent skin diseases, chronic itch is not 
only a minor side effect but also severely reduces the quality of life 
of patients (3–6). Because most chronic itch is difficult to treat ef-
fectively, it is, globally, a major unmet health concern (7–9).

Pruritic agents, both produced endogenously and those encoun-
tered via contact with exogenous sources, stimulate itch neurons 
that, in turn, via connections to the central nervous system, produce 
the percept of itch and evoke the urge to scratch (6, 10–12). In mice, 
three classes of peripheral itch neurons have been characterized, 
those that express the itch receptor Mrgpra3, Mrgprd neurons, and 
those that express natriuretic polypeptide B (Nppb) (13–16). Itch- 
inducing agents such as monoamines (17), lipids (18, 19), proteases 
(20–22), peptides, and some cytokines including interleukin-31 
(IL-31), IL-4, and IL-13 (4, 23–25) can directly depolarize sensory 
neurons that evoke pruriception (26, 27). However, the data for 
cytokines serving as direct pruritogens are limited and remain un-
certain. Emphasizing the importance of cytokine reception in itch, 
agents targeting cytokine receptors have shown clinical value in 
treating atopic dermatitis (24, 28). During chronic itch, the process-
es that drive the continuous urge to scratch are not well understood 
but may not be the same as those that elicit acute itch. An example 
of this is histamine, which is known to be a key mediator of acute 
itch but, except in urticaria, is not thought to be a major mediator 
for chronic itch. The pruritogens involved in chronic itch are still 
poorly understood and may include underappreciated substances 
such as leukotrienes (29).

In this study, we examined the transcriptomic profile and single- 
cell sequencing data of skin from human subjects with skin diseases 
associated with chronic itch and uncovered that, in inflammatory 

skin biopsies, oncostatin M (OSM) is overwhelmingly expressed by 
several dermal immune cells including T cells, monocytes, dendrit-
ic cells, and mast cells. Although OSM has previously been impli-
cated as a general agent found during inflammation (30–32), a role 
for this cytokine in itch has not been established. Physiological 
studies showed that OSM directly modulated Nppb neurons by 
enhancing neural activity instead of depolarizing neurons, a mech-
anism very different from canonical pruritogens. This OSM-mediated 
sensitization resulted in exaggerated itch in inflammatory skin. 
Genetic studies and single-cell sequencing data suggested that OSM 
also indirectly evoked itch by stimulating stromal cells in skin. Last, 
we show that inhibiting OSM receptor (OSMR) complex, in a mouse 
model, can alleviate itch and skin inflammation in dermatitis. To-
gether, we showed that OSM is the predominant cytokine in skin 
inflammation that multidimensionally modulates sensory neurons 
to induce skin pruritus.

RESULTS
Nppb neurons express multiple cytokine receptors
Given the reported involvement of cytokines in chronic itch, we 
were interested in profiling the expression of their receptors in 
sensory neurons to more fully describe these interactions (23, 27). 
Initially, we examined the cytokine receptors expressed by Nppb 
neurons because these neurons have been shown to be involved in 
itch; the expression of the neuropeptide Nppb (released by these 
cells) is increased in chronic itch (33); and IL-31 receptor (IL31ra), 
a receptor associated with chronic itch (34, 35), is expressed by these 
cells. Whereas IL31ra is expressed only in Nppb neurons (36–39), 
the expression of other cytokine receptors has not been defined 
in vivo (40). To determine the receptor transcriptome of Nppb 
neurons, we collected dissociated Nppb neurons (genetically labeled) 
(Fig. 1A) and performed pooled-cell RNA sequencing (RNA-seq). 
Sequencing data from pooled Trpm8 and Trpv1 cells (Fig. 1B) were 
used for comparison to identify signaling molecules enriched in 
Nppb neurons. As anticipated, this analysis revealed the selective 
enrichment of the previously reported receptor for Il31ra, as well as 
the OSMR and an important downstream signaling molecule, Janus 
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kinase 1 (Jak1) (Fig. 1C). OSMR is thought to form heterodimers 
with IL31ra to transduce IL-31 signals (31, 41). In addition, along 
with being a co-receptor for IL-31 signaling, OSMR acts as a recep-
tor for OSM together with the co-receptor gp130 (30–32). Analysis 
of sequencing data showed that Nppb neurons also express high 
amounts of gp130 (Il6st) (Fig. 1D), indicating that Nppb neurons 
express components necessary for the detection of OSM. In addi-
tion, we found that Nppb neurons express Il13ra1 and Il4ra, which 
can form receptor complexes to transduce IL-13 and IL-4 signals, 
respectively (42). The expression amounts of Il13ra1 and Il4ra were 
about 50-fold lower than that of OSMR, gp130, and Il31ra (Fig. 1D 
and Table 1). To validate these RNA-seq results and to get a better 
insight into which cells express cytokine receptors, we performed 
multilabel in situ hybridization (ISH) on both mouse and human 
dorsal root ganglion (DRG). In agreement with our sequencing re-
sults, in mouse DRG, about 90% of OSMR-expressing neurons 
also coexpressed Nppb (Osmr+Nppb+/Osmr+ = 548/613 = 89%, 
Osmr+Nppb+/Nppb+ = 548/567 = 92%, n = 5 mice; Fig. 1E), although 
there is a fraction of neurons that express low amounts of OSMR 
that are Nppb negative and Trpv1 positive (fig. S1). The OSMR 
neurons also coexpressed the co-receptor gp130 that is broadly 
expressed in many DRG neurons (Osmr+gp130+/Osmr+ = 164/166, 

n = 3 mice; Fig. 1F). In human sensory neurons, similar to what 
we found in mouse DRG, OSMR and NPPB are highly coexpressed 
(219/223 cells, n = 5 donors; Fig. 1G and fig. S1A). For other cyto-
kine receptor subunits, we found that IL31ra, similar to OSMR, 
is selectively expressed in Nppb neurons (Fig. 1H). Although Nppb 
neurons express Il13ra1 and Il4ra, both receptors are found in many 
other cell types, and their expressions are much lower than that 
of OSMR or IL31ra (Fig. 1, I and J). Together, these results show 
that Nppb neurons, in both mouse and human DRG, express recep-
tor complexes for transducing multiple cytokine signals including 
those for OSM.

Expression of OSM is prominently increased in skin 
disorders associated with chronic itch
Elevated expression of IL-31, IL-4, and IL-13 has been proposed to 
be causative for some types of itch, but it is unclear whether these 
are the only cytokines involved in modulating pruritic responses 
(23, 24, 43). To better define cytokine expression in diseased skin 
associated with inflammatory itch and to use physiologically rele-
vant results for comparison, we examined several RNA-seq datasets 
from human subjects with different pruritic skin diseases. We ana-
lyzed RNA-seq data from skin biopsies of patients with psoriasis 
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(GSE54456 and GSE121212) (44), atopic dermatitis (GSE121212) 
(45), and cutaneous T cell lymphoma (CTCL) (GSE113113) (46), 
all conditions that, in most cases, result in considerable pruritus 
(43, 47, 48). We found that amounts of OSM transcripts were sig-
nificantly up-regulated in the skin from human patients with psori-
asis, P < 0.0001, and atopic dermatitis, P = 0.0002, and were higher 
compared to controls in CTCL (Fig. 2, A to C, and Table 2). For the 
human samples, not all subjects had elevated OSM (Fig. 2D), sug-
gesting that there is heterogeneity in these disease groups and there 
may be several factors that produce itch. In addition, we analyzed 
RNA-seq datasets from mouse models of atopic dermatitis, MC903 
(GSE90883) (27), and an imiquimod-induced psoriasiform mouse 

model (GSE86315) (49). In the imiquimod mouse model, OSM was 
the only significantly up-regulated cytokine, P = 0.023, and in the 
MC903 mouse model, OSM expression was significantly increased 
together with IL-4 (P = 0.0016 and P < 0.0001, respectively) (see 
Fig. 2, E and F, and Table 2). Differential gene expression analyses 
also revealed that IL-6 is up-regulated in human psoriasis, atopic 
dermatitis, and imiquimod mouse model (log2 fold changes are 2.2, 
2.1, and 1.4, respectively; Table 2); however, the expression of the 
IL-6 receptor, IL6Ra, is extremely low in Nppb neurons and is not 
significantly higher than zero (P = 0.16; Table 1). OSM is the 
cytokine that is commonly up-regulated in these inflammatory skin 
conditions (Fig. 2G). To validate our results, we performed ISH on 

Table 1. Transcript abundance of cytokine receptors in Nppb neurons. The transcript abundance [transcripts per million (TPM) ± SEM] of cytokine receptors 
in Nppb neurons (averaged from four samples). * indicates gene expression levels are statistically larger than zero (P < 0.0001). 

Interleukin receptors gp130 (IL6ST) co-receptors

Il31ra* Il13ra1 gp130* Osmr* Il4ra Il6ra Cntfr Il11ra1 Il11ra2 Il27ra

213 ± 29 5.1 ± 1.4 295 ± 48 306 ± 65 3.9 ± 1.4 0.52 ± 0.28 31 ± 9.3 9.3 ± 5.7 0 0.14 ± 0.06
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skin from imiquimod- or MC903-treated mice. Corroborating our 
analysis of sequencing results, we found a marked increase in 
OSM expression in lesioned skin from both models of dermatitis 
(Fig. 2, I and J). We also examined OSM expression in skin biopsy 
samples from patients with psoriasis and found high OSM im-
munoreactivity in four of nine specimens we examined (Fig. 2L). 
Furthermore, the OSM-positive staining in these samples often ac-
cumulated around peripheral nerve fibers, consistent with potential 
neuroimmune cross-talk (Fig. 2M).

OSM selectively sensitizes Nppb neurons
Our findings that OSM is elevated in skin samples of diseased skin 
associated with chronic itch and OSMR is expressed in itch sensory 
neurons suggest that OSM may contribute to skin pruritus. There-
fore, we hypothesized that OSM might act as a classic pruritogen 
that directly activates sensory neurons. To test this hypothesis, we 
first examined in vitro whether OSM can cause an increase in in-
tracellular calcium by imaging dissociated DRG neurons expressing 
the calcium reporter GCaMP6. We expected that if OSM activates 
Nppb neurons, then intracellular calcium would rise in a subset 
of the GCaMP6-expressing neurons. We imaged 236 capsaicin- 
responsive DRG neurons and observed 68 neurons that were activated 
by leukotriene C4 (LTC4; 100 nM), histamine (100 M), and capsaicin 
(10 M), cells we previously showed that express Nppb (19). However, 
neither these cells nor any of the other neurons labeled with GCaMP6 
responded to OSM [1 g/ml; ~100-fold above the half maximal effec-
tive concentration (EC50)] (Fig. 3, A and B). To further confirm this 
observation, we performed whole-cell electrophysiological recording 
on Sst-cre:: AAV9-CAG-Flex-tdTomato neurons (Nppb neurons) 
(19, 50). Nppb neurons are small-diameter neurons with an averaged 
diameter of 14.2 ± 2.2 m (Fig. 3C). Applying OSM did not evoke 
noticeable currents on these neurons (Fig. 3D). By contrast, histamine 
(100 M) evoked sizable transient inward currents (Fig. 3, D and E). 
Therefore, OSM does not act like a classic pruritogen because it 
cannot directly depolarize itch neurons. Although OSM does not 
elicit a rapid depolarization of Nppb neurons, it could nonethe-
less stimulate other cellular signaling pathways, such as activation of 
kinases, which might modulate neuronal activity in other ways. 
Therefore, next, to examine whether OSM can modulate neuronal 
responses to pruritogens, we recorded histamine-evoked whole- 
cell currents before and after short-term exposure to OSM. Although 
antihistamines are not useful for the treatment of psoriasis, atopic 
dermatitis, and CTCL, the pruritogens that underlie these chronic 
itch conditions are not well characterized. Therefore, for these mecha-
nistic experiments, we used histamine in lieu of the itch-inducing 

agents active in chronic itch. In naïve Nppb neurons, repetitive his-
tamine challenge rapidly desensitizes histamine-evoked currents by 
62.5 ± 4.6% (Fig. 3, F and H). Pretreatment with OSM (1 g/ml) for 
2  min increased histamine-induced currents by 31.8  ±  17.1% 
(Fig.  3,  G  and  H). Because Nppb neurons also express receptor 
complexes for IL-31 and IL-13, we next tested whether these two 
cytokines have similar effects on the histamine-elicited responses. 
We found that pretreatment with IL-31, similar to OSM treatment, 
potentiated histamine-induced currents (Fig. 3H and fig. S2A). 
However, IL-13 pretreatment failed to produce potentiation of his-
tamine responses (Fig. 3H and fig. S2B). The OSM-dependent po-
tentiation of histamine-induced activation was selective to Nppb 
neurons because administration of OSM on Mrgpra3-cre-GFP neu-
rons failed to potentiate histamine currents (fig. S2, C and D). Given 
that OSM treatment potentiates histamine responses, we wondered 
whether OSM might also enhance the baseline excitability of Nppb 
neurons. For these studies, to probe for changes in excitability, we 
examined neuronal activity before and after OSM treatment using a 
current injection protocol. Naïve Nppb neurons, under the condi-
tions we used in our studies, are almost resistant to current injection- 
induced action potential firing, on average, firing only a single 
action potential with an injection of 300 pA (Fig. 3I). Short-term 
OSM treatments (1 to 2 min) did not change the detectable excit-
ability of Nppb neurons (fig. S2, E to G). However, although short-
term exposure did not alter the activity of Nppb neurons, we 
wondered whether longer exposure might. When we incubated 
neurons with OSM for longer times, most Nppb neurons displayed 
tonic firing in response to small injections of current (Fig. 3, J and K). 
Similar to OSM, IL-31 exerted the same effect on neuronal excit-
ability, whereas treatment with IL-13 had no detectable effects 
(Fig. 3K and fig. S2, H and I).

OSM is secreted by various dermal immune cells
OSM is a pleiotropic cytokine that is expressed in activated T cells, 
macrophages, dendritic cells, and neutrophils (51–54). To identify 
the cellular source of OSM in chronic skin pruritus, we examined 
published single-cell RNA-seq data of whole-skin biopsies collected 
from patients with CTCL (GSE128531) (55). In healthy skin biop-
sies, we detected very few cells expressing OSM, and these cells co-
expressed pan-leukocyte marker CD45 (Fig. 4, A to C). The fraction 
of OSM-expressing cells profoundly increased in CTCL skin biop-
sies (from 0.37 ± 0.07% to 6.08 ± 2.6%, P = 0.016) (Fig. 4, D to F). 
Because OSM is mainly expressed by CD45 cells, we further charac-
terized these cells and found that most T cells (CD4+ or CD3+) and 
monocytes (CD14+) coexpressed OSM (Fig. 4, G  to  I). A small 

Table 2. Differential gene expression analyses of interleukins in skin diseases. Differential gene expression analyses of interleukins in inflammatory skin 
conditions (inflamed skin versus normal skin). The numbers indicate the expression of genes that are up- or down-regulated for inflamed skin samples versus 
normal skin (log2 scale). N.d., not detected. The analyses were performed with R package DESeq2. LIF, Leukemia inhibitory factor; CNTF, Ciliary neurotrophic 
factor; CTF1, Cardiotrophin-1. 

Disease Interleukins Interleukins for gp130 (IL6ST) complex receptors

IL-31 IL-4 IL-13 OSM IL-6 LIF CNTF CTF1 IL-11 IL-27

Psoriasis −0.1 −0.9 0.4 3.5 2.2 −1.6 −0.9 −0.6 0.6 0.4

AD 0.2 0.2 3.6 2.3 2.1 −1.7 0.3 0.04 0.4 −0.4

CTCL 0.09 1.4 1.3 2.1 −2.2 −0.8 0.4 0.4 0.5 1.3

Imiquimod N.d. 0.05 −1.4 1.8 1.4 0.8 −0.3 −0.5 0.4 −0.06
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fraction of OSM-expressing immune cells express CD1C, a marker 
for dermal dendritic cells, and a minor number of OSM-expressing 
cells are marked by tryptase, a marker of mast cells (Fig. 4, J and K). 
When comparing OSM expression with other cytokines including 
IL-31, IL-13, and IL-4, we found that OSM-expressing cells out-
numbered the cells expressing other cytokines (P = 0.016, 0.04, and 
0.02, respectively), suggesting a predominant role of OSM in skin 
inflammation (Fig. 4, L to N). To further support the involvement 
of OSM in inflammatory itch, we analyzed single-cell sequencing data 
from psoriatic skin biopsies (EGAS00001002927) (56). In agreement 
with our analysis of CTCL data, OSM was coexpressed with CD4, 
CD3, CD14, and CD45 cells (Fig.  4,  O  to  Q). To validate these 
sequencing data, we performed immunohistochemistry on psoriatic 
skin biopsies. We found that, in healthy human skin biopsies, the 
infiltration of CD4+- and OSM+-expressing cells was very low 
(Fig. 4R). However, in three of five psoriatic skin biopsies, we observed 
massive CD4+ cell infiltration and strong OSM immunoreactivity 

in skin samples from patients with psoriasis (Fig. 4S). Together, 
these analyses uncovered a pivotal role of OSM in skin inflamma-
tion. Furthermore, OSM could be the major cytokine in neuroim-
mune interactions between sensory neurons and multiple dermal 
immune cells.

OSM can induce and exaggerate itch
Our physiological studies suggest that OSM can sensitize itch-selective 
sensory neurons by increasing neuronal activity and excitability. 
To examine the functional consequences of this neuromodulation 
in vivo, we assayed the effects of OSM on behavioral responses in 
mice. For these studies, we injected recombinant mouse OSM (1 g/l, 
10 l) alone or together with histamine intradermally into the nape 
of the neck and recorded scratching responses. As expected, from 
our calcium imaging and electrophysiological experiments, OSM 
evoked only minimal itch responses shortly after administration 
(Fig. 5A), which was not statistically different from saline injection 
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Fig. 3. OSM sensitizes Nppb neurons. (A and 
B) Calcium imaging of dissociated Trpv1-GCaMP6 
DRG neurons challenged (30 s; indicated with 
bars) with OSM (1 g/ml), LTC4 (100 nM), histamine 
(10 M), and capsaicin (10 M) (326 neurons, 
n = 3 mice). The colored scale bar represents nor-
malized changes of fluorescence signals. The solid 
line in (B) indicates the averaged response of all 
the capsaicin-responsive neurons. (C) Quantifi-
cation of cell diameter of Nppb neurons (inset) 
(n = 90). (D and E) Whole-cell voltage-clamp 
recordings (held at −60 mV) of dissociated 
Nppb-tdTomato neurons exposed to OSM alone 
(blue line; 1 g/ml) and histamine (red line; 100 M). 
(E) n = 9 neurons from two mice, ****P < 0.0001, 
two-tailed Student’s t test (F and G). (F to H) Elec-
trophysiological traces of Nppb neuron responses. 
(F) Responses to histamine challenge without 
OSM pretreatment and (G) after pretreatment with 
OSM (1 g/ml) for 2 min. (H) Summary of the 
cytokine-mediated effects on histamine-evoked 
currents. Repetitive histamine (n = 17), pretreat-
ment with OSM (n = 16), or IL-31 (n = 8) (for OSM, 
****P < 0.0001 and for IL-31, P < 0.0001), one-
way ANOVA with Dunnett’s post hoc test. Pre-
treatment with IL-13 (n = 9) (P = 0.95). (I to K) 
Electrophysiological traces of Nppb neurons 
under current clamp conditions. (I) Control 
conditions and (J) after incubation with OSM 
(100 ng/ml) for 2 to 3 days. (K) Quantification 
of effects of cytokine. Prolonged incubation with 
OSM (n = 22) or IL-31 (n = 27), IL-13 (n = 33), and 
controls (n = 21); ***P = 0.0003, ***P = 0.0003, and 
P = 0.7950, respectively, two-way ANOVA with 
Dunnett’s post hoc test. Data are presented as 
means ± SEM.
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(in the first 30 min after administration). In contrast to its lack of 
effect on its own, OSM profoundly potentiated histamine- and 
leukotriene-evoked scratching bouts (Fig. 5, B and C). Although OSM 
alone did not evoke increases in scratching (over saline) in the first 
30 min after injection, when we extended our observation time and 
recorded scratch responses up to 90 min after treatment, we found 
that mice slowly developed intense itch behavior about 30 to 40 min 
after OSM injection (Fig. 5D). During the 30 to 60 second period, 
OSM challenge significantly increased scratching bouts compared 
to saline-injected controls (51.6 ± 15.5, P = 0.033) (Fig. 5E). It is known 
that OSMR, similar to Il31Ra (35), is expressed by many stromal 
cells such as keratinocytes, and analysis of single-cell sequencing of 
skin samples showed that OSMR is expressed by keratinocytes, fi-
broblasts, and endothelial cells (fig. S3E), and potentially, activation 
of these cells could be responsible for the late-onset scratching 

induced by OSM administration. Therefore, OSM might be acting 
on cells in the skin and sensory neurons. To investigate whether 
OSM potentiates scratching and whether OSM-evoked slow-onset 
scratching responses were caused by peripheral sensitization of sen-
sory neurons, we generated DRG-specific Osmr conditional knockout 
mice (Osmr cKO). These cKO mice were made by crossing Osmrfl/fl 
mice with Trpv1-Cre animals to permit all Osmr expression to be 
eliminated including Nppb-negative, Trpv1-positive neurons (fig. 
S1). Congruent with OSM causing itch by sensitization of sensory 
neurons, the loss of Osmr in DRG neurons significantly reduced the 
scratching bouts evoked by coadministration of OSM and hista-
mine (34.3 ± 5.6 scratching bouts in cKO mice versus 60.6 ± 6.5 bouts 
in littermate controls, P = 0.007) (Fig. 5F). OSM-evoked delayed 
scratching responses in Osmr cKO mice were also significantly 
reduced (27.8 ± 8.9 scratching bouts in cKO mice versus 55.7 ± 
10 bouts in control littermates, P = 0.049) (Fig. 5G). Analysis of the 
phenotype of knockout mice in the imiquimod model of chronic 
itch also showed that Osmr in sensory neurons is important for the 
development of increased scratching and skin hypertrophy (Fig. 5, 
H to K). Together, these results suggest that OSM can induce and 
exaggerate itch by sensitizing sensory neurons.

Pharmacological inhibition of OSM signaling reduces 
inflammatory itch
Findings from our bioinformatic analyses and physiological and be-
havioral studies suggest that OSM evokes inflammatory skin pruri-
tus through multiple pathways. We next tested whether systemic 
disruption of the OSM signaling cascade alleviates itch behavior in 
a model of chronic skin inflammation. Because a selective OSMR 
inhibitor is not commercially available, we used a gp130 inhibitor, 
SC144 (57), to inhibit the OSMR/gp130 receptor complex. Initially, 
we tested whether SC144 would inhibit potentiation of histamine 
responses in vitro. We performed whole-cell recordings on Nppb 
neurons and examined the effects of SC144 (10 M) treatment 
upon OSM-mediated sensitization. Inhibition of OSM signaling ef-
fectively prevented sensitization of Nppb neurons (Fig. 6, A and B). 
At the behavioral level, SC-144 treatment (10 mg/kg) almost com-
pletely inhibited OSM-evoked delayed scratching responses (Fig. 6C). 
Showing the selectivity of this reagent, histamine-evoked immedi-
ate scratching was not affected by SC-144 administration (Fig. 6D). 
Although SC-144 could inhibit the activation of gp130 receptor 
complexes other than gp130-OSMR, other potential co-receptors 
for gp130 are not expressed at amounts expected to be functional in 
Nppb neurons (Table 1). In addition, apart from IL-6, the expres-
sion of cytokines that can activate other gp130 receptor complexes 
is not up-regulated in the imiquimod model of itch and in patients’ 
samples of skin diseases associated with chronic itch (Table  2). 
These results indicate that, at a behavioral level, disrupting OSMR/
gp130 receptor signaling can inhibit OSM-evoked itch through Nppb 
neurons. To test whether this strategy is also effective for inflamma-
tory skin pruritus, we used a mouse model of psoriasis (58, 59) and 
tested whether SC-144 can reduce the severity of dermatitis and 
its associated itch phenotypes. In this model, mice received daily 
imiquimod treatment (TARO; 0.05 g per mouse per day) to induce 
psoriasiform dermatitis (Fig. 6E), and at day 7, these animals dis-
play intense scratching behavior directed to the site of imiquimod 
administration. We found that SC-144 treatment greatly reduced 
spontaneous scratching behavior (Fig. 6, F and G). In addition, 
this treatment also mitigated skin inflammation, with reduced ear 
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thickness in SC-144–treated mice (Fig. 6H). Together, these results 
are consistent with OSM being a mediator promoting persistent 
itch during chronic skin inflammation (fig. S4).

DISCUSSION
OSM is a pleiotropic cytokine that belongs to the IL-6 family of 
cytokines (31, 60). Its receptor, OSMR, forms heterodimers with 
either IL31RA or gp130 (IL6ST) to transduce IL-31 or OSM, respec-
tively (30, 31, 61). It is well known that OSM contributes to many 
physiological processes, including hematopoiesis, bone remodeling, 
and liver development. However, OSM can also cause many delete-
rious conditions including T helper 1 (TH1)– and TH2-mediated skin 
and lung inflammation, arthritis, colitis, and some cancers (30, 32, 61). 
Although the role of OSM or OSMR in itch was not explored, it was 
reported that missense mutations in OSMR in familiar primary 
localized cutaneous amyloidosis are associated with severe pruritus 
(62–64), suggesting that OSM/OSMR axis may play roles in skin 
pruritus, which may include perturbations of sensory neuron func-
tion and/or an imbalance of cytokine receptor signaling in kerati-
nocytes. Here, we showed that OSMR is preferentially expressed 
by itch-selective sensory neurons. OSM expression amounts are 

elevated in various skin diseases linked with itch. These data strongly 
suggested that OSM can directly modulate itch-selective sensory 
neurons during chronic skin inflammation. Our functional studies 
showed that the mode of action of OSM is different from classic 
pruritogens and cytokines IL-4, IL-13, or IL31 (26, 27, 33); OSM acts 
to augment pruritogen-induced activity. First, OSM causes poten-
tiation of neural responses to pruritogens. The latter studies were 
performed with histamine as a pruritogen because the active pru-
ritogens in these types of itch are not well characterized. Therefore, 
although we used histamine in our mechanistic studies, we cannot 
exclude that other pruritogens might produce different effects on 
responses in itch neurons. Second, OSM has the longer-term effect 
of converting action potential firing of sensory neurons from phasic 
to tonic. The process of cytokine-mediated sensitization of sensory 
neurons caused a relatively fast increase in activity and a much slower 
modification of neural activity. The latter effect might be due to 
changes in gene expression (65). The rapid effect of OSM was simi-
lar to that reported to be elicited by inflammatory mediators to heat 
sensitization (66, 67). The long-term modulation of OSM on neu-
ronal excitability also has precedence in that IL-1 was reported to 
enhance excitability causing allodynia (68, 69). Our observation that 
OSM also evoked late-onset scratching responses parallels results 
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Fig. 5. OSM can induce and exaggerate itch. (A) Scratching bouts elicited by intradermal injection of recombinant mouse OSM (1 g/l, 10 l; n = 18) in the first 30 min 
after injection, compared to saline injection [n = 12; n.s. (not significant), P = 0.1], (B) by injection of histamine alone (10 g; n = 18) and by co-injection of histamine with 
OSM (10 g; n = 14), **P = 0.002, and (C) by LTC4 alone (n = 12) and co-injection of LTC4 with OSM (n = 12), **P = 0.0005. (A to C) Data are presented as means ± SEM, two-
tailed Student’s t test. (D) Examination of time course of OSM (n = 12)– and histamine (n = 8)–induced scratching responses and (E) quantification of scratching bouts, 
*P = 0.033, ANOVA Sidak’s multiple comparison test. (F and G) Examination of the effects of sensory neuron–specific knockout of Osmr on OSM-induced itch behavior. (F) 
Coadministration of OSM and histamine (10 g in 10 l) into cKO mice (n = 10) during 30-min trials using automated recording of scratch bouts compared to littermate 
controls (n = 9), **P = 0.007. (G) OSM injection in cKO mice (n = 12) compared to control littermates (n = 12), *P = 0.049. (F and G) Data are presented as means ± SEM, two-
tailed Student’s t test. (H to K) Examination of the effect of sensory neuron–specific elimination of Osmr expression in the imiquimod model of chronic itch. (H) Schemat-
ic depicting the time course for the development of imiquimod-induced chronic itch. Imiquimod was topically applied to mouse ears for seven consecutive days. 
Scratching bouts were measured daily before imiquimod treatment, and the severity of skin inflammation was assessed by measurements of ear thickness. (I) Osmr 
Trpv1-cre cKO mice (n = 10) compared to wild-type control mice (n = 10) at day 3, *P = 0.023 (ANOVA Sidak’s multiple comparison test). (J) Representative images of ears 
of control and Osmr cKO mice treated with imiquimod at day 7. (K) Quantification at day 7 of ear thickness in cKO mice (n = 10) compared to control littermates (n = 10) 
(ANOVA Sidak’s multiple comparison test, ***P = 0.0001); data are presented as means ± SEM. WT, wild type.
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from human subjects where it was reported that cutaneous chal-
lenge with IL-31 induces late-onset itch (70).

Our bulk and single-cell sequencing analyses revealed the over-
whelming expression of OSM compared to other well-known cyto-
kines, including IL-31, IL-13, or IL-4. Therefore, it is tempting to 
speculate that OSM might play a major role on neuronal activity in 
many cutaneous diseases where barrier disruption leads to inflamma-
tion (2, 4) and chronic itch. However, there was also heterogeneity 
in increased cytokine expression with elevated expression of OSM, 
IL-31, IL-13, and IL-4 in different samples. Because the quantifica-
tion of these cytokines was made at fixed times, the differences in 
expression of cytokines may reflect difference in stages of disease, or 
they could reflect differences in types of inflammation. In addition, 
we have no information on the itch phenotype of these subjects.

Single-cell sequencing data also re-
vealed that OSM is expressed by many 
dermal immune cells including T cells, 
monocytes, dendritic cells, and mast 
cells. This suggests that OSM might be 
a universal cytokine for neuroimmune 
communications between sensory neu-
rons and dermal immune cells, which 
might explain its prevalence in many 
types of pruritus. In a mouse model of 
psoriasis chronic itch, we showed that 
either the elimination of OSMR from 
sensory neurons or the interference of 
OSMR signaling (with SC-144) reduced 
scratching. Although these results are 
predictive of OSMR signaling in psoriasis, 
future studies will be needed to deter-
mine whether it is similarly effective 
for other types of inflammatory itch. 
We also note that OSMR is expressed in 
keratinocytes and that the expression of 
IL-6 is increased and at least some of 
the effects of SC-144 treatment may be 
on nonsensory neurons and non-Nppb 
neurons (which express IL6Ra). This 
broader effect may account for the larger 
reduction of scratch elicited by SC-144 
compared to elimination of OSMR from 
sensory neurons and may also be a ben-
efit for the treatment of inflammatory 
skin conditions that may have a compo-
nent of pain. In the future, it will be im-
portant to use Osmr-specific antagonist 
to determine whether the effects of 
SC-144 are selective for Osmr or occur 
via inhibition of other gp130 receptor–
mediated processes. In addition, further 
preclinical and clinical studies are re-
quired to determine the effectiveness of 
OSMR antagonism and to examine whether 
adverse effects and toxicity are associated 
with these agents. Regardless of the ex-
act mechanisms, SC-144 shows poten-
tial for treatment of inflammatory skin 
pruritus.

Chronic itch is a common symptom and a major complaint in 
dermatology clinics (71, 72). From clinical perspectives, itch is clas-
sified into several categories including dermatologic, systemic, neu-
rologic, psychogenic, mixed, and others (73). Recently, it has been 
suggested that neurologic itch can be further divided into neuro-
pathic itch and neurogenic itch (3, 5, 72, 74). Neuropathic itch, a 
term borrowed from neuropathic pain (75, 76), conceptually in-
volves induction of neuronal hyperexcitability. However, the mo-
lecular features of neuropathic itch are not well defined. Pruritogens, 
such as histamine, serotonin, chloroquine, and leukotriene, activate 
G protein–coupled receptors that subsequently depolarize sensory 
neurons evoking relatively short-term onset scratching responses 
(19, 77). Our electrophysiological recordings showed that histamine 
quickly desensitized Nppb neurons, and therefore, this type of 
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pruritogen probably does not, on their own, cause long-term hyper-
excitability. Here, we found that OSM modulates sensory neurons 
and evokes itch by slowly increasing neuronal sensitivity and excit-
ability. Therefore, this cytokine-mediated neuronal modulation seems 
to fit the mechanistic definition of neuropathic itch suggested by 
others (3, 5, 72, 74). Furthermore, because OSMR is a common sub-
unit for transducing OSM and IL-31 signaling, antagonizing OSMR 
may be a promising strategy to control chronic inflammatory itch 
for conditions where expression of cytokines is elevated.

MATERIALS AND METHODS
Study design
The primary research objective was to determine the cytokines in-
volved in the production of inflammatory pruritus and whether itch 
could be reduced by antagonism of OSMR. All other hypotheses 
were related to these objectives. The research subjects and units 
of investigation were primary-cultured DRG cells, DRG tissue from 
mice and human donors, and mice in controlled laboratory experi-
ments. Sample sizes for in vitro and cell-based electrophysiological 
assays were those used by other laboratories in the field. For animal 
experiments, sample sizes were based on experience and were of 
a size generally used in the itch field. Data were not excluded in 
any studies.

Statistical analysis
Prism 7.0 (GraphPad Software) was used for statistical analyses. 
Differences between mean values were analyzed using unpaired 
two-tailed Student’s t test or analysis of variance (ANOVA) for 
multiple comparisons as indicated in the figure legends. Differences 
were considered significant for *P < 0.05. Exact P values, definition, 
and number of replicates as well as definitions of center and disper-
sion are given in the respective figure legend. No statistical method 
was used to predetermine sample sizes.
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