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Abstract

The pervasive use of opioid compounds for pain relief is rooted in their utility as one of the 

most effective therapeutic strategies for providing analgesia. While the detrimental side effects 

of these compounds have significantly contributed to the current Opioid Epidemic, opioids still 

provide millions of patients with reprieve from the relentless and agonizing experience of pain. 

The human experience of pain has long recognized the perceived unpleasantness entangled with a 

unique sensation that is immediate and identifiable from the first-person subjective vantage point 

as “painful”. From this phenomenological perspective, how is it that opioids interfere with pain 

perception? Evidence from human lesion, neuroimaging, and preclinical functional neuroanatomy 

approaches is sculpting the view that opioids predominately alleviate the affective or inferential 

appraisal of nociceptive neural information. Thus, opioids weaken pain-associated unpleasantness 

rather than modulate perceived sensory qualities. Here, we discuss the historical theories of 

pain to demonstrate how modern neuroscience is revisiting these ideas to deconstruct the brain 

mechanisms driving the emergence of aversive pain perceptions. We further detail how targeting 

opioidergic signaling within affective or emotional brain circuits remains a strong avenue for 

developing targeted pharmacological and gene-therapy analgesic treatments that might reduce the 

dependence on current clinical opioid options.
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1 | A framework for tackling the dual Pain and Opioid Epidemics

The staggering incidence of untreated pain is a worldwide crisis. On top of this, the 

implementation of opiates as a frontline therapeutic strategy has heavily contributed to the 

current opioid abuse and overdose epidemic in the United States. Improved strategies for 

treating chronic pain with safer side effect profiles carry an enormous potential payoff for 

pain patients (Volkow & Collins, 2017). Currently, the clinical management of chronic pain 

remains a significant challenge given the heterogeneity of underlying causes, and the limited 

efficacy and/or significant detrimental side effects of many current medications. The cognate 

receptors for both exogenous opioids and other current pharmacological pain treatments are 

located not only in the known pain pathways but also in brain reward circuits and brainstem 

breathing pattern generators (Corder et al., 2018) Therefore, comprehensive strategies that 

provide substantive relief across pain types, and with reduced abuse and death liabilities, are 

needed (Davis et al., 2020).

Chronic pain is not merely a persistent sensory disorder, but a debilitating disease of 

affective dysfunction that negatively impacts the mental state, professional goals, and 

personal relationships of millions of pain patients (Gilam et al., 2020). Pain and general 

emotional processes share many common neural circuitries within the brain, which is 

unsurprising given the strong emotional qualities that define the perception of pain. This 

is, of course, not a new conceptual theory, but the predominant view of pain since Aristotle 

and Cicero, who considered pain emotions, or pathe, the key motivational factor of the 

perception (Schmitter, 2010). This view was again strongly reiterated in 1968 by Ronald 

Melzack and Kenneth Casey, stating: “To consider only the sensory features of pain, and 

ignore its motivational and affective properties, is to look at only part of the problem, and 

not even the most important part at that” (Melzack & Casey, 1968).

One of the primary barriers that medical researchers have faced while attempting to prevent 

and alleviate pain is the approach of biological isolation, which fails to integrate discoveries 

made at different levels of description of pain experience. Interdisciplinary teams of systems 

neuroscience researchers consisting of basic- and physician- scientists could accelerate the 

identification of meaningful new circuit-level targets to mitigate the affective component 

of pain (Rudebeck et al., 2019). Such research avenues could start with the human model 

to better understand mechanisms of pain perception and analgesia, and then transfer to the 

bench. This is motivated, in part, by the observations that: (1) the clinical problem of pain 

is a biopsychosocial disease that is best represented in the human, and (2) many of the pain 

treatments developed in animals have failed to show efficacy in humans (Yekkirala et al., 

2017). The fact that many pain treatments developed in rodents have failed in humans should 

not be construed to mean that rodent models have little value. On the contrary, failure is 

seldom explained by an established difference between how pain information is processed 
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in human versus rodents. Often the design of the clinical trial does not correspond to the 

basic science discovery, e.g., preclinical analgesia described in terms of mitigated reflexive 

behaviors. Thus, using a reverse-translational approach, we can more readily make sense of 

experimental data from rodents if designed a priori with human data guiding its rationale 

(Garner, 2014).

The brain is a complex and dynamic system, which until very recently, has been 

largely impregnable for dissecting the specific and functional neural circuits underlying 

nociceptive processing. Given the recent explosion of neuroscience technologies for 

reading and re-writing neural circuit activities at the level of individual cells and circuits, 

we must now use such advancements to identify creative approaches to manage the 

affective dimension of pain. Leveraging these tools for translational neuroscience should 

accelerate our basic understanding of how neural circuits are wired and function together 

at a resolution currently unachievable in human research—genetically and functionally-

identifiable individual neurons and interregional circuits—which can then be applied toward 

clinical practice (Woolf, 2020)( Figure 1). Here, we will discuss the role of nociceptive 

brain circuits that encode pain perception, in particular the affective component, that are 

embedded in emotional and opioidergic brain pathways.

1.1 | Chronic pain as a disease within brain emotion and cognitive circuits

Pain is often considered a symptom of something: a hand on a stove-top, arthritic 

inflammation, or a malignant pancreatic tumor. It is now realized that some types of chronic 

pain are a disease of the nervous system, as opposed to a physiologic response to injury 

and noxious stimuli. Certainly, chronic pain impacts multiple physiologic systems beyond 

the CNS, including the immune and endocrine systems(Chapman et al., 2008; Massart et al., 

2016; Tennant, 2013; Vines et al., 2003). Indeed, a purely somatosensory account of pain is 

inconsistent with observations of the variable relationship between injury and pain, in which: 

(1) non-noxious stimuli produce pain; (2) the locus of pain and the actual tissue damage are 

sometimes inconsistent; (3) pain can persist long after tissue has healed; (4) the nature and 

location of pain can change over time; and (5) treatments that address purely somatosensory 

origins of chronic pain have been, to date, inadequate.

The concept of chronic pain as a disease of the CNS (Sullivan et al., 2013), arising 

from reclassifications in clinical medicine, posits that many chronic pain conditions–

fibromyalgia, complex regional pain syndrome, headache, irritable bowel syndrome, pelvic 

pain, temporomandibular dysfunction, and low back pain–are all associated with multiple 

somatic symptoms but share a core emotional unpleasantness. Patients often are labeled with 

a particular painful condition based on somatic-sensory phenotypes. However, the affective 

and emotional aspects are considered less consequential, and the broader dysfunction of the 

patients’ CNS circuits responsible for affective processing is often overlooked. Further, the 

co-morbid psychiatric disorders (e.g., catastrophizing, anxiety, depression) associated with 

chronic pain that further amplify the pain experience must also be better taken into account 

during chronic pain treatment. Consequently, psychologists and psychiatrists specialized in 

pain are beginning to put pain emotion at the forefront of treatment (Gilam et al., 2020) and 

the advancement of neurotechnologies is allowing for new preclinical views of nociceptive 
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circuit function with unprecedented spatial and temporal resolution (National Institute of 

Heath, 2019).

2 | Building a neuroscience model of pain affect

The perception of pain arises from the integration of sensory-discriminative and affective-

cognitive neural information. An enduring challenge in pain treatment is the need to 

decipher the functional architecture of cells and circuits that transform inert nociceptive 

information into an unpleasant pain perception; however, this picture is starting to come 

into focus. Despite the nervous system’s immense complexity, fundamental aspects of 

subcortical organization are stereotypic among individuals of the same species and are 

maintained across mammals. For example, the amygdala is evolutionarily conserved in both 

mice and humans, as well as in many other reptilian and mammalian species, and likely 

serves similar functions for threat detection, aversive learning, and the valence coding of 

nociception. This preserved functional role of some cortical and subcortical nociceptive 

neural circuits provides the basis for employing translationally relevant animal studies. In 

this way, preclinical models powerfully provide the ability to dissect and model different 

dimensions of the human pain-experience at a resolution not possible in humans: the 

individual neuron or neural circuit (Woolf, 2020) (Figure 1).

Functional measurement at the individual neuron scale, as well as cell type-resolution, 

is critical for inferring the types of information a neuron encodes. What does it mean 

for a neuron to represent something in the environment? What information is encoded or 

decoded in these neural responses? These questions are fundamental to our understanding 

of pain and the endogenous inhibitory signaling, such as opioid peptides and receptors, that 

modulate our affective experience of pain. Human studies employing imaging approaches 

can only make correlative conclusions on functional contributions to pain experience. 

Indeed, methods such as functional magnetic resonance imaging (fMRI) provide a general 

understanding of which brain regions are active during painful stimuli. However, if 

nociceptive processing is encoded by a small number of cells within a voxel of many 

thousands of neurons, then fMRI might fail to observe important cellular targets and 

misinterpret the function of the heterogeneous neurons whose activities are averaged out. 

For example, amygdalar BOLD activity is observed in very few pain fMRI studies (Tracey 

et al., 2019). In contrast, animal single-neuron resolution imaging studies find that ~24% of 

neurons in the basolateral subnucelus are nociceptive responsive (Corder et al., 2019). These 

unconditioned nociceptive negative valence-tuned neurons are anatomically intermixed 

in a “salt-and-pepper” architecture alongside neurons encoding the opposite appetitive 

valence. Furthermore, only ~6% of BLA neurons are purely nociceptive responsive and are 

consistently active during every exposure to a noxious stimulus regardless of the noxious 

stimulus sensory modality (Corder et al., 2019). Similar observations of intermingled 

unconditioned valence-coding neurons in the primate amygdala suggest that this circuit 

motif may exist in humans as well (W. Zhang et al., 2013). Thus, it is likely that fMRI 

is unable to provide the resolution to discern if the neuronal activity within a larger 

brain region is “pain-specific,” a common but potential incorrect conclusion of many low-

resolution imaging studies. Nonetheless, human studies do provide critical roadmaps that 

can be “back translated” to animal investigations.

Kimmey et al. Page 4

J Neurosci Res. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Emerging preclinical work provides unprecedented access to nociception-encoding neural 

populations and circuits through endoscopic brain imaging combined with direct neural 

circuit manipulation, thereby linking nociceptive neural activities to pain-like nocifensive 

and affective-motivational behaviors. However, the most obvious shortcoming of animal 

models of pain and analgesia is the difficulty in determining the subjective state of 

non-verbal animals. In human subjects, perception of pain or analgesia can be somewhat 

reliably determined with verbal reports. Although, we might argue that it is unimportant 

to fully resolve the mechanisms of subjective experience or an emergent consciousness 

phenomenon. Rather, reductionist approaches for identifying translational therapy targets 

based on functionalism—be it at the molecular, cellular, or circuit level—can be more 

than sufficient to generate novel therapies for mitigating pain. If there is a sufficient 

and rapid back-and-forth discussion or involvement of human and preclinical researchers, 

evolutionarily conserved target homologs can be identified and translational progress can 

continue. To do so, pain researchers should move beyond broad, imprecise words describing 

pain experiences and adopt operationalized neuroscience terminologies that can be applied 

to both humans and non-verbal species, such that these terms can be linked explicitly to 

brain activity states (Box 1).

2.1 | Measuring pain affect in preclinical models by linking neural activities to volitional 
behaviors

Undeniably, brains are not functionally designed to represent the “truth” of the world. 

Neurons in the brain do not interact with the environment, but represent the relevant 

information to move the body, and keep the organism alive and propagating. Primordial 

species did not require perception; it was sufficient to move its mass of cells to avoid 

dying. With evolutionary pressures driving the expanded complexity of brains for deploying 

future planning and decision-making processes, we might then observe the emergence of 

perception—new integrative neural circuit motifs that can directly compute past, present, 

and future states for inferential predictions that enable appropriate avoidance or approach 

actions. The Latin word “emovere,” where e- means ‘out’ and movere means ‘move’, forms 

the basis of the English word “emotion” and derives the term “motivation.” Thus, definitions 

of emotion and motivation are rooted in terms describing bodies in action. In this light, we 

can employ behavior as a readout of internal states, such as pain affect. However, it is a 

complex and difficult, but not impossible, task to assign a function to a specific neuron, 

circuit, or network for pain perception that is established from a behavioral readout.

In humans, experimental pain can be measured by simple self-reflective or self-evaluative 

reports, along with visual analog scales and detailed questionnaires. Recently, in an attempt 

to identify visualized biomarkers of pain, machine-learning classifiers applied to fMRI and 

EEG datasets have decoded unique patterns of activity that correlate with noxious stimulus 

events or self-reports (Davis et al., 2020; Tayeb et al., 2020; Wager et al., 2013). However, 

basic pain neurobiology research has a clear need for better assays and endpoints of acute 

and chronic pain with superior predictive validity for translational target identification and 

compound screening (Mogil, 2019). A key issue with current assays, such as the von 

Frey mechanical sensitivity assay, is the experimenter (Bove, 2006). The experimenter 

provides a subjective determination of a reflexive-paw withdrawal as a “pain-like” response 
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or not. Critically, reflexes are not a primary endpoint for assessing human chronic pain; 

this severely restricts the translational utility of reflexive assays like von Frey. Equally, 

experimenter presence, (i.e., a relatively large mammal next to or underneath the rodent), 

is itself a looming threat and a cue of imminent noxious stimuli. This repeated threat or 

stressor can greatly alter nociceptive processing, but is rarely addressed in data analysis 

(Hawranko et al., 1994; Sorge et al., 2014). Thus, the measurement of pain perception in 

non-verbal animals has much room for improvement.

A few recent attempts to automate nociceptive behavior for withdrawal metrics (Abdus-

Saboor et al., 2019; J. Jones et al., 2020) and facial grimace (Baptista-de-Souza et al., 

2020; Tuttle et al., 2018) have pushed the field forward, but still rely on anthropomorphic, 

supervised labeling of video frames for network training. Indeed, rodents are not small 

humans, and humans remain poor rodent psychologists. Thus, unsupervised deep-learning of 

video-recorded behaviors derived from pose-tracking systems (e.g. DeepLabCut and Social 

LEAP Estimates Animal Poses (SLEAP)) can improve upon this behavioral classification 

system, allowing for the discovery of a modular structure of rodent pain-affective behavior 

(Mathis et al., 2018; Pereira et al., 2019). These generative statistical models, including 

Motion Sequencing (MoSeq) and Behavioral Segmentation of Open-field In DeepLabCut 

(B-SOiD), parse behavior into units of action based upon underlying statistical structure 

without relying upon explicit human labeling (Hsu & Yttri, 2019; Wiltschko et al., 2015).

In line with ethological theory, pain affective behavior, like nearly all behavior, is 

constructed of repeated, stereotyped, and objectively quantifiable behavioral motifs. Indeed, 

our group’s best attempt to quantify affective-motivational behavior focuses on the cascade 

of stereotyped behaviors that follow a withdrawal response and on the spontaneous 

behaviors that emerge within the days and weeks following the onset of pain (Corder et al., 

2017, 2019; Manglik et al., 2016)(Figure 2). By quantifying only unconditioned responses, 

one can begin to dissect the discrete networks processing cues and outcomes by linking 

the activity of nociceptive neurons to behavior. Thus, pain researchers can separate the 

sensory-discriminative from affective-motivational dimensions of pain perception and more 

objectively determine the animal’s in-the-moment behavioral responses to noxious events. 

To achieve this, there is an array of behavioral paradigms that have been developed to assay 

pain-related behavior in rodents, which we have outlined in Table 1.

A current preclinical methodology for purportedly evaluating the affective component of 

pain is a modified Conditioned Place Preference (CPP) paradigm, first developed by 

Sufka (Sufka, 1994) and refined by Porreca and colleagues (T. King et al., 2009). While 

this assay has moved the basic pain research field beyond mere reflexive withdrawal 

behaviors, it may not be the most appropriate tool for assessing the in-the-moment, rapid 

neural processes underlying pain perception, given the premise of CPP is a learning and 

memory task. As such, CPP is limited in its description of “spontaneous” pain affect 

because it conflates the associative learning process with the affective state being associated 

to the environment. Broadly, many brain regions show activity to both conditioned and 

unconditioned stimuli (Baeg et al., 2009; Hyman et al., 2017; Monosov, 2017), which 

makes it nearly impossible to tell on the post-conditioning test day which process (or 

both) was blocked by the administered analgesic. Moreover, using reward-seeking relief 
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from chronic pain as an indirect readout of aversiveness of the resting state relies on the 

assumption that motivational-reward processes and cognitive flexibility remain unchanged 

in the chronic pain state. However, chronic pain causes dysfunction in reward-related 

processes, necessitating careful interpretation (Berryman et al., 2013; Moriarty et al., 2011, 

2017; Schwartz et al., 2014). Thus, the CPP assay can assess the effectiveness of an 

intervention to motivate behavioral change, but this is fundamentally different from the 

affective state resulting from nociception.

Facial grimace is another measure of immediate, unconditioned reactions to noxious stimuli 

that might provide insight to pain affect intensity. Indeed, humans and animals partly 

communicate through facial expressions. Darwin asserted that the ability to communicate 

one’s emotional experience through facial expressions, including pain and pleasure, is a 

fundamental aspect of the social world (Ekman, 2009). As a first step toward understanding 

this important question, Mogil and colleagues developed the original Mouse Grimace Scale 

that relied on human-scored single video-frames on a 0-2 scale (Langford et al., 2010). This 

process was later semi-automated by a supervised neural network trained on human-selected 

video frames from mice exposed to noxious stimuli. In a refined methodology from Gogolla 

and colleagues, the team used a machine-learning algorithm to classify facial features of not 

only pain, but disgust, pleasure, fear and malaise, and to then link those facial behaviors 

to noxious-responsive ensembles in the insular cortex via 2-photon calcium imaging in 

awake, behaving mice (Dolensek et al., 2020). This is an elegant demonstration of how 

combining machine deep-learning for facial-feature detection or bodily pose-estimation 

with single-neuron imaging and optogenetic manipulations can accelerate the decoding of 

neuronal circuit functions and mechanisms that generate internal pain affective experiences, 

and their outward behavioral responses.

2.2 | Distributed neural circuits for sensory vs. affective-motivational dimensions of pain

Regardless of the peripheral (e.g., TRPV1+ nociceptors, PIEZO2+ mechanoreceptors) 

or spinal (e.g., somatostatin+, PKCγ+ interneurons) processes that generate ascending 

nociception, and regardless of the sensory perceptive qualities (e.g. burning, stabbing, 

throbbing), all pain perceptions are heavily weighted with a professed aversion. This shared 

affective feature among pain types suggests the existence of a common neural circuit in 

the brain for transforming nociception into negative valence information. We hypothesize 

that this valence transformation process likely plays a role in forming the emotional 

aspects of pain perception. An intriguing aside worth mentioning is that in some more 

rare cases, ascending nociception can be shunted to appetitive valence circuits and perceived 

as pleasurable, as in the case of masochism (Dunkley et al., 2020). Masochism could 

reflect a learned response at the neural level, in which nociception no longer elicits an 

unconditioned protective behavior, but rather serves as a conditioned response signal. This 

was first observed in Pavlov’s early conditioning experiments, where dogs were trained to 

expect a food reward following an electric shock; the shock became a predictive hedonic 

signal and the dogs would salivate upon delivery of a noxious event (Trow et al., 1929). 

Thus, while the lower-level sensory and spinal processing of nociception is understood in 

great detail, far less detail is known about the dynamic circuit architecture that gives rise to 

pain’s affective qualities.
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Though pain is often perceived as a unitary experience, dissociation of the sensory and 

affective dimensions can occur following central nervous system damage (Table 2). Frontal 

lobotomy patients can exhibit pain relief alongside a lowered pain threshold (H. E. King 

et al., 1950), and anterior cingulotomy patients often identify sensations as intense, yet not 

unpleasant (Foltz & White, 1962). Intriguingly, the famous Patient H.M., whose medial left 

temporal lobe was removed to halt intractable epilepsy, could discriminate the intensity of 

thermal stimuli that evoked pain in healthy controls—but H.M. did not label any of the 

stimuli “painful” or protectively guard his arm (Hebben et al., 1985). Meanwhile, peripheral 

nervous system damage that eliminates nociceptive input appears to eliminate both the 

sensory and affective dimensions of pain. For example, patients with loss-of-function 

mutations in the sodium channel Nav1.7 (Cox et al., 2006) or a gain-of-function mutation 

in Nav1.9 (Leipold et al., 2013) exhibit a congenital insensitivity to pain and do not identify 

noxious stimuli as painful despite intact senses of touch. Unlike Patient H.M., such patients 

with congenital insensitivity to pain will accumulate injuries due to the lack of nociception 

that can generate reflexive withdrawals. Without nociceptive input, neither sensory nor 

affective information can be deciphered, and as a result these patients simply do not have a 

concept of pain.

Both the sensory and affective dimensions of pain play vital adaptive roles in allowing 

animals to recognize, escape, and avoid tissue damage. While the sensory dimension of pain 

provides qualitative information to identify harmful stimuli, the affective dimension drives 

behaviors to halt ongoing damage (e.g., escape behaviors) and avoid future damage (e.g., 

avoidance, guarding, and rest). Both types of behaviors are useful during acute pain, where 

damage has or may occur imminently. In the case of chronic pain, where pain may persist in 

the absence of tissue damage or following healing, pain affect-driven behaviors are devoid of 

adaptive benefit and instead interfere with daily life.

Several lines of evidence point to the affective dimension of pain as the major driver of 

chronic pain-related impairment. First, reported pain intensity does not increase with the 

onset of chronic pain (Hashmi et al., 2013) and pain threshold does not correlate with 

reported disability level (Coronado et al., 2015). Second, as pain transitions from the acute 

to chronic phases, there is a corresponding shift in brain activities from sensory areas 

to limbic areas (Hashmi et al., 2013). Common gray matter alterations to the functional 

salience and attention networks are also evident following the induction of several chronic 

pain conditions. In contrast, those in sensory-motor brain regions are condition-specific 

(Cauda et al., 2014). Finally, pain catastrophizing – characterized by excessive focus on 

pain, feelings of helplessness, and magnification of the threat posed by ongoing or future 

pain – plays a critical role in the distress associated with chronic pain. An increased 

propensity towards pain catastrophizing predicts the likelihood of chronic post-surgical pain 

(Theunissen et al., 2012). Excessive focus on pain makes it challenging for patients to 

divert their attention to other activities, thereby interfering with normal body movements. 

As a result, high pain catastrophization scores correlate with high pain-related disability in 

chronic pain patients (Ramírez-Maestre et al., 2017; Severeijns et al., 2001). Unsurprisingly, 

reductions in pain catastrophizing is a treatment goal for behavioral therapy in chronic pain, 

and reduction in pain catastrophizing is associated with concurrent reductions in reported 
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disability, pain behavior, and symptoms of depression (Smeets et al., 2006; Spinhoven et al., 

2004)

2.3 | The amygdala as a key entry point to deconstructing the brain’s pain affective 
network

Recently, we identified one of the first nociception-encoding neural circuits in a deep-brain 

limbic structure, the basolateral amygdala (BLA), by leveraging in vivo calcium imaging 

with single-neuron resolution in freely behaving mice (Corder et al., 2019). This represented 

the first comprehensive demonstration and direct comparative mapping of unconditioned 

nociceptive and aversive responses in the BLA by imaging the activity of over 17,000 

neurons across an unprecedented 49-day imaging period that covered the acute-to-chronic 

pain transition. Combining this imaging with genetically-modified, activity-dependent Cre-

recombinase mice (TRAP, Targeted Recombination in Active Populations) mice that permit 

the chemogenetic control of nociceptive-responsive neurons in the BLA, we determined that 

this circuit encodes the negative valence of pain without altering the detection of noxious 

stimuli, withdrawal reflexes, anxiety, or reward.

While learning and adaptability are crucial, many circuits subsume hard-wired ethological 

functions, including nociception. The amygdala, particularly the BLA, is well studied 

for its role in conditioned learning, e.g. fear conditioning where a conditioned neutral 

stimulus predicts punishment, such as an electric shock. For decades, electric foot shock 

has been the primary punisher for studies on associative fear learning and active avoidance 

(Jean-Richard-Dit-Bressel et al., 2018). It is assumed that electric shocks activate some 

generalizable unconditioned stimulus (US) network in the BLA (Gore et al., 2015). 

Prior to the recent development of genetically-encoded calcium indicator (GECI)-based 

imaging technologies, in vivo electrophysiological probes could not evaluate the neural 

representation of noxious electric shocks due to the passing current. As such, most 

BLA studies have focused on the conditioned cue response network (CR+) that predict 

the aversive shocks. Using miniature microendoscope in vivo Ca2+ imaging approaches, 

we found that electric foot shocks do in fact activate a US network in the BLA that 

is distinguishable from appetitive and CR+ representations (Grewe et al., 2017), which 

is supported by optogenetic manipulations (Gore et al., 2015). However, these electric 

shock US ensembles do not engage the same nociceptive ensemble that encodes natural, 

noxious stimuli representations (e.g. noxious heat, cold, and mechanical pin prick). Not 

only could we decode the activity patterns distinguishing nociceptive versus shock stimuli 

with high fidelity, but we also found that most individual BLA neurons never displayed 

nociceptive-related activity during electric shocks. Surprisingly, we observed more co-

active neurons than expected by chance between electric shocks and facial air puffs or 

isopentalamine odorant, than between shocks and the nociceptive stimuli. This demonstrates 

that experimental shocks may not be processed in a similar biological mechanism as evolved 

nociceptive processes. Depending on the current, voltage, and frequency of the electric 

shock, as well as the cutaneous bodily location it is applied to (glabrous vs. hairy skin, 

or finger-tips vs. trunk), there is likely to be activation of a multitude of functionally 

heterogeneous somatosensory primary afferents, each with their own activation threshold 

properties, which in turn could transduce competing neural information into the spinal cord 
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“pain gate” (Melzack & Wall, 1965; Millan, 1999). This undoubtedly produces an unnatural 

pain-like percept, or even numerous sensations that are self-reported as perceived itch, 

light touch, stinging, pressure, and tickle (Ekman, 2009; Tashiro & Higashiyama, 1981). 

Thus, the identity and function of these non-nociceptive, shock-encoding BLA neurons 

remains unclear. This is not to say that electric shocks cannot be perceived as aversive or 

induce reactive or goal-directed behaviors. Indeed, rodents show increased escape, as well as 

audible and ultrasonic vocalizations to shocks (Fanselow, 1982; Han et al., 2015). However, 

we suggest the use of more natural stimuli, or optogenetic activation of specific peripheral 

sensory neuron populations (Beaudry et al., 2017), over electric shocks when identifying the 

specific functions of individual circuit elements relating to translational efforts for pain, fear, 

anxiety, or other psychiatry disorders.

In total, the BLA nociceptive ensemble provides a stable, hard-wired set of target neurons 

that are responsive to both acutely nociceptive and formerly-innocuous stimuli during 

chronic neuropathic pain states. While we did find that this same set of neurons can 

differentially encode noxious stimulus modality and intensity within high-dimensional 

neural activity codes, in the end, for translating this BLA circuit-level target for pain 

therapies, the neural coding patterns are not as important as the circuit itself. If future 

therapies can act to turn off this circuit signaling on-demand, then this could represent a 

strategy to alleviate the unpleasant emotion of pain perception, regardless of the cause of the 

nociception (e.g., arthritis, cancer, fibromyalgia, etc.).

While it is not resolved how and to what specific functions this BLA nociceptive circuit 

executes as it integrates with other cortical and subcortical structures for pain perception, 

future work can use the BLA nociceptive ensemble as a critical genetic entry point into 

deconstructing the functional and anatomical topology of the pain affective neural networks.

2.3.1 | Comparing the roles of basolateral and central amygdala in pain 
affective-motivational processes—Outside of the BLA nociceptive ensemble, there 

are decades of rich research into pain affective processing brain regions, which include 

the parabrachial nucleus, central amygdala, bed nucleus of the stria terminalis, and 

insula, among others. Pain affect (to reiterate, a term that encompasses many different 

sub-dimensions) likely emerges from the totality of this larger, distributed brain network. 

However, we found that the BLA nociceptive ensemble is a critical bottle-neck circuit 

for pain affect, at least in the affective-motivational sub-dimensions that are quantifiable 

with our behavior measures. In addition to the multiple cortical and striatal connections, 

a major projection target of the BLA is the central amygdala (CeA; Neugebauer, 2015), 

known for executing learned locomotor freezing and flight responses to threats (Fadok et 

al., 2017; Terburg et al., 2018). In addition to the BLA nociceptive ensemble, there is a 

possible parallel or co-requisite circuit for encoding physiologic or emotional pain-related 

information that ascends from the spinal cord dorsal horn through the lateral parabrachial 

nucleus (PBN) to the lateral capsule of the CeA (Gauriau & Bernard, 2002). Importantly, 

the PBN→CeA circuit is not selective for nociception, as it is activated by several forms of 

non-nociceptive information, including itch, nausea, hunger, and bacterial infection (Campos 

et al., 2018; Carter et al., 2013; Palmiter, 2018). However, inhibition of this pathway 

reportedly reduces the immediate reactive locomotor response during an electric foot 
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shock (Han et al., 2015) and optogenetic stimulation produces robust escape-like behaviors 

(Chiang et al., 2020). In contrast, inhibition of the BLA nociceptive ensemble does not 

eliminate the immediate reactive or reflexive nociceptive response, but does reduce the 

temporally-delayed, non-stereotyped affective-motivational behaviors that continue beyond 

active nociceptive input. Furthermore, the BLA integrates with higher-order corticostriatal 

circuits (Burgos-Robles et al., 2017; Janak & Tye, 2015; Ji et al., 2010; Ramirez et al., 

2015), whereas the CeA largely influences descending nociception-control circuits, such 

as the ventrolateral periaqueductal gray (Fox & Sorenson, 1994; Oliveira & Prado, 2001; 

Ozawa et al., 2017; Tovote et al., 2016; Zhu & Pan, 2005). Interestingly, Patient H.M’s 

temporal lobe surgery removed the BLA but left the CeA largely intact (Annese et al., 

2014). H.M.’s experience suggests a dissociative role between the BLA and CeA over the 

conscious qualitative experience of pain negative affect.

Parallel CeA circuits for affective processing of nociception likely exist (Veinante et 

al., 2013), but studies may be confounded by our limited linguistic ability to ascribe 

function to these different amygdalar nuclei. Instead, it is proposed that the functional 

role of PBN→CeA serves as an autonomic alarm system (Palmiter, 2018), which can 

be triggered by bottom-up sensory or top-down predictive signals. In this view, the 

CeA coordinates with hypothalamic and brainstem endogenous antinociceptive systems 

to generate arousal, endogenous analgesia, and motivation while also integrating abstract 

affective information from the BLA nociceptive ensemble (Balleine & Killcross, 2006). 

Thus, the CeA might compute danger information, including nociception, as a digital go/

no-go reflexive motivational signal. Conversely, the BLA uses a high-dimensional analog 

process to assign valence as well as each stimulus’ sensory modality and intensity involved 

in the affective aspects of pain perception (Kyriazi et al., 2018). Currently, the BLA 

nociceptive ensemble is the only known stable set of neurons in the brain responsive 

to noxious stimuli that uses a unique combinatorial activity-code to selectively encode 

nociception during both acute and chronic pain. Adopting a longitudinal tracking and 

intervention approach similar to ours that takes advantage of long-term, cross-day imaging 

and activity manipulation to study the PBN→CeA circuit should greatly accelerate the 

discovery of the global circuits for pain.

3 | The overlapping topology of the endogenous opioid and nociceptive 

systems

Despite the ongoing Opioid Epidemic, opioid drugs are still the mainstay of treatment 

for some types of severe and chronic pain, likely due to their selective targeting of 

pain affect. Morphine was first shown to reduce pain affect ratings without altering pain 

sensation ratings in neuropathic pain patients, independent of the central or peripheral 

origin of the pain (Kupers et al., 1991). Further work in rodents demonstrated selective 

involvement of endogenous opioid signaling in affective pain relief by both opioidergic 

and non-opioidergic analgesics (Gomtsian et al., 2018; Navratilova et al., 2015; Navratilova 

et al., 2019) In both cases, affective pain relief was obtained without alterations of paw 

withdrawal thresholds. Similarly, changes in affective-motivational behavior, such as wheel 

running, or paw attending-escape behavior, can be observed with opioid “low doses” (Cobos 
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et al., 2012) or partial agonists (Manglik et al., 2016). Thus, at doses relevant to alleviate 

pain affective-motivational behaviors, the peripheral and sensory circuits that are sensitive 

to exogenous opioid drugs do not play a factor in the analgesic phenotype. These rodent 

observations appear to be a closer proxy for the analgesic effect of opioids in humans, 

again suggesting that it is beneficial for preclinical and translational studies to move 

beyond reflexive measures for determining analgesic efficacy. This is further supported 

by our work that genetically and pharmacologically blocked peripheral opioid receptors in 

TRPV1+ nociceptors, and found no changes in morphine analgesia, measured by reflexive 

or affective-motivational assays (Corder et al., 2017). Collectively, these studies suggest that 

pain affect relief may be achieved by targeting endogenous opioid circuits in the CNS.

Exogenous opioid compounds (e.g., morphine, heroin, fentanyl, oxycodone) exploit the 

evolutionarily designed endogenous pain-modifying circuits expressing the inhibitory Gαi/

o-protein coupled receptor, the mu opioid receptor (MOR; Corder et al., 2018). MOR 

is expressed throughout the ascending and descending nociceptive circuits, as well as in 

appetitive-motivational circuits (e.g., ventral tegmental area (VTA) and nucleus accumbens) 

that contribute to reward and addiction-like effects (Veinante et al., 2013). MOR is also the 

cognate molecular target of the endogenous opioid peptides, endorphins and enkephalins, 

including the well-studied β-endorphin and met- and leu-enkephalin, as well as the often-

overlooked endomorphin, hepta-/octa-peptides and α/β-neoendorphin (J. Zhao et al., 2012). 

In the brain and spinal cord, opioid peptides appear to be released from large-dense core 

vesicles in response to strong, repetitive neural signals, in order to fine-tune the flow 

of information between nociceptive neurons, resulting in endogenous analgesia, or pain 

relief derived from internal signaling mechanisms. With the opioid receptors and peptides 

identified over 50 years ago, the precise anatomic location and specific cell-type identify of 

receptor-expressing and peptide-releasing neurons in the CNS that are specifically relevant 

to nociception remains a vast arena for continued exploration, and an exciting avenue for 

therapy development aimed to leverage these neural circuits for modulating pain-processes.

Brain regions involved in canonical pain pathways, such as the ACC and periaqueductal 

gray, overlap widely with MOR expression and are strongly connected to the broader 

emotional-limbic circuitries, including the amygdala (Figure 3). Thus, the global MOR 

network is positioned to modulate the activity of many key parts of the limbic system 

that controls emotional behavioral responses generally, as well as responses to noxious 

events that direct attention and engage protective behaviors. While this review focuses on 

circuits within the brain, MOR is also widely expressed in nociceptors, the spinal cord, 

and the dorsal root ganglia (DRG). These peripheral and spinal areas are also able to 

modulate incoming sensory information and alter perception. We have elected to focus on 

the role of MOR brain circuits responsible for encoding the affect, expectation, and attention 

surrounding the experience of pain because of the importance of these behaviors in the 

human experience of chronic pain, their potential as targets for treatment, and their role in 

driving the Opioid Epidemic. Below, we highlight discoveries on the role of opioid signaling 

in affective and learning-related processes relevant for pain perception.
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4 | Integrative cortical regions mediating opioid affective analgesia

The prefrontal frontal cortex (PFC) integrates many different modes of information - 

sensory, visual, auditory, emotional - to direct attention towards acute pain and to guide 

action. In this way, acute pain acts as a protective signal, facilitating the prioritization of 

responses to perceived external or internal threats. However, the persistence of chronic pain 

can impair many cognitive processes, including attentional inflexibility. Such pain-induced 

cognitive impairments are likely worsened by pain catastrophizing, the vicious cycle of 

negative mental focus on actual or anticipated pain that dominates the attention of chronic 

pain patients (Darnall et al., 2017). These cognitive symptoms are often comorbid with 

depression (Gelonch et al., 2017; Kummer et al., 2020), suggesting an underlying biological 

mechanism involving integration with affective circuits. The forced attention upon the 

negative valence, or unpleasantness, of pain perception prevents engagement in other goal-

directed actions and is a key feature of what makes the experience of pain “bad.” In Section 

4, we focus on PFC regions containing endogenous MOR-rich pathways that influence the 

affective and cognitive components on pain (A. K. Jones et al., 1991). Functional imaging 

in humans has identified that acutely noxious stimuli activate the frontal cortex and that 

the excitability of the frontal cortex increases during the transition from acute to chronic 

pain (Borras et al., 2004; J. K. Zubieta et al., 2001). Similarly, studies with non-human 

primates and rodents demonstrate that the cortex is activated acutely by noxious stimuli, and 

its activity is changed over the course of chronic pain (Zhuo, 2019). These facets of the 

chronic pain experience represent under-targeted mechanisms that could help bring relief to 

chronic pain patients and curb the Opioid Epidemic.

While rodent models are advantageous for the study of neural circuits and specific cell 

types, it is challenging to translate findings from rodent cortex, as the primate cortex is 

more complex. The term “prefrontal cortex” is used to describe similar, but not analogous, 

brain regions in the primate and rodent, which has led to lively debate about whether 

rodents possess a prefrontal cortex (Figure 3). Prefrontal cortex has historically been 

defined by projections from the mediodorsal thalamus (Brown & Bowman, 2002; Rose 

& Woolsey, 1948), and in primates, the prefrontal cortex often refers to the granular 

dorsolateral prefrontal cortex (dlPFC), the orbital areas of the frontal cortex (orbitofrontal 

cortex, OFC), the agranular anterior cingulate cortex (ACC), and the dorsomedial, and 

ventromedial cortices (Carlén, 2017; Laubach et al., 2018). Recent reviews suggest that 

the “rodent prefrontal cortex” corresponds most directly to the primate ACC (Laubach 

et al., 2018; van Heukelum et al., 2020). In rodents, the prefrontal cortex refers to the 

ACC, the prelimbic cortex (PL), and the infralimbic (IL) cortex, also known as Brodman’s 

Areas 24, 32, and 25, respectively. While area 32 is granular in primates, it is agranular 

in rodents, along with areas 24 and 25. Another key distinction is that rodent OFC is not 

analogous to primate OFC; while primate OFC is part of the prefrontal cortex, rodent OFC is 

differentially connected (Laubach et al., 2018). Although rodents lack a granular section of 

lateral PFC, present in primates as the dlPFC, the rodent prefrontal cortex can serve similar 

behavioral functions (Laubach et al., 2018). Mapping approaches drawing on functional 

connectivity and circuit projections to define brain regions, rather than by cytoarchitecture 

alone, suggest these cortical regions are somewhat similar (Heilbronner et al., 2016; Mars et 
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al., 2018; Schaeffer et al., 2020). While more work needs to be done to reconcile the rodent 

and primate definitions of the prefrontal cortex, it is clear that several cortical regions are 

involved in the affective processing of pain and can be modulated by the endogenous opioid 

system. Here, we focus on the human and rodent ACC and the human and non-human 

primate OFC and dlPFC.

4.1 | ACC directs attention towards the negative affect of pain

Like many cortical regions, the ACC is engaged by multimodal input and has been 

implicated in a variety of behaviors. In the context of pain negative affect, the ACC is 

involved in directing attention and anticipating the presentation of noxious stimuli. Pain 

alerts one of a threat and elicits orientation towards the threatening stimulus. Following 

this orientation, nociceptive signals are rapidly evaluated and contextualized by recurrent 

neural circuits for threat while an appropriate response is employed - escape or withdrawal. 

Additionally, learning and memory systems are engaged to avoid similar future threats. 

Indeed, the ACC displays increased activity during acute pain and persistent increased 

activity in chronic pain and models of chronic pain (Barthas et al., 2015; Laneri et al., 2017; 

Onoda et al., 2009; Sellmeijer et al., 2018; Singer et al., 2004; Zhuo, 2019; J. K. Zubieta 

et al., 2001). Further, behavioral similarities following ACC lesion and opioid treatment 

suggests overlapping roles in mediating the negative affective component of pain.

Much can be learned about the ACC by reviewing early descriptions of patients whose 

intractable chronic pain was treated with surgical cingulotomy lesions (Foltz & White, 

1962; Hassenbusch et al., 1990; Rainville et al., 1997; Santo et al., 1990) (Table 2). These 

patients did not report a change in pain perception, intensity discriminations, or reactions to 

momentary harmful stimuli. Rather, their attitude toward pain was changed, dissociating 

the negative valence from the experience of pain. Here, pain became a sensation and 

not a threat. Cingulotomy results in difficulty sustaining attention and focus, and impairs 

attention/executive measures of response intention, generation, and persistence (Cohen et al., 

1999). The major overall effect of cingulotomy is the attenuation of the patients’ continual 

response, emotionally and behaviorally, to their ever-present pain (i.e., reduced rumination 

on pain). The major overall effect of cingulotomy is the attenuation of the patients’ continual 

response, emotionally and behaviorally, to their ever-present pain, i.e., reduced rumination. 

The function of the ACC in the affective perception of pain is further revealed by its 

involvement in cognitive tasks that require attention (Corbetta et al., 1991; Devinsky et al., 

1995; George et al., 1994; Stolyarova et al., 2019) as well as the influence of ACC by 

valence information (Feroz et al., 2017; Reed et al., 2018). Microelectrode exploration of 

the ACC of human patients undergoing bilateral cingulotomy for treatment of depression 

and obsessive compulsive disorder found that some ACC neurons responded specifically to 

noxious stimuli - with a bias toward excitation - and were also responsive to the anticipation 

of noxious stimuli (Hutchison et al., 1999). These cingulotomy studies point to the role 

of the ACC in generating attention toward pain, which contributes to the affective facet of 

chronic pain.

Similar to cingulotomy, exogenous opioids separate the sensation of pain from its negative 

valence and draw of attention. Indeed, reports from patients treated with ACC lesions and 
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opiates suggest the relief from the affective symptoms of chronic pain is therapeutically 

meaningful. Acute pain engages MORs in the dorsal anterior cingulate and lateral prefrontal 

cortex, and the affective perception of pain is correlated with MOR availability in the ACC, 

among other brain regions (J. K. Zubieta et al., 2001). Together, this suggests that MOR 

signaling within the ACC contributes to the human perception of pain affect. However, 

the precise neural circuit mechanisms within the ACC that facilitate pain indifference from 

cingulotomy, or opioids remains unclear. The similarity between the affective mechanisms 

of morphine and cingulotomy gives us a clue to this function: the inhibition or lesion of 

MOR-expressing cortical circuits reduces the integration of negative valence information 

within the ACC, resulting in reduced aversive arousal.

To gain further insight into the mechanisms through which ACC MOR signaling exerts 

affective analgesic effects, we must turn to the preclinical literature. Similar to the human 

literature, lesion of the ACC results in a dissociation of anxiodepressive negative affect 

behavior from sensory behavior in a model of chronic pain (Barthas et al., 2015). Intra-ACC 

MOR activation induces conditioned place preference in rodent models of chronic pain 

(Gomtsian et al., 2018; Edita Navratilova et al., 2015, 2020; C. Qu et al., 2011). Similarly, 

low dose morphine does not alter mechanical sensitivity in a model of neuropathic pain, 

but does reduce the affective aversive quality of mechanical stimulation (LaGraize et al., 

2006). Pharmacologic blockade of MORs in the ACC blunts the emotional behaviors 

associated with the opioid analgesic morphine, but not sensory-mechanical behaviors (Edita 

Navratilova et al., 2015). In chronic pain-naïve rodent models, lesion of anterior ACC 

decreases learned aversion driven by a noxious inflammatory pain model (Gao et al., 

2004; Johansen et al., 2001; Johansen & Fields, 2004; Kung et al., 2003; Pastoriza et 

al., 1996). Further, ACC lesion does not alter mechanical paw withdrawal thresholds in a 

model of neuropathic pain, but reduces the aversiveness of such stimulation (LaGraize et 

al., 2004). In comparison, the medial cingulate cortex, immediately caudal to the ACC, 

can influence descending nociceptive hypersensitivity following injury through claustrum-

insular pathways (Tan et al., 2017). Together, these ACC behavioral studies suggest that the 

affective behavioral effect of opioids are partly attributable to ACC MORs, and possibly in 

the anterior Cg1 subregion.

Anticipation of pain, acute noxious stimuli, and chronic pain activate the ACC (Apkarian 

et al., 2005; Cao et al., 2016; Davis et al., 1997; Hsieh et al., 1999; Lenz et al., 1998; 

Porro et al., 2002) (Figure 4). Indeed, the pyramidal neurons of layer 2/3 ACC become 

hyperexcitable in rodent models of chronic pain manifesting as long term potentiation of 

excitatory synapses through pre- and postsynaptic mechanisms (Koga et al., 2015, 2017; 

X.-Y. Li et al., 2010; Sellmeijer et al., 2018; H. Xu et al., 2008; Zhuo, 2019). Layer 5 of the 

ACC also appears to have increase excitability in chronic pain models (Blom et al., 2014; 

Santello & Nevian, 2015). Further, optogenetic inhibition of the ACC in rodent chronic pain 

models reverses the negative affective but not sensory behavioral effects (Sellmeijer et al., 

2018) The circuit effects of ACC change excitability are potentially far reaching, as the ACC 

projects to many regions, including other cortical regions, BLA, striatum, hypothalamus, 

thalamus, brainstem, and spinal cord. Direct projections from the ACC to the spinal cord 

contribute to mechanical threshold sensitization and could contribute to the development 

of chronic pain (Chen et al., 2018; Tsuda et al., 2017). While these studies suggest that 
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hyperexcitability of the ACC is a key feature of chronic pain, the activation of the ACC 

with deep brain stimulation is also associated with relief from chronic pain (Davis et al., 

2000). These seemingly opposing findings suggest that subpopulations of neurons within 

the ACC and neighboring prefrontal cortical subregions could have opposing pain-related 

activity. Indeed, glutamatergic neurons in Cg2 of midcingulate cortex are inhibited by 

painful stimulation, project to inhibitory neurons of the zona incerta, lose excitability during 

chronic pain, and their activation is analgesic. Conversely, glutamatergic neurons in Cg2 of 

midcingulate cortex become hyperactive in chronic pain and their inhibition is analgesic (Hu 

et al., 2019).

While ACC pyramidal neurons display increased excitability in chronic pain models, the 

neighboring prelimbic (PL) pyramidal neurons display decreased excitability in chronic pain 

models (Figure 3). Layer 5 PFC pyramidal neurons show reduced excitatory input and 

reduced intrinsic excitability in chronic pain (Cheriyan & Sheets, 2018; C. J. Kelly et al., 

2016; Metz et al., 2009). PFC projection neurons, typically layer 5 pyramidal cells, made 

hypoactive during chronic pain, likely project to the NAc, a key valence structure (Baliki 

et al., 2012; Michelle Lee et al., 2015). Neighboring prelimbic (PL) neurons also display 

increased firing rates following the presentation of an acute noxious stimulus in rodents 

(Dale et al., 2018). Contrastingly, basal and noxious event-evoked firing rates of PL neurons 

are deceased in chronic pain (Dale et al., 2018). Consistent with this finding, enhancing 

basal PFC activity with low-frequency optogenetic stimulation diminishes hypersensitivity 

in mechanical, thermal, and valence/affective nocifensive behaviors during chronic pain 

(Dale et al., 2018). Indeed, exogenous activation of PFC principle neurons is analgesic and 

anxiolytic in naïve and chronic pain rodent models (Ji & Neugebauer, 2011; Jurik et al., 

2015; G.-Q. Wang et al., 2015; S. Zhang et al., 1997), while optogenetic inhibition of PFC is 

anxiogenic (G.-Q. Wang et al., 2015).

Conversely, PFC GABAergic interneurons neurons are activated during a persistent visceral 

nociception model (Jurik et al., 2015), while MORs expressed in parvalbumin interneurons 

allow for the disinhibition of PL pyramidal neurons and the facilitation of reward-related 

behavior (Jiang et al., 2019). Injury increases the excitability of PL PFC layer 5 parvalbumin 

neurons in males and decreases the excitability of PL layer 2/3 somatostatin neurons in 

females (A. F. Jones & Sheets, 2020), highlighting the need to consider the contribution 

of sex differences to nociceptive processes in the cortex and remain an important point 

for future work. Furthermore, chronic neuropathic pain results in a loss of parvalbumin 

interneurons and concurrently impairs performance in a set-shifting assay in male mice 

(Shiers et al., 2018). Optogenetic inhibition and activation of GABAergic PL neurons results 

in decreased and increased pain responses, respectively, as well as imbuing positive and 

negative valence to context in conditioned place preference and escape/avoidance behavioral 

assays (Z. Zhang et al., 2015). These findings collectively suggest that principle PL neurons 

are disinhibited by GABAergic interneurons to promote cortical-driven antinociceptive 

behaviors, likely driven by the activation of MOR on GABAergic interneurons. In a model 

of chronic pain, PL pyramidal neurons are inhibited by parvalbumin-expressing GABAergic 

interneurons, counteracting the decrease in pyramidal neuron activity in this model, due 

to enhanced excitatory drive onto PV interneurons (Z. Zhang et al., 2015). Indeed, 

MOR activation by morphine can bi-directionally modulate the dendritic complexity of 
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somatostatin and parvalbumin interneurons, with increased activation increasing complexity 

(X. Wang et al., 2019).

Overall, the human phenomenology of lesions or cortical opioid action suggests that the 

ACC’s role in pain experience is not simply to encode the affective component of pain. 

Rather, the ACC integrates, and temporally-smooths, the nociceptive valence information 

within working memory to facilitate attention, decision-making, and motor planning, which 

logarithmically shapes the perception of pain (akin to smooth, continuous visual perception, 

despite eye saccades) (Fuchs et al., 2014; Heilbronner & Hayden, 2016; Xiao & Zhang, 

2018). Importantly, all the behavioral tests of affect rely upon the ability of animals to attend 

to their context and associate it with negative valence. Future animal studies should strive to 

dissociate negative valence from cognitive processes to better tease apart the function of the 

ACC and frontal cortex (Box 2).

4.2 | OFC and dlPFC MORs direct attention to pain-related affect

Human studies have implicated the orbitofrontal cortex (OFC) and the dorsolateral 

prefrontal cortex (dlPFC) in the integration of cognitive, affective, and sensory aspects of 

nociception (Ong et al., 2019). Human imaging has revealed that medial OFC is activated by 

reward and lateral OFC is activated by punishment in a decision making task, and changes 

in OFC functional activity correlated with the magnitude of valence (O’Doherty et al., 

2001). Damage to the OFC increases impulsivity, alters emotional behavior, and is involved 

in decision making based upon representation of value. Preclinical work suggests that the 

OFC plays a role in opioid-mediated analgesia. Ventrolateral OFC infusion of morphine 

reduces mechanical and thermal allodynia and hypersensitivity in naive and chronic pain 

states (X. Huang et al., 2001; M. Zhao et al., 2007), and MOR activation in the ventrolateral 

OFC mediates the antinociceptive effect of morphine on rats experiencing formalin-induced 

hypersensitivity (Xie et al., 2004). The effect of morphine is reversed by naloxone (X. 

Huang et al., 2001), and blocked by a GABAA receptor antagonist (C.-L. Qu et al., 2006), 

suggesting an opioid-induced decrease in GABAergic signaling underlies the behavioral 

effects of opiates in the OFC. Together, human and preclinical research reveals that 

MORs expressed on cortical GABAergic interneurons are positioned to disinhibit subsets 

of pyramidal neurons during chronic pain, allowing for MOR to reduce attention to pain, 

attenuating affective and sensory measures of nocifensive and attention-requiring behaviors, 

including cognitive flexibility impairments (Shiers et al., 2018).

In contrast, lesion of the dlPFC suggests that its influence is biased towards learning 

(i.e., decision making based on the task and context feedback) (Anderson et al., 1999; 

Berlin et al., 2004; Fellows, 2011; Hornak et al., 2003; Rolls et al., 1994). The dlPFC is 

involved in spatial discrimination of pain, as well as attention, encoding of value, working 

memory, decision making, and emotional regulation of these processes (Oshiro et al., 

2009; Seminowicz & Moayedi, 2017). Intriguingly, when subjects were given the ability 

to control the level of noxious events during a trial the dlPFC appeared to downregulate 

nociceptive brain activity in the insula, while uncontrollable noxious trials resulted in 

increased connectivity between the PFC and insula (Bräscher et al., 2016). Furthermore, 

repetitive transcranial magnetic stimulation (rTMS) of dlPFC induces analgesia that is 
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blocked by naloxone pretreatment (J. J. Taylor et al., 2013). This suggests that the dlPFC 

plays a role in the assignment of emotional weight to pain perception, which is tunable via 

endogenous opioid signaling.

The experience of pain is modified by expectations, which builds from the importance of 

attention in modulating pain perception. The PFC integrates contextual information to form 

a representation of pain expectation, demonstrated by the ability of PFC dopamine to tune 

hindbrain-projecting PFC neurons to noxious stimuli, and the activation of this population to 

induce avoidance and defensive behavior (Vander Weele et al., 2018). This information 

allows for the top-down modulation of pain via expectation and placebo processes 

(Coulombe et al., 2016; J. Huang et al., 2019). Indeed, placebo-induced analgesia occurs 

alongside decreased ACC activation, and pharmacological blockade of opioid receptors or 

the modulation of pyramidal neuron activity in the PFC prevents placebo analgesia (I.-S. 

Lee et al., 2015; L. Xu et al., 2018). In Section 5, we detail the role of opioid signaling in 

predictive coding and placebo circuits.

5 | Modulation of pain experience and relief expectation by endogenous 

opioids

Nocifensive behaviors are a first line of defense engaged by animals presented with noxious, 

painful stimuli to prevent tissue damage. Those behaviors reveal the motivational nature of 

pain (Fields, 2006): to protect, escape, and cope. Moreover, learning to avoid or engage with 

stimuli that are either painful or soothing, respectively, demonstrates the power of teaching 

signals generated by aversive motivational states (Johansen & Fields, 2004). Such actions 

are mediated, at least in part, by endogenous opioid-enriched sites in the brain. Interestingly, 

the same endogenous opioid neural circuits that contribute to anti-nociception and pain 

coping can be activated or recruited by non-pharmacological means to promote analgesia. 

Thus, these neural circuits can facilitate pain relief by capitalizing on the motivation to 

heal, Pavlovian conditioning, or through homeostatic processes that direct neural signaling 

towards mitigation of competing internal need states (e.g., stress abatement, hunger, thirst, 

etc.). The periaqueductal gray (PAG), nucleus accumbens (NAc), and central amygdala 

(CeA) are important brain areas that can drive pain relief according to learned associations 

or ongoing behavioral states even in the absence of exogenous opioid drug consumption.

5.1 | The periaqueductal gray mediates passive and learned analgesia via endogenous 
opioid peptides

The ventrolateral aspect of the PAG (vlPAG) was among the first brain regions recognized 

for its important role in facilitating analgesia in humans. This function was revealed 

by electrical stimulation and pharmacological studies. Critically, the research groups 

of Liebeskind (Akil et al., 1976) and Linchitz (Hosobuchi et al., 1977) demonstrated 

that vlPAG stimulation-induced anti-nociception required endogenous MOR activation as 

administration of naloxone prevented the anti-nociceptive effects, in rats and humans 

respectively. Indeed, direct infusion of morphine into the PAG produces robust analgesia 

(Yaksh & Rudy, 1978). Furthermore, it was revealed that the vlPAG is a hub of 

enkephalin peptide signaling necessary for analgesia (Hughes et al., 1975; Simantov et al., 
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1977). Despite these important findings, intracranial stimulation remains a highly invasive 

procedure with variable results. Therefore, engaging endogenous opioid circuits for pain 

relief without pharmacological or surgical intervention is a goal of ongoing pain research.

Pain relief expectation cues are sufficient to trigger endogenous opioid signaling (Amanzio 

& Benedetti, 1999). Neuroimaging has been fruitful in revealing behavioral mechanisms 

that engage this endogenous opioid mechanism. Human brain imaging (fMRI) and positron 

emission tomography (PET) studies have found that pain relief anticipation drives activity 

in anti-nociceptive neural circuitry and involves MOR activity (Eippert, Bingel, et al., 

2009; Pecina & Zubieta, 2018; Scott et al., 2008). Anticipatory neural signaling is a key 

feature of placebo analgesia, defined as reduced pain experience resulting from the belief 

that a treatment, inert or otherwise, will provide pain relief (Laska & Sunshine, 1973). 

In some cases, the placebo intervention produces analgesia just as effectively as an active 

treatment, such as lidocaine (Hashmi et al., 2012). This effect can be conditioned through 

Pavlovian associations or through various learning mechanisms, including instructional, 

observational, or experiential, provided that the cues signaling pain relief are relatively 

stable and unchanging (Colloca et al., 2019).

Activity in the vlPAG tracks with reported placebo analgesia, suggesting that this brain area 

is engaged by internal processes in a manner similar to exogenous electrical stimulation 

and mediates pain relief through MOR activation (Amanzio & Benedetti, 1999; Levine 

et al., 1978; Scott et al., 2008; Wager et al., 2007; J.-K. Zubieta et al., 2005). Likewise, 

conditioned analgesia resulting from re-exposure to the pain relief context can be blocked 

by naloxone (Berna et al., 2018). In concert with vlPAG activation, placebo analgesia also 

robustly activates the dlPFC in an anticipatory manner that likely precedes vlPAG activity 

(Wager et al., 2004). Moreover, those individuals displaying larger placebo analgesic effects 

also demonstrated higher levels of dlPFC activation (Lui et al., 2010). Remarkably, it was 

recently demonstrated that activation of PAG and cortical areas during pain relief correspond 

to decreases in functional activity of dorsal horn neurons (Eippert, Finsterbusch, et al., 

2009; Sprenger et al., 2015). Thus, top-down endogenous opioid-enriched circuits modulate 

pain experience and can be triggered by conditioned or learned associations between an 

intervention and its purported analgesic properties (Fields, 2004).

Placebo analgesia can be modeled in laboratory animals (Keller et al., 2018a), which 

demonstrates that this form of pain relief is conserved across mammalian species and 

provides a robust experimental platform that bridges preclinical and clinical pain research. 

However, these initial studies should be regarded with caution as a number of limitations are 

inherent to current approaches to modeling placebo analgesia in rodents (Box 3). Because 

pain perception can be shaped by precise learned expectancies and contextual cues (Büchel 

et al., 2014), the underlying neural circuitry will encode pain-relief prediction signals during 

placebo analgesia training that become more robust with experience (Colloca et al., 2010). 

In this way, placebo analgesia-active vlPAG neural ensembles will shunt top-down negative 

pain affect processing allowing for coping mechanisms to be effectively engaged. For 

example, blockade of MORs specifically in the vlPAG attenuated conditional hypoalgesia 

during a Pavlovian conditioning paradigm (Bellgowan & Helmstetter, 1998). Overall, the 

phenomenon of placebo analgesia suggests a more fundamental role of motivational and 
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learning processes in pain relief, with more work needed to produce an adequate model and 

thereby elucidate the vlPAG cell types circuits involved in placebo analgesia.

5.2 | Endogenous opioid signaling in limbic nuclei shapes pain experience and 
expectation

At the population level, pain relief expectation is the greatest predictor of long-term chronic 

pain outcomes and illustrates the importance of expectancy in modulating pain experience 

(Cormier et al., 2016). This relies on pain relief signals that are stable, reproducible, 

and comparable to past experiences, suggesting that prediction error contributes to the 

encoding of anticipatory signals of placebo analgesia (Büchel et al., 2014; M. Peciña et al., 

2014) and involves endogenous opioid release in limbic nuclei (Scott et al., 2008). Thus, 

within the motivation-decision framework postulated by Howard Fields (Fields, 2006), pain 

relief experience or expectation is driven by negative reinforcement processes, whereby the 

mitigation of potential tissue damage, either through direct action or indirect observation, 

is encoded as a teaching signal that will spare an individual from pain in the future. 

Although this conceptual framework continues to evolve some studies are already beginning 

to discern by what means cognitive pain modulation occurs and the roles endogenous 

opioids may play. In the brain, a number of limbic, subcortical regions across the neuraxis 

contribute to prediction error coding that enables anticipation of significant events (Schultz 

& Dickinson, 2000) including the ventral tegmental area (VTA), nucleus NAc, CeA, as well 

as the PAG (L. Becerra et al., 2001) (Figure 4). To inform and facilitate future research into 

endogenous opioid-mediated analgesic processes among limbic nuclei, we present a number 

of foundational studies below.

Pain relief expectation cues are associated with increased dopamine release in the NAc 

of humans (Scott et al., 2008). Likewise, pain offset is associated with increased neural 

activity in the NAc (Lino Becerra & Borsook, 2008). In rodents, electrical stimulation 

of the VTA or dopamine D2 receptor agonist application to the NAc are sufficient to 

reduce nociception (Sotres-Bayón et al., 2001; B. K. Taylor et al., 2003). In agreement 

with this finding, activation of VTA dopamine neurons, as indicated by increased cFos, 

has been observed following intra-popliteal fossa administration of lidocaine to block 

incision injury pain in rats (Edita Navratilova et al., 2012). Likewise, placebo analgesia 

occurs alongside increased tyrosine hydroxylase expression in the VTA, also suggesting 

engagement of VTA dopamine neurons (I.-S. Lee et al., 2015). Within the NAc, and more 

generally the mesolimbic pathway, little is known regarding the role of endogenous MOR 

signaling in facilitating or modulating pain processing in the dopamine system. However, 

increasing work utilizing exogenous agonists has begun to shed light on the complexities 

of endogenous opioid signaling in the mesolimbic dopamine pathway. For example, while 

MOR activity appears to have uniform effects across the medial shell subregion with 

respect to driving reward wanting (S. Peciña & Berridge, 2013), the NAc has a clear 

hedonic “hotspot” in the rostrodorsal region which mediates reward liking that is positively 

modulated by mu, delta, and kappa opioid receptor activation (Castro & Berridge, 2014). 

In contrast, MOR in the caudal medial shell “coldspot” reduces hedonic liking of sucrose 

(S. Peciña & Berridge, 2013). Surprisingly, microinjection of DAMGO, a MOR peptide 

agonist, into the NAc caudal coldspot can elicit a defensive treading, escape behavior. This 
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effect of MOR-mediated aversion indicates that mu agonists are not themselves intrinsically 

pleasurable or positively hedonic, but rather their action on specific affective-motivational 

circuits can lead to either approach or avoidance behaviors (Richard et al., 2013). Likewise, 

outside the hedonic “hotspot” kappa opioid receptor activation attenuates reward liking (S. 

Peciña & Berridge, 2013) that becomes pathologically active in chronic pain states (Massaly 

et al., 2016, 2019; Vergara et al., 2020). These results suggest that opioid peptides in the 

NAc can tune pain relief reward signals arising from the VTA in a region-specific manner 

and thereby differentially engage recurrent circuit targets of the NAc, such as the CeA.

While the mesolimbic system plays a central role in negative reinforcement and motivation, 

the CeA provides crucial modulatory control that serves to translate learned or conditioned 

responses into motivationally salient decisions (Mahler & Berridge, 2009). For example, 

the CeA encodes expectation signals, that when violated, either through omission or 

over-expectation (Haney et al., 2010), initiate extinction learning (Iordanova et al., 2016). 

Moreover, the CeA demonstrates endogenous MOR signaling in human imaging studies 

as a preparatory mechanism to facilitate placebo analgesic responses (Wager et al., 2007). 

Some CeA interneurons are enkephalinergic, and thereby promote negative reinforcement 

processes by inhibiting the projection neurons of the CeA (Paretkar & Dimitrov, 2019), 

which can become hyperexcitable in acute and chronic pain states (Neugebauer et al., 2020; 

Neugebauer & Li, 2003). This effect manifests differentially among genetically-defined 

CeA populations. Notably, it was found that PKCδ neurons, a subset of which expresses 

enkephalin (Hua et al., 2020), demonstrate pain-related sensitization while somatostatin 

neurons were silenced (Wilson et al., 2019). Pain relief prediction signals likely activate 

CeA interneurons to suppress efferent noxious signals (i.e., PKCδ neurons) and promote 

antinociceptive signals (i.e., somatostatin neurons) to areas such as the VTA and PAG, 

thereby limiting pain-cue learned associations (Beier et al., 2015; J.-N. Li & Sheets, 

2018). Utilization of prediction error coding to facilitate learning by the amygdala and 

PAG has been demonstrated in the context of fear conditioning (LeDoux et al., 1988). For 

example, muscimol-induced inactivation of the PAG resulted in deficits in acquisition of 

conditioned fear learning (Johansen et al., 2010). Furthermore, CeA to vlPAG projections 

have been specifically implicated in mediating early instructive signals encoded during fear 

conditioning, which are blocked by optogenetic inhibition of this pathway (Ozawa et al., 

2017) (Figure 4). Despite these impactful studies, much remains unknown regarding the 

precise role of endogenous opioid signaling in the CeA during placebo analgesia and pain 

relief processes.

In total, capitalizing on learning mechanisms that may involve endogenous opioid signaling 

represents a novel therapeutic avenue for alleviating the need for exogenous opioid drugs. 

Identifying the neural populations, their connectivity, and activity patterns will provide new 

insights into our ability to safely and effectively recruit the brain’s intrinsic pain relief neural 

circuits.
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6 | Future approaches for treating chronic pain by harnessing 

endogenous opioid systems

Emerging preclinical work is providing unprecedented access to nociception-encoding 

neural cell-types and circuits through rodent and viral genetics, deep-brain endoscopic brain 

imaging, and cell-type circuit manipulation, all of which allows for the direct and causal 

linking of neural nociceptive codes to the emergence of pain-related behaviors. Classically, 

pain research has focused on the sensory and reflexive components of pain, often leading 

to unsuccessful avenues of treatment in humans. Indeed, this approach is limited in its 

description of pain-related behavior in the affective-motivational domain. By studying pain 

affect and its neural substrates, we now know that the BLA encodes diverse noxious stimuli 

activity of which is necessary to evoke pain-related negative affect (Corder et al., 2019). As 

highlighted herein, pain affective circuitry extends beyond the BLA to the frontal cortex and 

integrates with brain regions that encode prediction error signals (e.g., PAG, CeA, NAc) to 

instruct our future behavior in the face of noxious stimuli and provide anticipatory relief 

when pain is unavoidable.

Timely advances in rodent and viral genetic manipulations have significantly furthered our 

ability to map nociceptive and pain affective neural circuits. Resources, such as the Allen 

Institute Mouse Brain Atlas (Lein et al., 2007) and the recent molecular map of the mouse 

brain (Ortiz et al., 2020), provide valuable foundational tools for pain neuroscientists to 

develop and utilize cutting edge molecular approaches. For example, rabies virus (RABV) 

enables transsynaptic retrograde tracing of neurons projecting to a brain region of interest 

(R. M. Kelly & Strick, 2000). Due to the multisynaptic labeling provided by RABV, circuit 

architecture can be inferred. Indeed, injection of green fluorescent protein-tagged RABV 

into the planar skin of the mouse paw revealed that sensory neurons received descending 

inputs from the rostroventral medulla (RVM) (Y. Zhang et al., 2015). Similarly, a distributed 

circuit connecting the trigeminal nucleus to the ACC has been revealed by RABV-based 

circuit mapping (Iwata et al., 2011). When combined with recently developed mouse 

genetic models (e.g. Penk-cre, Oprm1-mCherry, Oprm1-cre, and Pomc-cre lines) (Bailly 

et al., 2020; Mambretti et al., 2016), RABV and viral genetic tracing will reveal diverse 

endogenous opioid circuit elements involved in pain and its relief.

Once identified, gaining genetic access to pain affective or pain relief expectation neural 

circuits represents a potential next generation of pain treatment approaches. An excessive 

pain affect signal in the frontal cortex could act as an attractor-state, disrupting ACC 

function and perpetuating a lasting negative internal state during chronic pain. Because the 

cortex is one of the most superficial regions in the pain affect network, it is a convenient 

target for translation treatments that do not violate the skin or require diffusely-acting 

pharmacological agents, such as transcranial approaches such TMS or focused ultrasound 

(fUS) chemogenetics. TMS targeted to frontal cortical regions for the treatment of chronic 

pain and depression suggests that such a strategy could recruit endogenous opioid signaling 

(DosSantos et al., 2014; Downar & Daskalakis, 2013; Lamusuo et al., 2017; J. J. Taylor et 

al., 2013). At the neural circuit level, fUS is now being explored as a potential vehicle for 

delivery of pharmacological agents to specific areas of the brain by creating blood brain 

Kimmey et al. Page 22

J Neurosci Res. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



barrier permeability at sites of interest (Burgess et al., 2015). In this way, novel ligands that 

normally lack brain penetrance can be targeted to identified endogenous opioid circuits to 

modulate pain affect or pain relief in real time, but in a non-cell type-specific manner.

Gene therapy-based approaches, in current development for chemogenetic control of 

peripheral nociceptor populations, could offer unique cell type-specific access to CNS 

neurons critical to pain affect. Preclinically, chemogenetics and optogenetics, which involve 

ectopic expression of novel receptors that respond selectively to exogenous ligand or light, 

respectively, have promoted neural circuit dissection for a breadth of behaviors (Whissell 

et al., 2016). Chemogenetic receptors and ligands (e.g., DREADDs, PSAMs, DARTs) 

(Atasoy & Sternson, 2018) as well as optogenetic receptors (e.g., channelrhodopsin) 

(Kim et al., 2017) are already widely used in neuroscience research and enable restricted 

expression of receptors or ligands (i.e., DARTs) to desired cell populations. In the clinic, 

mimicking morphine analgesia by engineering endogenous intra-ACC enkephalin-release 

with on-demand opto- or chemo- genetic control, could restore cognitive capacity and limit 

chronic pain affect, for example. Also of note, engineered MOR-like substrates are already 

under development that respond to specific wavelengths of light (i.e., opto-MORs and 

UV-light-sensitive caged-opioids) (Banghart et al., 2018; Siuda et al., 2015). However, the 

translation of these approaches to human patients remains limited due to safety testing and 

verification of viral payload expression (Keifer et al., 2020).

Over past decades, a large number of studies, in various human and animal models, 

has provided invaluable knowledge about the neurobiological elements underlying opioid 

analgesia and some brain nociceptive processes. However, until recently the restricted 

resolution of current neurotechnologies has limited the discovery of nociceptive-specific 

circuits, outside of the spinal cord, to relatively few brain regions. Now, numerous 

transformative tools like those described herein, leveraging elegant combinations of 

molecular genetics, optics, electrical engineering and other multidisciplinary fields, are 

beginning to assist in more unbiased investigations of brain circuits with high spatial and 

temporal resolution. Together, basic neuroscientists and physician-scientists, working with 

increased cooperation and effort toward reverse-translation experimental designs, have an 

unprecedented opportunity to repave the direction of translational pain research and lay the 

groundwork for new treatment targets for opioid analgesia and pain affective processes.

Analgesic drugs, including medicinal opioids, bathe the body in chemicals, acting on 

widely expressed molecular targets that promote addictive and fatal side effects (Yekkirala 

et al., 2017). Indeed, the cellular diversity within defined neural circuits reveals a 

major methodological shortcoming of current pharmacotherapeutic strategies. Pain patients 

desperately need options with high precision, minimal side effect profiles, and on-demand 

availability. Looking ahead, we propose that some of our next generation chronic pain 

therapies should not target receptors, enzymes, or other molecular players, but rather the 

brain’s neural circuits that underlie the negative affective perception of pain. This strategy 

would have the ethical prowess and advantage of not permitting opioid activity within 

subcortical reward networks that promote addiction, or fatal effects such as respiratory 

depression. Clinically, our efforts might have a two-pronged utility: reduce the suffering of 

chronic pain patients, while simultaneously mitigating the current Opioid Epidemic.
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Box 1.

Pain-related terminology and implementation

Melzack and Casey (1968) proposed that pain perception consists of three distinct 

dimensions: (1) a sensory-discriminative dimension, which conveys the intensity, 

location, and modality of the painful stimulus; (2) an affective-motivational dimension, 

which comprises the unpleasantness of pain independent of sensory modality; and 

(3) a cognitive-evaluative dimension (Melzack & Casey, 1968). The endurance of the 

multidimensional model, and especially of the sensory and affective dimensions, is 

echoed in the recently updated IASP description of pain as an “an unpleasant sensory 
and emotional experience associated with, or resembling that associated with, actual 

or potential tissue damage” (Raja et al., 2020). While pain is often conceptualized as 

a unitary (albeit multifaceted) experience, genetic conditions and injuries can result in 

specific deficits that demonstrate separation of its dimensions (see Table 1). Key among 

them is the phenomenon of pain asymbolia, in which pain is perceived in a manner 

divorced from its unpleasantness – that is, patients identify an experience as “painful”, 

but it does not bother them or motivate them to take steps to relieve it (Berthier et al., 

1988).

Collectively, the deficits outlined in Table 1 indicate distinct but overlapping neural 

mechanisms for the construction of these dimensions. Translational medicine does not 

require the description of such mechanisms at the level of subjectivity; rather, it is 

adequate to use concepts at the level of nociception where we can interfere with the 

physical processing of neural information. In order to identify mechanisms in preclinical 

models of pain, however, it is first critical to draw a few key distinctions.

• Nociception, derived from the Latin for ‘harm’, refers to the neural 

information that is encoded and transmitted by any neuron in the peripheral 

and central nervous system that is activated by a noxious or harmful 

stimulus. Any additional neural processing, action potential spiking, or 

neurotransmissions that continue beyond those that explicitly contribute to 

the immediate perception is not categorized as nociceptive.

• Pain comprises both the representations of somatosensory information 

(e.g., location, modality, sharpness, dullness), as well as the assignment of 

emotional valence, resulting from nociception. Pain thus requires a conscious 

perception, underscored by a hierarchal neural process of evaluation of 

nociception information.

Nociception can elicit reflexive and complex motor responses, in the absence of 

conscious pain perception–for example, Baliki and Apkarian comment that we non-

volitionally shift body weight positions while sitting in a chair for a long period 

(a complex set of motor commands, involving many muscles) due to some level of 

nociception that initiates this protective behavior (Baliki & Apkarian, 2015). Importantly, 

pain can occur in the absence of nociceptive input, and according to the IASP definition, 

an experience only needs to “resemble” that associated with nociception to qualify as 

painful (Raja et al., 2020). For example, central neuropathic pain associated with multiple 
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sclerosis, tumors, strokes, or other conditions can occur independent of peripheral 

nociceptors (Murphy et al., 2017). Tangentially, intense emotional distress, which is 

often described as painful, does not require nociception, but it involves many of the same 

brain regions as physical pain (Eisenberger et al., 2003; Meerwijk et al., 2013; Onoda et 

al., 2009) Additionally, social feedback and empathy, reinforcement history, expectation, 

and a multitude of other factors can shape the intensity and emotional significance of 

pain for an individual. Although these factors are not nociceptive they can directly alter 

nociception in numerous brain circuits.

Another concept is that of pain-related suffering. The intense unpleasant affect of pain 

imposes the goal of escaping with an extremely high priority. The resulting disruption 

of ongoing goal-oriented behaviors or neural programs to attend to the noxious cause or 

affected tissue is a small inconvenience, but generally patients do not ascribe suffering 

to acute pain perceptions. Counter to this useful function of acute pain, chronic pain 

has no survival function and cannot be easily remedied by any behavioral actions that 

the organism is designed to execute as nociceptive processes continue to percolate 

through the nervous system. This inescapable neural processing places a significant 

neuroeconomic demand on systems designed to compute conflict resolution, such as 

the cingulate cortex. “Suffering” is therefore an inability to rectify or cease ongoing 

signals that disrupt other ongoing survival-directed behaviors, and arises secondary 

to nociception, not parallel. When strategies fail and are exhausted while nociceptive 

affective-motivational signals persistently enter inferential or conflict-resolution circuits, 

a comorbid sense of helplessness can emerge.

The last important distinction is that between the “affective dimension of pain” and 

“pain affect”. Preclinical pain research into pain affect must clearly separate “affective-

motivational”, or “nocifensive”, behaviors from co-morbid changes in avoidance or 

reward-consummatory behaviors. In its original definition related to pain put forth 

by Melzack, “affect”, or the “affective component of pain”, refers to the immediate, 

in-the-moment unpleasantness that forces the organism into action (Melzack & Casey, 

1968). This should not be conflated with alternative uses of “pain affect”, “pain-induced 

negative affect”, or “pain-depressed behaviors”, which have recently been applied as an 

alternative for “mood” or co-morbid psychiatric disorders, such as anxiety, depression, or 

well-being metrics, including feeding and nest-building (Massaly et al., 2019; Negus et 

al., 2010; Schwartz et al., 2014).

Behaviors indicative of each of these elements emerge over different time scales, 

reflecting the differences in their function (Figure 2; see Table 1 for specific examples 

of associated behaviors). In mice, brief noxious stimuli rapidly elicit several distinct 

behavioral responses: (1) Withdrawal reflexes: rapid reflexive retraction or digit splaying 

of the paw, (2) Affective-motivational responses: directed licking and biting of the paw 

(termed ‘attending’), extended lifting or guarding of the paw, and/or escape responses 

characterized by hyperlocomotion, rearing or jumping away from the noxious stimulus. 

Functionally, nociception serves as an instructive signal that immediately generates 

reflexive behavior (e.g., removing the hand from the hot stove, grimacing, yelling 

“ouch!”), and rapidly gives rise to the perception of pain – both its sensory and 

affective dimension. Our group’s best attempt, thus far, to quantify affective-motivational 
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behavior focuses on the cascade of stereotyped behaviors that immediately follow 

a withdrawal response. Paw or tail withdrawal reflexes are classically measured in 

studies of hypersensitivity and involve simple spinal cord and brainstem circuits (as 

these behaviors are observed in decerebrated rodents). In contrast, affective-motivational 

responses are complex behaviors requiring processing by limbic and cortical circuits in 

the brain, the appearance of which indicates the subject’s motivation and arousal to make 

the aversive sensations cease, by licking the affected tissue (thus engaging spinal gate 

mechanisms), protecting the tissue, or seeking an escape route (Blanchard & Blanchard, 

1969; Bolles, 1970; Bolles & Fanselow, 1980; Darwin, 1872; Estes, 1948; Estes & 

Skinner, 1941; Fanselow, 1982; Koch, 2004; Mogil, 2009; Rescola, 1968; Rescola 

& Lolordo, 1965; Skinner, 1938; Wiech & Tracey, 2013; Woolf, 1984). Behaviors 

suppressed by or exacerbated by pain affect arise later; the involvement of inferential and 

conflict-resolution circuits result from consequent mechanisms working on significantly 

slower timescale well beyond nociceptive processes, and reflect comorbid plasticity in 

non-nociceptive circuits. This approach at stringing together behavioral motifs highlights 

the necessity of nociceptive processing in affective circuits to flexibly construct these 

reactive behaviors.
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Box 2.

Improving the study of negative valence directed attention in preclinical 
models of chronic pain.

A core feature ACC cingulotomy in human patients is pain dissociation, an ability to 

perceive pain, but find it less bothersome. The separation of the sensory perception of 

pain from the negative valance of pain is a key outcome of opioid treatment for pain. 

Better understanding the underlying mechanism of this behavior could be critical to 

identifying non-addictive treatments for chronic pain that preserve the protective sensory 

facet of acute pain. Current approaches for studying the negative affect component of 

pain in rodents draw from the fields of affective and addiction neuroscience. Classic 

depressive-like tests, such as the forced swim test, novelty-suppressed feeding, and 

sucrose splash tests (Barthas et al., 2015), allow for insight into the how chronic 

pain alters the overall mood of the subject, which is a central debilitating feature of 

chronic pain, but does not provide insight into how pain is perceived. Conditioned place 

preference assays, which assess preference for a context associated with an experimental 

condition (e.g., stimulation of region, or local infusion of an opioid agonist) or analgesic, 

provide insight into the rewarding valence of pain relief. However, this technique requires 

several days of conditioning, and doesn’t provide direct insight into how much pain 

draws attention from other tasks. While learning and memory assays, such as the set 

shifting assay, can assess this – and have deficits in chronic pain (Shiers et al., 2018) 

– this behavioral focus hasn’t received a lot of attention in the pain field as a whole. 

Going forward, behavioral tasks should assess how acute pain holds attention – e.g., 

orientation towards and time attending to acute noxious stimuli – and how chronic 

pain alters everyday life – e.g., spontaneous activity in the home cage. To best capture 

these behaviors, machine learning approaches represent promising improved methods 

to quantify movement during sensory assays, facial grimace, and other fine details that 

could provide insight into how attention is directed during chronic pain (J. Jones et al., 

2020; Mogil et al., 2020). Ideally, these measures could allow for automated, closed 

loop assessment in odor and sound-proof arenas, removing the traditional confounds of 

experimenter presence, subjective assessment of movement-based outcomes, and social 

cues from other animals in the testing.
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Box 3.

Limitations of rodent models of placebo analgesia

Preclinical efforts to model placebo analgesia, the experience of pain relief from 

otherwise inert treatments, has only just begun in earnest in the past two decades. The 

state of animal models of placebo analgesia is discussed at greater length previously 

(Keller et al., 2018b). The bulk of these studies rely on classical or Pavlovian 

conditioning to generate a drug-context association typically followed by a test for acute 

anti-nociception (e.g., hotplate assay) (Bryant et al., 2009; Jian-You Guo et al., 2011; J.-

Y. Guo et al., 2010; Valone et al., 1998; R.-R. Zhang et al., 2013). However, mixed results 

have been found across rodent species with drug-pairing protocols producing either no 

placebo analgesia (McNabb et al., 2014) or heightened thermal nociception (Krank et al., 

1981). The strength of the drug conditioning procedure is tested by omitting the active 

drug treatment, such as morphine (10 mg/kg), in lieu of the inert vehicle, the placebo. 

Increased latency to perform nocifensive behavior is the principal readout of the success 

of placebo analgesia in rodent models to date. Although these studies appear face valid, 

they are limited by several important experimental factors:

1. Placebo analgesia testing in rodents largely relies on reflexive pain assays. 

While informative, these assays do not readily reflect the self-report 

procedures used in clinical placebo analgesia experiments. Therefore, in 

addition to latency measures, placebo analgesia paradigms in rodents should 

incorporate analysis of affective pain behaviors (e.g., paw licking) as reported 

data.

2. Single or repeated administration of opioid analgesic can induce locomotor 

sensitization (Vanderschuren et al., 2001; Vezina & Leyton, 2009). This 

heightened locomotion may make assessment of anti-nociception difficult, 

especially under paradigms that rely on precise stimulus application to the 

paw (e.g., with von Frey filaments).

3. Repeated opioid administration can result in a paradoxical state of heightened 

nociception or hyperalgesia (Marion Lee et al., 2011) that would confound 

detection of placebo analgesia.

4. While the extant work shows that exogenous opioid-related placebo analgesia 

can be blocked by the mu opioid receptor naloxone (J.-Y. Guo et al., 

2010), suggesting a role for endogenous opioid signaling, it is likely that 

repeated opioid analgesic treatment alters endogenous opioid circuits. Thus, 

drug-induced plasticity will hamper interpretations of the role of endogenous 

opioids in placebo analgesia.

To address these limitations and improve our understanding of endogenous opioid 

signaling mechanisms in placebo analgesia, new models must be developed that omit 

exogenous opioid conditioning while retaining the critical aspects of learning that 

generate placebo analgesia: expectation and experience. Indeed, some efforts have been 

made to develop a non-pharmacological placebo analgesia. To do this, hotplates set to 
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different temperatures, one less noxious and one more noxious, are paired with distinct 

contextual cues. After conditioning to the less noxious hotplate-context pairing, rodents 

were found to exhibit decreased nocifensive behavior on test day when the temperature 

was raised to a more noxious temperature in the same context (I.-S. Lee et al., 2015; L. 

Xu et al., 2018). Critically, these studies revealed that pain expectancy-based placebo 

analgesia involved endogenous opioid signaling, as naloxone treatment blocked the 

expression of placebo analgesia on test day.
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Figure 1. A roadmap for reverse-translational pipelines to interrogate the neural circuitry 
underlying pain affect and opioid analgesia.
(a) The fundamental groundwork laid forth by historical philosophical and clinical work 

inform modern investigation of the neural control of pain affect. (b) Human imaging and 

lesion studies qualitatively and broadly address questions of neuroanatomical function in 

pain affect. Evidence from historical and modern clinical pain research can provide a 

starting point from which to identify and interrogate specific neural circuitry at a resolution 

unachievable with conventional clinical methods. (c) Modern calcium imaging techniques 
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allow for tracking of thousands of individual neurons in awake, behaving rodents at single-

cell resolution. This approach has led to, for example, the identification of basolateral 

amygdala neurons that encode the aversiveness of noxious stimuli (Corder et al., 2019). 

(d) Endoscopy and two-photon microscopy allow for the simultaneous investigation of 

genetically defined populations of neurons at high spatial and temporal resolution time-

locked to behaviorally significant events (e.g. the application of a noxious stimulus). (e) 
These techniques reveal the signaling dynamics of individual neurons embedded within 

neural microcircuitry to be tracked over multiple days in response to numerous stimuli. 

(f) The resulting information creates a picture of both the role of the circuit as a whole 

as well as the identification of functional subpopulations within the circuit (g) Ultimately, 

combining behavioral studies of pain affect informed by clinical findings with circuit-based, 

single-neuron imaging, and opioidergic cell-type-specific genetic approaches will allow for 

the most efficient mapping of pain affective pathways embedded within the endogenous 

opioid system.
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Figure 2. Time scales of pain-related behaviors in rodents.
(a) Spontaneous behavior in preclinical models of acute and chronic pain reflective of 

the sensory-discriminative and affective-motivational dimensions, and pain affect, arise at 

different timescales. Application of noxious stimuli immediately trigger reflexive behaviors 

(red), including withdrawal and vocalization, followed by a series of affective-motivational 

behaviors (blue) aimed at reducing ongoing pain. The ongoing negative affect associated 

with pain can lead to the emergence of enduring behaviors associated with pain affect 

(purple), either directly initiated by motivational processes to avoid further pain, such as 

contextual avoidance and gait alteration; or that arise as a consequence of ongoing negative 

affect, including anxiety- and depression-like behaviors, that disrupt normal behavior. (b) 
Our group categorizes pain-related behavior across a number of identifiable and distinct 

categories following application of an acutely-painful stimulus: paw withdrawal, orienting, 

licking, acceleration, rearing, and jumping.
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Figure 3. 
Neuroanatomical substrates of pain processing and affect. Overlapping and highly integrated 

circuits in humans (A) and rodents (B) both contain mu opioid receptors and their 

endogenous ligands and are involved in the processing of pain. This includes nociceptors, 

dorsal root ganglia (DRG), and the spinal cord, as well as several brain regions. In this 

review, we focus on the role of the amygdala (AMYG), cortex (CTX), and periaquductal 

gray (PAG), which are highly involved in the pain-affective network, attention towards 

pain, and pain expectation. These brain regions connect to other regions, including the 

parabrachial nucleus (PBN), rostral ventromedial medulla (RVM), habenula (Hab), locus 

coeruleus (LC), ventral tegmental area (VTA), striatum (Str) which incorporates the nucleus 

accumbens, and thalamus (Thal), illustrating the complexity of the endogenous opioid-pain 

network. The nomenclature for the frontal cortex in humans (C) and rodents (D) is 

complicated by differences in complexity, structure, and connectivity. The human literature 
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has found that the anterior cingulate cortex (ACC), orbitofrontal cortex (OFC), dorsal lateral 

prefrotal cortex (dlPFC) are highly involved in the affective processing of pain. Other areas 

of the frontal cortex that we do not focus on here include the dorsomedial prefrontal cortex 

(dmPFC), the ventromedial prefrontal cortex (vmPFC), and the ventrolateral prefrontal 

cortex (vlPFC). The primate ACC is most analogous the rodent ACC, prelimbic cortex (PL), 

and infralimbic cortex (IL). While rodents have an OFC region it’s connectivity differs from 

that of the primate OFC. E) Single neuron electrophysiology studies of chronic pain models 

have focused on the ACC and PL rodent cortex, finding that pyramidal neurons of the ACC 

in layer 2/3 display increased excitability or potentiated excitatory synaptic transmission; 

some studies indicate no change in L5 ACC, while others show increased excitability as 

well. On the other hand, PL L5 pyramidal neurons are less excitable in models of chronic 

pain, perhaps driven by increase parvalbumin interneuron synaptic input.
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Figure 4. Conserved brain structures involved in pain and analgesia expectation.
(a) Deep brain stimulation and imaging modalities have revealed nuclei in the human 

brain that underlie endogenous opioid-mediated analgesia as well as expectancy signals 

that contribute to pain and the relief of pain. This work provides an excellent foundation 

for back-translational approaches to identify, target, and manipulate the endogenous opioid 

circuits that mediate pain relief directly or through learning mechanisms (i.e. placebo 

analgesia). Here we highlight several critical brain areas, all of which are modulated by 

endogenous opioid peptides: periaqueductal gray (PAG), ventral tegmental area (VTA), 

amygdala (Amyg), and nucleus accumbens (NAc). (b-c) The rodent brain shares the same 

pain-responsive structures. Preclinical models of pain and analgesia have further revealed 

functional connectivity between nodes and their subnuclei in the distributed pain- and 

analgesia-predictive neural circuitry. Reciprocal, direct connectivity has been documented 

between the ventrolateral PAG (vlPAG) and the VTA, the vlPAG and the central nucleus of 

the amygdala (CeA), the VTA and CeA, as well as the VTA and NAc. Indirect connectivity 

has been noted for the CeA and NAc. Here we provide broad functional definitions for these 

neural connections based on ample preclinical studies in animals. (1) vlPAG-VTA (Geisler 

et al., 2007; Ntamati et al., 2018; Omelchenko & Sesack, 2010; St Laurent et al., 2020; 

Suckow et al., 2013; Waung et al., 2019); (2) vlPAG-CeA (C. Li et al., 2016; Ozawa et al., 

2017; Tovote et al., 2016; Wright & McDannald, 2019); (3) VTA-NAc (Beier et al., 2015; 

Corre et al., 2018; Klawonn & Malenka, 2018; S. Peciña et al., 2006; Pignatelli & Bonci, 

2018; Xia et al., 2011); (4) VTA-CeA (Dedic et al., 2018; Fudge et al., 2017; H. J. Lee et al., 

2011; Zhou et al., 2019); (5) NAc-CeA (Ahn & Phillips, 2002; Cardinal et al., 2002; Hall et 

al., 2001; Zahm et al., 1999).
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Table 1.

Behavioral measures used to quantify pain in preclinical studies, including reflexive behaviors; spontaneous or 

evoked affective-motivational, nocifensive behaviors; Avoidance and conditioned behaviors; and pain affect-

suppressed (well-being) or -evoked (anxiety- and depression-like) behaviors.

Behavior 
Category Measurement Assay Examples

Reflexive

Paw/limb withdrawal

Von Frey/
dynamic plantar 
aesthesiometer

Baptista-de-Souza et al., 2020; Blom et al., 2014; Cheriyan and 
Sheets, 2018; Chiang et al., 2020; Corder et al., 2017; Corder et al., 
2019; Dale et al., 2018; Gomstian et al., 2019; Han et al., 2015; Hu 
et al., 2019, Hua et al, 2020; Huang et al., 2019; Jones and Sheets 

2020; Jurik et al., 2015; Kelly et al., 2016; Khaliljadeh et al., 2018; 
King et al., 2009; LaGraize et al., 2006; Lee et al., 2015; Leipold et 
al., 2013; Li and Sheets 2018; Metz et al., 2009; Navratilova et al., 

2015; Navratilova et al., 2019; Navratilova et al., 2020; Paretkar et al., 
2019; Qu et al., 2012; Schwartz et al., 2014; Sellmeijer et al., 2018; 
Shiers et al., 2018; Stevenson et al., 2011; Tan et al., 2017; Wang et 
al., 2011;Wilson et al., 2019; Zhang et al., 2015; Zhao et al., 2007

Hargreaves/Hotplate

Dale et al., 2018; Gomstian et al., 2019; Hu et al., 2019; Lee et al., 
205; Leipold et al., 2019; Massaly et al., 2019; Navratilova et al., 

2015; Navratilova et al., 2012; Paretkar et al., 2019; Qu et al., 2011; 
Wang et al., 2015; Wilson et al., 2019; Zhang et al., 2015

Randall-Selitto/Knee 
pinch

Gomstian et al., 2019; Ji et al., 2010; Navratilova et al., 2020; Wilson 
et al., 2019

Tail withdrawal

Warm Water
Bailly et al., 2020; Chiang et al., 2020; Corder et al., 2017; Gomstian 

et al., 2019; Hawranko et al., 1994; Lee et al., 2005; Leipold et al., 
2013

Radiant Heat
Bellgowan and Helmstetter, 1998; Han et al., 2015; Huang et al., 

2001; Pastoriza et al., 1996; Qu et al., 2006; Zhang et al., 1997; Zhang 
et al., 2015

Vocalization Randall-Selitto/Knee 
pinch Ji et al., 2010; Navratilova et al., 2020

Affective-
motivational 

spontaneous or 
evoked pain 
behaviors

Attending

Licking

Beaudry et al., 2017; Corder et al., 2019; Jurik et al., 2015; Hawranko 
et al., 1994; Hu et al., 2019; Han et al., 2015; Hua et al., 2020;Huang 

et al., 2019; Khalilzadeh et al., 2018; Kung et al., 2003; Lee et al., 
2015; Li and Sheets; Manglik et al., 2016; Pastoriza et al., 1996 Tan et 

al., 2017; Taylor et al., 2003; Wilson et al., 2019; Xie et al., 2004

Shaking/flinching 
paw (attending)

Han et al., 2015; Johansen et al., 2001; Jones et al., 2020; Jurik et al., 
2015; Li and Sheets; Taylor et al., 200; Tan et al., 2017; Xie et al., 

2004; Wilson et al., 2019;

Guarding Lifting paw
Corder et al., 2019; Kung et al., 2003; Hu et al., 2019; Navratilova et 
al., 2012 Pastoriza et al., 1996; Tan et al., 2017; Wang et al., 2011; 

Zhao et al., 2007

Escape Locomotion/jump
Chiang et al., 2020; Corder et al., 2019; Han et al. 2015; Khalilzadeh 
et al., 2018; Kung et la., 2003; Manglik et al., 2016); Pastoriza et al., 

1996

Grimace Mouse Grimace 
Scale

Baptista-de-Souza et al., 2020; Dolensek et al., 2020; Gallo et al., 
2020; Jurik et al., 2015; Langford et al., 2010; Navratilova et al., 

2020; Tuttle et al., 2018

Avoidance

Force Analysis Weight-bearing 
Assessment

Cobos et al., 2012; Leipold et al., 2013; Pastoriza et al., 1996; 
Stevenson et al., 2011; Wu et al., 2017; Xie et al., 2004

Threshold to stop 
responding

Operant conflict 
assay

Anderson et al., 2013; Leonard and Kangas, 2020; Reker et al., 
2020

Time spent on 
noxious thermal plate

Thermal gradient/
Thermal place 

preference

Balayssac et al., 2014; Khalilzadeh et al., 2018; Salte et al., 2016; 
Winter et al., 2017; Yahiro et al., 2017
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Behavior 
Category Measurement Assay Examples

Time in pain-paired 
side

Conditioned Place 
Avoidance

Beaudry et al., 2017; Chiang et al., 2020; Dale et al., 2018; Gao et al., 
2004; Han et al., 2015, Hu et al., 2019, Hua et al., 2020; Johansen et 

al., 2001; Lee et al., 2015

Real-time Place 
Avoidance Bailly et al., 2020; Chiang et al., 2020opto; Massaly et al., 2019

Reverse Place 
Escape/Avoidance Huang et al., 2019; LaGraize et al., 2006

Anxiety-like

Time in open arms Elevated Zero/
Elevated Plus Maze Ji et al., 2010; Paretkar et al., 2019; Wang et al., 2015

Time in light side Light/Dark Box Paretkar et al., 2019; Sellmeijer et al., 2018

Latency to feed Novelty Suppressed 
Feeding Paretkar et al., 2019; Sellmeijer et al., 2018

Time in center Open Field Maze Gomstian et al., 2019; Huang et al., 2019; Massaly et al., 2019; Tan et 
al., 2017; Wang et al., 2015

Startle amplitude Acoustic startle Jurik et al., 2015

Depression-like

Sucrose consumption Sucrose Preference 
Test

Corder et al., 2019; Lee et al., 2015; Schwartz et al., 2014; J. Wang et 
al., 2011

Time spent 
swimming Forced Swim Test Lee et al., 2015; Sellmeijer et al., 2018; Wang et al., 2011

Time spent 
struggling Tail suspension test Jurik et al., 2015

Well-being

Time Spent 
Grooming/Latency to 

Groom
Sucrose Splash Test Baptista-de-Souza et al., 2020; Sellmeijer et al., 2018

Distance traveled Wheel running Cobos et al., 2012; Kandasamy et al., 2017; Stevenson et al., 2011

Time to incorporate 
into nest/nest 
complexity

Nest building Gallo et al., 2020; Jirkof et al., 2013
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Table 2.

The effect of lesions or damage within the nociceptive system on human pain behavior (protective withdrawal/

reaction), aversive perception (unpleasantness), and self-report categorization of the experience as “pain.”

Condition/Treatment Syndrome Withdrawal Unpleasantness Self-report experiencing “Pain”

SCN9A or SCN11A mutation (loss of 
function for sodium channel Nav1.7 or 
gain of function for Nav1.9)

Congenital 
insensitivity to pain No No No sensation or experience of 

“pain”

Damage to basolateral amygdala and/or 
posterior Insula Pain asymbolia Yes No No “pain” but sensory qualities 

perceived

Cingulotomy (lesion of the cingulum 
bundle) Pain dissociation Yes Yes “Pain” but “less bothersome”

Morphine Pain dissociation Yes Yes “Pain” but “less bothersome”
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