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Abstract: Pain is — a pain in the neck, isn’t it? Yes and no. Yes, it hurts. Yet, it helps. At least do acute
and transient pain. Acute pain resulting from an acute event is a fundamental condition for survival,
insofar as it warns against imminent or actual tissue damage, a potentially life-endangering threat.
The importance of the physiological, protective role of nociceptive pain is underscored by cases, in
which a failure to sense pain such as in the case of congenital insensitivity often leads to self-
mutilation, bone fractures, joint deformities, amputations, and even early death. While the goal of
acute pain based on nociception thus appears to be clear, its implementation is anything but that
because to achieve this goal calls for a number of requirements to be fulfilled. The first is the
identification of a noxious stimulus, including its intensity and location on the body surface or within
the body. The second is the orchestration of counter-measures, including arousal, emotional and
various motor reactions. The third is the mobilization of the required energy as well as cardio-
vascular and respiratory responses. All this implies multi-dimensional activations of diverse neural
and neuro-muscular systems. This review attempts to describe the structures and mechanisms
underlying nociception and pain in quite some detail to emphasize their complexity. It starts with a
structural description of the nociceptive and pain system in an ascending order, from peripheral
nociceptors to supraspinal structures involved in nociceptive and pain processing. This is followed
by a description of the systems organizing descending pain modulation. The focus will here be on
acute pain. It turns out that even acute nociception and pain and the underlying neural systems are
very complex. There are many reasons for this complexity. First, many neuronal nodes receive
multifarious inputs and send multiple outputs to other nodes, which often have additional functions
other than nociception and pain. This constitutes an extended, multi-functional, multiple input-
multiple output network. Second, individual nodes often have an inhomogeneous structure
chracterized by diverse neuron groups and inter-connections. Third, sub-cellular processes are
complex, but will not be treated here. It comes as no surprise, then, that we face difficulties in dealing
with pain and its clinical consequences, and find appropriate treatments. It will not suffice to
manipulate a single screw or only a few.

Keywords: acute pain; nociception; pain-related spinal network; ascending nociceptive transmission;
descending pain control

“Il buono, il brutto, il cattivo”
(Movie by Sergio Leone)
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1. Introduction

Pain is — a pain in the neck, isn’t it? “Can we conquer pain?” (Scholz and Woolf 2002). Should we?
Yes and no. Yes, it hurts. Yet, it helps. It hurts to help. The beneficial effects of acute pain are
conspicuously illustrated by people suffering from congenital insensitivity to pain (CIP). Indeed,
there is a heterogeneous group of rare disorders, which demonstrate the role of pain in protecting
against tissue damage. Patients with genetic pain loss feature recurrent injuries, burns, poorly healing
wounds, self-mutilation, bone fractures, joint deformities, amputations, and even early death (Costigan
et al. 2009; Dib-Hajj and Waxman 2019; Lischka et al. 2022; Zouikr et al..2016).

Thus, pain may help. At least acute and transient pain also referred to as nociceptive or
physiological pain can do so. Acute pain resulting from an acute event is a fundamental condition
for survival, insofar as it warns against imminent or actual tissue damage, a potentially life-
endangering threat.

When an acute noxious stimulus hits the body, from within or without, it must be detected as to
location and intensity and evaluated as to its severity and potential danger to bodily integrity and
welfare. Detection of a noxious stimulus requires specialized sensors and associated systems. These
systems represent the sensory limb of a complex control system organizing counter-measures. The
most urgent reaction is arousal with a shift of attention to the site of nociceptive impact in order to
localize the site, identify the possible cause and evaluate the potential threat from the noxious
stimulus. All bodily defence systems must be aroused to prepare for suitable counter-measures. This
requires motivation. The motivational aspect of pain elicits willingness to move towards a goal or
away from a threat in order to avoid impending harm (Bushnell et al. 2013). This involves an array
of behavioral responses on different time scales, from immediate nocifensive responses such as
withdrawal reflexes to learn behaviors that allow an animal to mitigate, avoid, or escape from,
predictable future harm and include innate behavioral reactions such as freeze or fight-or-flight. It
has been argued that such learned behaviors are acquired by re-inforcement learning. In parallel,
nociception induces other effects, including facial expressions, vocalization, activation of the
autonomic nervous system (ANS) and hormonal responses (Seymour 2019). Bodily reactions also
include cardio-vascular, respiratory and metabolic changes and mobilization of energy resources.
Finally, previous painful events and their consquences had better be remembered, requiring a “threat
memory’ (Timmers et al. 2019).

Pain perception is a highly subjective, conscious, mostly aversive experience described as
pricking, burning, aching, stinging or soreness. It differs from other senses in having multiple
dimensions: sensory-discriminative, affective and motivational, and cognitive (Caputi et al. 2019;
Kuner and Kuner 2021). The neutral discriminative aspect relates to the intensity and location of a
noxious stimulus. The hedonic aspect refers to the pleasure or dislike of the sensation. It has been
proposed that pain arises from complex interactions between the nervous system including the ANS,
as well as the endocrine and immune systems, and that exposure to early-life insults such as hindpaw
inflammation, psychological/emotional or physical stress, as well as viral/bacterial infection can all
lead to altered future pain responses (Zouikr et al. 2016).

Pain perception is influenced by many factors, including genetic constitution, age, sex, ethnic
group, stress, emotional state, mood, attention, expectations, meaning given to it, memory,
pathological circumstances, and psycho-social processes, which factors interact with each other
(Brodal 2017; Bushnell et al. 2013; Butler and Finn 2009; Fillingim 2017; Jennings et al. 2014; Kuner
and Kuner 2021; Mogil 2020; Neugebauer et al. 2009; Presto et al. 2022; Price and Ray 2019; Queme
and Jankowski 2019; Sandkiihler 2009; Tracey 2011; Tracey and Mantyh 2007; Tracy et al. 2015;
Villemure and Schweinhardt 2010; Vincent and Tracey 2010). Pain is also modulated by pleasure in
that it is decreased by pleasant food and odors, music, images, and sexual behavior (Leknes and
Tracey 2008; Sandri et al. 2021). Due to the developing nociceptive system, children perceive pain
differently from adults (McGrawth and Williams 2009). There is a large inter-individual variability
in pain sensitivity, to the extent that some humans are insensitive to physical pain, partially due to
mutations in the voltage-gated sodium channel Nav1.7 (Benke 2022; Goodwin and McMahon 2021;
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Kuner and Kuner 2021; Nahorski et al. 2015; Tracey and Mantyh 2007). An under-studied issue is the
development of pain sensation and the underlying networks in newborns and in early childhood
(Verriotis et al. 2016).

This review starts with a fairly comprehensive description of the anatomico-physiological
systems underlying acute nociception and pain. However, it will not give a comprehensive
description of the sub-cellular processes involved. Nonetheless, there will be enough details to
emphasize the systemic and molecular complexities.

2. Nociception and Pain

“Nociceptors: the sensors of the pain pathway”

(Dubin and Patapoutian 2010)

Pain as a subjective experience must be distinguished from nociception defined as “the neural
processes of encoding and processing an actual or potential tissue-damaging event” (Loeser and
Treede 2008). Although nociception is the physiological basis of many painful states, it is not
necessary nor sufficient for experiencing pain (Brodal 2017; Tracy et al. 2015).

2.1. Causes and Classification of Pain

There are many ways to classify pain. Some investigators categorize types of pain based on
detailed cellular and molecular mechanisms, while others are more generalized and differentiate pain
based on properties such as genesis and site of origin or on time course (Basbaum et al. 2009).

2.1.1. Genesis and Site of Origin

Somatic pain can originate at the body surface as cutaneous pain or in the body interior as deep
pain. These loci may indicate different causes of pain and therefore evoke different reactions.
Central pain may occur after lesions of sensory pathways in the spinal cord or brain (below).
Psychogenic pain arises without any demonstrable somatic tissue damage (Lim 1994; Tanaka et al.
2021) (not treated here).

2.1.1.1. Cutaneous Pain

Cutaneous pain follows lesions of the skin, which come in a variety of forms. It is usually
described as brief and pricking (first pain), which may be followed in quick succession by a longer-
lasting burning sensation (second pain). By contrast, pain from deep tissues is commonly described
as aching (Willis 1996).

2.1.1.2. Visceral Pain

Visceral pain originates in internal organs and comes in a multitude of forms. It is diffusely
localized, referred into other tissues, frequently not correlated with visceral traumata, preferentially
accompanied by autonomic and somatomotor reflexes, and associated with strong negative affective
feelings. Together with the somatic pain sensations and non-painful body sensations, it belongs to
the interoception of the body (Janig 2014). Various models in humans and animals have been
developed to experimentally investigate its mechanisms.

2.1.1.3. Neuropathic Pain

The widely accepted definition of neuropathic pain is pain caused by a lesion or disease of the
somatosensory system. The somatosensory system allows for the perception of touch, pressure, pain,
temperature, position, movement and vibration (Colloca et al. 2017).

A multitude of nerve-damaging stimuli in the peripheral nervous system (PNS) or central
nervous system (CNS) can lead to neuropathic pain. Common conditions associated with
neuropathic pain include peripheral nerve injury, amputation, post-herpetic neuralgia, tumor
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invasion, trigeminal neuralgia, painful radiculopathy, syringomyelia, spinal cord injury (SCI), stroke
(in the form of central post-stroke pain), de-myelinating diseases [e.g.,, multiple sclerosis (MS),
transverse myelitis and neuromyelitis optica], HIV infection, leprosy, or neuro-degenerative (e.g.,
Parkinson’s disease PD), toxic or metabolic diseases (e.g., from chemotherapy, diabetic neuropathy,
alcoholism), immune disorders (e.g., Guillain-Barré syndrome), inflammatory disorders, inherited
neuropathies and channelopathies (such as inherited erythromelalgia, a disorder in which blood
vessels are episodically blocked then become hyperemic and inflamed). Some disorders can be
accompanied by neuropathic itch, e.g. in post-herpetic states or small-fiber neuropathy. Not all
patients with peripheral neuropathy or CNS injury develop neuropathic pain. For instance, of many
patients with diabetes mellitus, only about a fifth had neuropathic pain symptoms.
Pathophysiologically, neuropathic pain is dissimilar to other chronic pain conditions such as
inflammatory pain that occurs, for example, in rheumatoid arthritis, in which the primary cause is
inflammation with altered chemical events at the site of inflammation (Borsook 2012; Cao and DeLeo
2009; Cevikbas and Lerner 2020; Colloca et al. 2017; Cui et al. 2023; Jensen and Finnerup 2009; Saab
et al. 2008; Windhorst and Dibaj 2023).

2.1.1.3.1. Case Report: Acute Neuropathic Pain Following Herpes Zoster Infection

One common clinical scenario is acute herpetic neuralgia, a precursor to post-herpetic neuralgia,
which highlights the somatosensory involvement shortly after reactivation of the varicella-zoster
virus. A 65-year-old male with a history of controlled type 2 diabetes mellitus presented to the
emergency department with a 3-day history of sharp, burning pain localized to the right thoracic
region (T5 dermatom). The pain was described as stabbing, and shooting, rated 6-7/10 in intensity
(visual analogue scale), and was exacerbated by light touch (allodynia) and clothing contact. Physical
examination revealed grouped vesicular eruptions with erythematous bases distributed in a
dermatomal pattern (T5) along the right thoracic region. Sensory testing showed hyperalgesia to
pinprick and mechanical allodynia in the affected area. Based on clinical findings, the patient was
diagnosed with acute herpes zoster with associated neuropathic pain. The patient was initiated on
oral acyclovir (800 mg five times daily for 7 days) and gabapentin, titrated up to 1200 mg/day. At a
two-week follow-up, the vesicular rash had resolved, and the acute neuropathic pain significantly
improved (pain score reduced to 2-3/10). Gabapentin was continued for another six weeks with a
gradual taper. The patient did not develop chronic post-herpetic neuralgia.

2.1.1.4. Inflammatory Pain

“A plethora of painful molecules”

(Lewin et al. 2004)

This pain type is a response to transient and chronic inflammation evoked by tissue damage of
various origins, and characterized by redness, heat, swelling and pain, but not by location.
Inflammation induces a complex, self-reinforcing, sequence of events that results in the formation of
an ‘inflammatory soup” which contains immune cells and a plethora of chemicals (Julius and
Basbaum 2001; below). The inflammatory tissue reaction involves increased vascular permeability,
leukocyte infiltration, glia-cell activation and the production of inflammatory mediators such as
protons, prostaglandins, substance P (SP), bradykinin, serotonin (5-HT), histamine, tumor necrosis
factor (TNF), interleukin-1 (IL-1) and interleukin-6 (IL-6), interleukin-1p (IL-1f3), neurotrophins, nitric
oxide (NO) that cause vasodilation as well as oxygen free radicals and lysosomal enzymes which are
related to tissue injury, and other endogenous chemicals (Binshtok et al. 2008; Costigan et al. 2009;
Gebhart 2009; Hucho and Levine 2007; Julius and Basbaum 2001; Mense 1993; Nicol and Vasko 2007;
Pezet and McMahon 2006; Ren and Dubner 2007; Scholz and Woolf 2002; Wang et al. 2006). Many
inflammatory chemical agents excite nociceptors and/or modulate sensory receptor channels and
voltage-gated ion channels. Inflammatory pain aids healing and tissue repair by promoting
immobility and rest (Costigan et al. 2009).
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2.1.1.4.1. Case Report: Acute Inflammatory Pain in Septic Arthritis of the Knee

The case describes an acute inflammatory pain syndrome in a patient with septic arthritis, where
inflammation-driven processes were dominant in the pathophysiology of pain. A 55-year-old
previously healthy male presented to the emergency department with acute onset of right knee pain,
swelling, and fever for the past 48 hours. The patient denied trauma. He was unable to bear weight
on the affected limb due to severe pain rated 8-9/10 (visual analogue scale). Examination revealed an
erythematous, edematous, and extremely tender right knee joint with marked warmth and a limited
range of motion. Vital signs indicated a fever of 39.1°C. Laboratory results showed elevated white
blood cell count (16,200/uL), and C-reactive protein (182 mg/L). Joint aspiration revealed turbid
synovial fluid with a white blood cell count count of 92,000/pL (predominantly neutrophils), low
glucose, and elevated protein. Gram stain showed gram-positive cocci in clusters. Blood cultures and
synovial fluid cultures were positive for Staphylococcus aureus. The patient underwent surgical
arthroscopic lavage of the knee joint and was started on intravenous flucloxacillin (2 g every 4 hours).
For pain and inflammation, he received oral NSAIDs (ibuprofen 1800 mg/day). Within 72 hours, the
patient's pain began to subside (reduced to 3-4/10), along with decreasing knee swelling and systemic
signs. At one-week follow-up, inflammatory markers were trending down, joint mobility improved,
and the patient was discharged on oral antibiotics to complete a 4-week course. No residual joint
dysfunction or chronic pain developed.

2.2. Time Course

Pain is distinguished as acute pain and chronic, but the distinction is debated as arbitrary and
subjective. Most experts agree that its use should be replaced by distinctions based on the underlying
mechanisms (Reichling and Levine 2009). Acute pain in response to a physical or chemical stimulus
can be precisely localized in somatotopy and described in modality and intensity (Kuner and Kuner
2021). It occurs with soft-tissue damage or inflammation. It is adaptive and protective in that it
enables undisturbed healing and repair by making the injured/inflamed tissue hyper-sensitive
(tender) to contact, so that movement is discouraged. Hyper-sensitivity occurs within minutes
through peripheral sensitization and later through central sensitization.

3. From PNS to CNS

The main nociceptive pathways from the periphery to the highest cerebro-cortical levels are
schematically shown in Figure 2. [The anatomy of the spinal cord and the tract is comprehensively
reviewed in Tan et al. (2023).]

3.1. Nociceptors

Signals about peripheral injuries must first be sensed and then transmitted to the CNS to evoke
reactions and/or perception. The sensors are called nociceptors: receptors of noxa.

Reactions to and experiences of noxious stimuli are initiated by mechanical, chemical, thermal
or microbial stimuli that activate nociceptors at the origin of the somatic pain pathways. Peripheral
nociceptors and their afferent nerve fibers fall into broad classes of sensory nerve fibers that signal the
physiological state of body tissues in response to a variety of stressors such as mechanical stress, cell
damage and various disturbances of temperature, acid-base balance, tissue oxygenation, osmolarity,
glucose regulation and hormonal activity. Nociceptors also interact bi-directionally with the immune
system by recognizing cytokines or pathogens and by producing various immune factors that act like
endocrine or paracrine signals (Maruyama 2021). The different variables are assessed by partially
specialized nociceptors, thermo-receptors, ergoreceptors, metabo-receptors and osmo-receptors, whose
messages are conveyed through partially segregated processing pathways. However, many afferent,
thalamic (THAL) and cortical neurons in the thermal system show multi-modal responses (mostly to
touch and temperature). Thus, the different processing pathways also converge onto common central
substrates (Basbaum et al. 2009; Bokiniec et al. 2018; Craig 2002, 2003).
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3.1.1. Types of Nociceptors

In higher mammals, nociceptors are a heterogeneous group of neurons. Nociceptor free nerve
endings are located in skin, deep tissues such as skeletal muscles (Arendt-Nielsen and Graven-
Nielsen 2009; Graven-Nielsen and Mense 2001; Mense 2003), joints (Schaible 2009), bones (Nencini
and Ivanusic 2016), and internal organs (Bielefeldt 2009).

Algesic Substances. At the molecular level, nociceptors carry receptors for a plethora of algesic
and analgesic substances (below).

Nociceptor Specificity. While various data support the existence of modality-specific nociceptors
that respond to either mechanical or chemical or thermal stimuli, many nociceptors are polymodal in
that they respond to combinations of stimuli. It has been suggested that the incidence of polymodal
receptors depends on context. For example, if a specific stimulus is intense enough to cause tissue
damage, the following inflammatory response likely increases the number of responsive nociceptors,
modulates their modality sensitivity and increases the overall incidence of polymodality (Emery and
Wood 2019). Nociceptive nerve endings are studded with a multitude of receptor molecules by which
they are activated and/or modulated by a plethora of endogenous pain-producing and sensitizing
agents. These receptors contribute to the detection of mechanical, chemical, thermal and/or microbial
stimuli, regulation of discharge patterns, and release of ligand/neurotransmitters that mediate
complex interactions between nociceptors. The receptors include transient receptor potential (TRP)
ion channels (TRPV1, TRPV2 and TRPMS), Piezo 2, acid-sensing ion channels (ASICs), purinergic
(P2X and P2Y), bradykinin (B1 and B2) (Carlton 2014; Dubin and Patapoutian 2010; Khan et al. 2019;
Woolf and Ma 2007).

Different types of pain are processed by several different types of nociceptor and conveyed in
fibers of different size (Dubin and Patapoutian 2010; Julius and Basbaum 2001; Scholz and Woolf
2002; Woolf and Ma 2007). For example, the TRP ion channel TRPM3 functions as a noxious heat
sensor, plays a key role in acute pain sensation and inflammatory hyperalgesia in rodents but is also
expressed in human sensory neurons, largely mirroring the channel’s properties observed in mouse
sensory neurons (Vangeel et al. 2020). They respond to heat and chemical stimuli (capsaicin,
histamine) and likely play a role in inflammation (Basbaum et al. 2009; Frias and Merighi 2016).
Thermo-receptors can also contribute to nociception. For example, in mice, the NA* channels Na 1.8

and Na 1.9, as well as the TRP channel TRPMS, contribute to cold sensation. NaV1.8/Nav1.9 and

TRPMS are expressed in non-overlapping neuronal populations. There appears to be a principal role
for Na 1.8-negative neurons in sensing both innocuous and acute noxious cooling down to 1 °C, while

Na 1.8-positive neurons are likely responsible for the transduction of prolonged extreme cold

temperatures, where tissue damage causes pan-nociceptor activation (Luiz et al. 2019).

Skeletal Muscle Nociceptors. While cutaneous pain has been studied most intensively, deep
somatic pain (from skeletal muscle, fascia, tendon, and joint) is clinically of much greater importance,
although there are subjective differences between muscle and skin pain, which suggest that they have
different mechanisms. Skeletal muscle nociceptors respond to KCl, capsaicin, bradykinin, 5-HT,
hypertonic saline and other stimuli (ischemia, strong mechanical stimuli, and electrical stimuli)
(Graven-Nielsen and Mense 2001). In skeletal muscle, the purinergic receptors, which can be activated
by adenosine triphosphate (ATP), and the vanilloid receptor (TRPV1), which is sensitive to protons (low
pH), are of particular importance. The purinergic receptors are activated by tissue damage because cell
necrosis is associated with the release of ATP. A low pH is present in many pathological conditions
such as ischemia and inflammation (Mense 2003, 2008).

There are also ‘sleeping’ or ‘silent” nociceptors that constitute almost 25% of the group IV (C)
fibers in human skin and become mechanically responsive only after sensitization by tissue injury
(Cevikbas and Lerner 2020).

Insensitivity to Pain. There is a heterogeneous group of rare disorders that highlight the
beneficial role of pain in protecting against tissue damage. Genetic pain loss disorders include CIP,
hereditary sensory neuropathies and, if autonomic nerves are involved, hereditary sensory and
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autonomic neuropathy (HSAN). Patients with genetic pain loss feature recurrent injuries, burns and
poorly healing wounds as disease. CIP and HSAN are caused by pathogenic genetic variants in >20
genes that lead to developmental defects, neurodegeneration or altered neuronal excitability of
peripheral damage-sensing neurons. These genetic variants in part lead to hyper-activity of Na*
channels and impaired gene regulatory mechanisms (Drissi et al. 2020; Lischka et al. 2022).

3.1.2. Nociceptive Afferents

Since the afferent fibers from nociceptors interact with other sensory afferents in the spinal cord,
a brief overview is warranted. Sensory afferents projecting to the spinal cord and spinal trigeminal
nucleus (spV) have been divided into four groups based on diameter, degree of myelination and
conduction velocity. Large-diameter, myelinated group I contains Ia afferents from primary muscle
spindle endings and Ib afferents from Golgi tendon organs. Myelinated group II contains group II
afferents from secondary muscle spindle endings and cutaneous mechano-receptors. Most small-
diameter afferents from thermo- and nociceptive free nerve endings are either thinly myelinated
(group III or Ad) or un-myelinated (group IV or C) afferents, which also in part originate in
paciniform corpuscles (Laurin et al. 2015), although there are also nociceptive fibers in the group II
(AB) range, that are found in different proportions in different mammalian species (Djouhri and
Lawson 2004; Koch et al. 2018).

Mechanically high-threshold myelinated group III (Ad) and un-myelinated group IV (C) fibers
mediating nociceptive, itch and thermal signals, mainly terminate in lamina I and IL. Some
nociceptive and tactile inputs also reach lamina V. Primary afferent terminals on spinal interneurons
release primarily glutamate onto dorsal horn (DH) neurons. A sub-class of group III and group IV
fibers also contains peptides, such as SP or calcitonin-gene-related peptide (CGRP), and/or
neurotrophic factors [brain-derived neurotrophic factor (BDNF); glia cell-derived neurotrophic factor
(GDNF)]. Numerous ion channels and ligand-gated receptors are involved in the modulation of
glutamate and peptide release from primary afferent fibers, thereby controlling the impact of sensory
input on second order neurons (Comitato and Bardoni 2021).

Group III (AD) Fibers originate from two main types of nociceptors. The Type I variety are high-
threshold mechanical (HTM) nociceptors with initially high heat thresholds (>50°C), which declines
upon longer exposure and sensitizes so that threshold is lowered. The Type II variety of receptors
has high mechanical and low heat thresholds (Basbaum et al. 2009; Cevikbas and Lerner 2020). Group
III (Ad) fibers target lamina I and deeper lamina V (Braz et al. 2014; Dubin and Patapoutian 2010).

Group IV (C) Fibers often display slow ongoing activity that is not perceived, although summed
activation of fibers can cause pain perception in humans (Craig 2002). Most group IV (C) fibers
respond to mechanical and thermal stimuli, while others respond only to heat. Most group IV (C)
fibers are also sensitive to chemical nociceptive stimuli. They can be broadly divided into two groups
that target distinct areas in the DH (Basbaum et al. 2009; Cevikbas and Lerner 2020, Haring et al.
2018). One group expresses P2Xs purinergic receptors (for ATP) and receptors for GDNF, and
terminates almost exclusively within the deeper parts of lamina II) (substantia gelatinosa Rolandi)
(Merighi 2018). The other, peptidergic, group synthesizes peptides such as SP and CGRP, expresses
the nerve growth factor (NGF) receptor tropomyosine receptor kinase A (TrkA), and somatostatin
(STT), and terminates more superficially in the DH (Basbaum et al. 2009; Cevikbas and Lerner 2020;
Braz et al. 2014; Hunt and Mantyh 2001; Wu et al. 2010). By releasing SP and CGRP from distal
endings during excitation, the latter group contributes to local inflammation, which effect is dubbed
‘neurogenic inflammtion” (Dubin and Patapoutian 2010).

Pruriceptors. A subset of free nerve endings called pruriceptors with afferents predominantly in
group IV (C) and some in group III (Ad) relay the sensation of itch, which is distinct from pain, as
well as thermo-sensation and touch (Lay and Dong 2020). Possibly, all pruriceptors function as
nociceptors in humans, but whether the reverse is true is yet unclear (Cevikbas and Lerner 2020;
Duan et al. 2017; Koch et al. 2018; Luo et al. 2015). There are histamine-dependent and histamine-
independent group IV (C) fibers involved in itch sensation as well as a bunch of receptors for various
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agents (Lay and Dong 2020). Chronic itch in particular is only marginally related to histamine and is
caused by other types of pruritogens. For example, endothelin mediates itch behavior in mice
(Cevikbas and Lerner 2020).

First and Second Pain. Since group III (Ad) and group IV (C) fibers have different conduction
velocities (6-25 and about 1.0 m/s, respectively), they are considered the first elements in distinct
pathways underlying the fast first pain and the slow second pain responses to injury (Julius and
Basbaum 2001). In response to brief noxious stimuli to the skin, the first pain is brief, sharp, pricking
and well localized and occurs at a latency of 400-500 ms, while second pain lasts longer, is perceived
as burrning, diffuse and less well localized and occurs at a longer latency of about one second (Ploner
et al. 2002). This is in line with the finding that electrical stimulation of cutaneous group III fibers in
humans evokes pricking pain, stimulation of group IV fibers elicits burning pain and stimulation of
muscle nociceptive afferents evokes aching pain (Willis 1996). First and second pain sensations likely
have different functions. First pain signals threat and provides precise sensory information for an
immediate withdrawal, whereas second pain attracts longer-lasting attention and motivates
behavioral responses to limit further injury and optimize recovery (Ploner et al. 2002).

3.1.3. Nociceptors, Immune Cells and Cytokines

Nociceptor neurons and the immune system maintain an active crosstalk to regulate pain, host
defence, and inflammatory diseases. Immune cells at peripheral nerve terminals and within the
spinal cord release mediators that modulate mechanical and thermal sensitivity. In turn, nociceptor
neurons release neuropeptides and neurotransmitters from nerve terminals that regulate vascular,
innate, and adaptive immune cell responses (Pinho-Ribeiro et al. 2017).

Injuries cause inflammations, and these create ‘inflammatory soups’, in which a plethora and
substances swim about, which stimulate and/or modulate nociceptors. Inflammation and trauma of
peripheral nerves or central nervous tissues are associated with the activation of immune cells and
immune-like glia cells, mast cells, macrophages, neutrophils, T lymphocytes and astrocytes, which
play complex roles in peripheral and central sensitization (Finnerup et al. 2021; Gwak et al. 2017; Ji et
al. 2019; Kanashiro et al. 2020; Kuner and Flor 2016; McMahon et al. 2015; Zouikr et al. 2016).
Following injury, mast cells are first to infiltrate the site of inflammation and can degranulate within
minutes, leading to the release of histamine, prostaglandin, bradykinin, eicosanoids and cytokines
that sensitize nociceptors and participate in vasodilation. For instance, nociceptors are sensitive to IL-
1B, which can directly activate nociceptors to induce hyperalgesia (Zouikr et al. 2016).

3.1.3.1. Case Report: Acute Burn Injury with Nociceptor Sensitization

The case highlights the contribution of immune-mediated mechanisms in an acute burn injury.
A 34-year-old female presented to the emergency department with intense pain and blistering of her
right forearm following accidental contact with boiling water 90 minutes prior to arrival. She
described the pain as a constant burning sensation, rated 8-9/10 (visual analogue scale), with sharp
exacerbations on light touch. Examination revealed a partial-thickness (second-degree) burn on the
volar aspect of the forearm, measuring approximately 8 x 10 cm. The area was erythematous with
clear fluid-filled blisters, and intense warmth. The patient displayed mechanical allodynia and
thermal hyperalgesia over and around the injured area. The burn area was gently debrided and
covered with a sterile hydrogel dressing. For pain control, the patient was given intravenous
paracetamol (2000 mg/daily) and later oral ibuprofen (1200 mg/daily). At follow-up on day 14, the
patient reported minimal discomfort and full functional recovery of the forearm without neuropathic
features. Acute pain following burn injury is not solely due to thermal trauma but also to the rapid
immune response, that sensitizes peripheral nociceptors.

3.1.4. To-Do-List

In response to noxious stimuli, nociceptive pathways must initiate the following reactions.
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Pain Sensation. An acute noxious stimulus should enforce reactions based on the sensation of
pain, which requires substantial processing at supraspinal levels in multiple brain areas. The brain
network for acute pain perception in normal subjects is partially distinct from that involved in chronic
pain conditions (Apkarian et al. 2005).

Stimulation and Modulation of Motor Systems. Noxious stimuli require the activation and
modulation of motor systems, which is done along the neuraxis. Among the first reactions are
orienting movements to localize the origin of the noxious stmulus, whether internal or external to the
body, involving oculomotor reactions. At the spinal level, fast withdrawal reflexes must be orchestrated
following activation of group III/IV muscle afferents (below). The subsequent activation of spinal
interneurons are in part integrated in motor networks, e.g., reflex networks that can elicit withdrawal
reflexes below the level of complete spinal transection, unconsciously, even in sleeping patients (Schmidt
and Struppler 1983), and in locomotor networks that work even in spinalized animals (Windhorst 2021).
At supraspinal level, facial expressions and vocalizations are organized.

Activation and Modulation of Cardio-vascular and Respiratory Systems. Reactions to noxious
stimuli require energy, delivered by the cardio-vascular and respiratory systems. For example, in
anesthetized, healthy, male, adult rats, reflex cardio-vascular and respiratory alterations were evoked
by intra-arterial instillation of nociceptive agents (inflammatory mediators). Sub-threshold doses of
histamine elicited transient tachypnoeic, hyperventilatory, hypotensive, and bradycardiac responses
in rats pretreated with sub-threshold doses of bradykinin, but not in saline pretreated groups. Similar
responses were elicited by bradykinin after histamine pretreatment compared to the saline-pretreated
group (Revand et al. 2003).

4. Spinal Cord

Spinal Distributions of Group III/IV Afferents. Nociceptive signals reaching the spinal cord via
group III (Ad) and group IV (C) fibers (Figure 1) are first distributed both rostro-caudally and
dorso-ventrally (Dibaj et al. 2024; Dubin and Patapoutian 2010; Nadrigny et al. 2017). In the rostro-
caudal direction, processing is spread by extensive arborizations of primary nociceptive afferents as
well as by wide-ranging propriospinal interconnections that also extend contralaterally. In the dorso-
ventral direction, processing is distributed across multiple spinal laminae of the DH and ventral
horns (VHs). The signals are then synaptically transmitted to secondary neurons in the DH and
neurons of the spinal trigeminal complex. Without specifying their functions, secondary neurons can
be labelled by c-fos.

Postsynaptic Effects of Group III/IV Effects. Postsynaptic neuron activations by excited group
MI7IV afferents can be determined by c-fos expression and NADPH-diaphorase reactivity. Thus,
intra-muscular chemical or metabolical stimuli or fatiguing muscle contractions (releasing metabolites)
activate spinal and even higher-up neurons over quite some rostro-caudal distance.

For example, stimulation of the vanilloid receptors in dorsal-neck muscles with capsaicin evoked
c-fos expression and NADPH-diaphorase reactivity with distinctive patterns in the cervical (C1-C8)
and lumbar (L1-L7) segments (Pilyavskii et al. 2005). In anesthetised rats, following both direct
muscle stimulation and L5 ventral-root stimulation, fatigue-related c-fos expression was most
prominent in the DH of the ipsilateral L2-L5 segments and within the ipsilateral nucleus tractus
solitarii (NTS), the caudal ventro-lateral medulla (CVLM) and rostral ventro-lateral medulla (RVL),
the intermediate reticular nucleus (Maisky et al. 2002). In rats, unilateral injections of algesic solutions
(6% hypertonic saline or 0.05% capsaicin) into the gastrocnemius muscle elicited mostly c-fos-labeled
neurons in the spinal cord in laminae IV-V, VI, VII and X, with fewer labeled neurons in laminae I
and II, as well as in the brainstem, predominantly in the lateral reticular formation (LRF), bi-laterally
in the caudal-most ventro-lateral medulla (CVLM), where also neurons responsive to noxious
stimulation of cutaneous and visceral structures lie. Labeled neurons, many of them
catecholaminergic, also occurred bilaterally in the gracile nucleus, NTS, Al area, A5 area, CVLM and
RVL, Locus coeruleus (LC), nucleus raphé magnus (NRM) in the pons, as well as the parabrachial
nucleus (PBN). The rostral ventro-medial medulla (RVM) was labeled consistently (Panneton et al.
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2015). The conspicuous difference here is the predominantly unilateral c-fos cell labelling during muscle
fatigue (Maisky et al. 2002), while the injection of algesic substances into the gastrocnemius muscle
labelled many cells bilaterally (Panneton et al. 2015).

Importantly, during fatiguing muscle contractions, presynaptic inhibition (PSI) was increased and
recurrent inhibition decreased, which could contribute in part to decrease the homonymous
monosynaptic H-reflex (Kalezic et al. 2004). During acute and chronic muscle inflammation in cats, group
III (AD) afferents helped increase spinal reflex transmission (Schomburg et al. 2012, 2013, 2015).

The ventral spinal neurons may be involved in motor actions and autonomic reflexes (Sato et al.
1997), and the supraspinally labelled neurons in vocalization and various other functions including
cardio-vascular and respiratory actions (below).

Even the isolated spinal cord can encode noxious stimulus intensity, stimulus location, and can
generate dynamic withdrawal responses to widespread, spatially complex noxious stimuli (Coghill
2020). Thus, the spinal cord is no simple relay for nociceptive signal flow, but a complex network of
interneurons and projection neurons which differ in terms of location, morphology, gene expression
profiles, neurochemistry, patterns of inputs, excitability and discharge patterns (Braz et al. 2014;
Cevikbas and Lerner 2020; Cordero-Erausquin et al. 2016; Duan et al. 2017; Gatto et al. 2019; Graham
et al. 2007; Haring et al. 2018; Todd 2010, 2017; Zeilhofer et al. 2012; Wu et al. 2010). Proprioceptive
afferents can modulate the responses of nociceptive neurons (Bjorklund et al. 2004).

Descending Inputs
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Figure 1. Simplified scheme of the pain-related network of the spinal DH. Excitatory neurons are green, inibitory

red. Abbreviations: lim VC: vertical cell; CC: central cell; IC: islet cell; PN: projection cell/neuron; LVC: large vertical
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cell; SVC: small vertical cell; WDR: wide dynamic range cell (Data from Chen and Tang 2024; Merighi 2018; Prescott
2015; Todd and Spike 1993; West et al. 2015).

4.1. Dorsal Horn (DH)

DH neurons receive sensory information from multi-modal primary afferents that innervate the
skin and deeper tissues of the body and that respond to specific types of noxious and non-noxious
stimuli. Although group III (Ad) and group IV (C) afferents from free nerve endings are mostly
responsive to noxious, thermal and chemical stimuli, a substantial proportion of them responds to
mechanical stimuli and influences central neurons at various levels (Laurin et al. 2015). Group III/IV
afferents contact a large variety of excitatory and inhibitory spinal neurons that provide for complex
signal processing at spinal levels, and also connect with a minority of projection neurons that send
axons rostrally (Figure 1) (Cordero-Erausquin et al. 2016; Haring et al. 2018; Harding et al. 2020; Koch
et al. 2018; Merighi 2018; Todd 2010, 2017; Wercberger and Basbaum 2019; Wu et al. 2010). Projection
neurons also produce axon collaterals that are widely distributed within and between spinal
segments, whose functions are hardly known, however (Browne et al. 2020).

4.2. Spinal Signal Transmission

4.2.1. Synaptic Effects

The complex DH circuitry provides for complex signal processing with complex dynamics. It all
starts right at the first synapses. Efficient processing of the afferent messages within the DH involves
frequency-tuned synapses, a phenomenon linked to their ability to display activity-dependent forms
of short-term plasticity (STP). It differently affects excitatory and inhibitory synaptic transmissions,
whereby these STP properties enable a powerful gain control in DH neuronal networks. These STPs
can also be finely modulated by endogenous neuromodulators, including neurosteroids, adenosine,
or y-amino-butyric acid (GABA). The STP properties of DH inhibitory synapses might also, at least
in part, participate in the pain-relieving effect of non-pharmacological analgesic procedures, such as
transcutaneous electrical nerve stimulation, electro-acupuncture, or spinal-cord stimulation
(Cathenaut et al. 2023).

4.2.2. Presynaptic Inhibition (PSI)

PSI acts by decreasing the efficacy of synaptic transmission from presynaptic terminals of
sensory afferents to spinal neurons, the effects being mediated via inhibitory GABAergic or
glycinergic interneurons contacting the terminals of sensory afferents. PSI is modulated by many
sensory and spinally desending inputs (Quevedo 2009).

PSI gates signals from primary sensory afferents transmitting touch, proprioceptive, nociceptive,
itch and thermal signals, which project to different DH laminae (laminae I-VI). A classic role is played
by GABA interneurons in regulating nociceptive signal strength and separating nociception from
touch signals. Intra-thecal application of bicuculline and strychnine (antagonists of GABA , and

glycine receptors, respectively) increased responses to noxious stimuli. Presynaptic GABA receptors
located on sensory afferent terminals are involved in gating both tactile and noxious stimuli in the
DH. GABA receptors of the A and B type are expressed on both nociceptive and non-nociceptive
sensory afferents, where axo-axonic synapses exist. GABA , receptors (GABA ,Rs) are ligand-gated

ion channels, most commonly formed by 2a, 23, and 1y sub-unit. Group IV fibers express the a2, a3,
and a5 sub-units, while al, a2, a3, and a5 are present on myelinated A fiber terminals. The sub-unit
(33 is the dominant {3 sub-unit expressed in dorsal root ganglion (DRG) neurons of both A and C type
(Comitato and Bardoni 2021).

PSI may also be exerted by glycinergic interneurons in layers I-IV. In mice, glycinergic axon
terminals, immuno-stained for glycine transporter 2, targeted almost all types of excitatory and
inhibitory interneurons in laminae I-III. Moreover, such axon terminals targeted specific sub-sets of
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axon terminals in laminae I-III, including non-peptidergic nociceptive group IV (C) fibers and non-
nociceptive myelinated group A fibers, indicating that glycinergic presynaptic inhibition may occurs
on functionally specific sub-populations of primary afferent inputs (Miranda et al. 2023).

In the mouse, non-myelinated non-peptidergic nociceptor (NP) afferents arborize in DH lamina
II and receive GABAergic axo-axonic synapses, which mediate PSI The source originates from a
population of inhibitory calretinin-expressing interneurons (iCRs), which correspond to lamina II
islet cells. An NP forms excitatory (glutamatergic) synapses onto an inhibitory calretinin cell (iCR) in
lamina II and a lamina I projection neuron belonging to the antero-lateral system (ALS). The iCR axon
contributes to a synaptic triad. The axon of the iCR is presynaptic to the NP afferent at an axo-axonic
synapse, and to the ALS cell dendrite at an axo-dendritic synapse. These synapses are both
GABAergic, and mediate pre- and postsynaptic inhibition, respectively. GABA acting at the axo-
axonic synapse will reduce glutamate release at the synapse from the NP afferent to the ALS cell,
while at the axo-dendritic synapse will directly inhibit the ALS cell (Davis et al. 2023).

While low-threshold cutaneous afferents evoke a GABA -receptor-dependent PSI form that

inhibits similar afferent sub-types, small-diameter afferents predominantly evoke an NMDA-
receptor-dependent PSI form that inhibits large-diameter fibers. Behaviorally, loss of either GABA ,Rs

or NMDA receptors (NMDARSs) in primary afferents leads to tactile hyper-sensitivity across skin
types, and loss of GABA,Rs, but not NMDARs, leads to impaired texture discrimination

(Zimmermann et al. 2019).

4.3. Case Report: Acute Myofascial Pain Following Eccentric Exercise

A 29-year-old male, previously healthy and physically active, presented to a neurology
outpatient clinic with severe localized muscle pain in the lower back and right thigh that began a few
hours after an intense eccentric leg workout. The pain was sharp, burning, and worsened with
palpation and movement, rated 6-7/10 on the visual analogue scale. Physical examination revealed
localized tenderness over the right gluteus maximus and vastus lateralis muscles. Palpation-induced
pain was disproportionate to the degree of physical compression, indicating mechanical
hyperalgesia. Initial pain management was performed with NSAIDs (ibuprofen 1800 mg/daily).
Physical therapy focused on muscle relaxation and gradual reconditioning. Over the next 7 days, the
patient’s pain intensity gradually reduced to 2/10. By 3 weeks, full return to baseline physical activity
was achieved.

5. Towards Supraspinal Structures

It must be emphasized that, rostral to the spinal cord, nociceptive signals are fed into a cascade
of structures characterized by two important properties. First, these structures receive inputs from
other than nociceptive ones, the ascending nociceptive limb not being a mono-modal labelled line.
Second, they exert more than nociceptive functions. Hence, they are multiple-input multiple-output
and multi-functional nodes. This has already become clear in the DH.

In humans, a diverse array of CNS structures reacts to painful stimuli. In human brain imaging,
acute experimental pain most commonly activates spinal and brainstem structures, the THAL,
primary somatosensory (51) and secondary somatosensory cortex (52), anterior cingulate cortex
(ACC), insular cortex (IC; or briefly insula), prefrontal cortex (PFC), nucleus accumbens (NAc) in the
basal ganglia (BG), and AMY. S1 and S2 activations contribute to the sensory-discriminative
dimension of pain. The ACC, PFC, IC, NAc, and amygdala (AMY) have been implicated in the
affective component of pain (Bushnell et al. 2013; Doan et al. 2015; Henderson and Keay 2018). Signals
associated with the pain experience also reach the CNS via the blood stream, by inflammatory
mediators that ultimately cause the sickness response of fever, general muscle and joint ache,
anorexia and lethargy (Bartfai 2001; Sandkiihler 2009).

A meta-analysis of many human neuroimaging studies showed a core of areas exhibiting a
largely bilateral pattern of pain-related activation in the THAL, S2, IC, and mid-cingulate cortex
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(MCC). These regions were activated regardless of stimulation technique, location of induction, and
participant sex (Xu et al. 2020). Another meta-analysis showed that experimental pain stimuli
activated S1, S2, IC, ACC, PFC, and THAL. Discrimination of pain intensity activated a ventrally
directed pathway from the IC to the PFC, while discrimination of the spatial pain aspects involved
a dorsally directed pathway from the posterior parietal cortex (PPC) to the dorso-lateral PFC (dIPFC)
(Ong et al. 2019). Individual studies showed more diverse patterns. For example, noxious cold
exposure activates the THAL, putamen and right anterior insular cortex (alC), while innocuous cold
exposure activates the posterior IC (pIC), medial orbito-frontal cortex (mOFC) and PPC (King and
Carnahan 2019). Heat-evoked acute pain activates both somatic-specific areas such as the ventro-
lateral THAL, the S2 and dorsal pIC, as well as regions related to affect and mood, such as the alC,
the dorsal anterior cingulate cortex (dACC) and the medial THAL (Kuner and Kuner 2021). The
medial PFC (mPFC) mediates anti-nociceptive effects via its connections with other cortical areas and
via its input to the peri-aqueductal gray (PAG) for modulation of pain (Ong et al. 2019).

Neuroimaging in (mostly anesthetized) animals shows commonalities with (awake) humans.
Upon hindpaw thermal stimulation in rats, activations have been seen in the medial and lateral
posterior THAL nuclei, S1, IC, cingulate cortex (CC), retro-splenial cortex (RSC), pretectal area as well
as in the descending pain-modulatory centers, such as the diencephalic hypothalamus (HYP) and the
midbrain PAG (Da Silva and Seminowicz 2019; Kuner and Kuner 2021).

5.1. Spinal Projection Neurons with Multiple Supraspinal Targets

Ascending Nociceptive Tracts (Figure 2). Nociceptive group III and group IV afferents contact a
minority of ‘projection” neurons in the spinal DH or spV. Projection neurons convey nociceptive
signals via multiple parallel pathways to multiple supraspinal targets in the brainstem, diencephalon,
THAL and thence to the cerebral cortex. Ascending tracts include the spino-THAL tract (STTr),
spino-cervico- THAL pathway, spino-hypothalamic pathway, spino-parabrachio-amygdaloid
pathway, spino-reticular tracts, spino-mesencephalic tract, spino-limbic tracts, and postsynaptic
dorsal column pathway (Bushnell et al. 2013; Coghill 2020; Dostrovsky 2000; Kuner and Kuner 2021;
Poisbeau et al. 2018).

Properties of Projection Neurons. The somata of projection neurons are located in the superficial
DH (lamina I), deep DH (laminae V, VI), VH (lamina VII) of primates, and the central gray (lamina
X). At spinal level, projection neurons produce axon collaterals that are widely distributed within
and between spinal segments, whose functions are hardly known, however (Browne et al. 2020).
Many projection neurons in lamina I are nociceptive-specific (NS), with inputs from nociceptive
afferents only. Lamina V contains wide-dynamic-range (WDR) neurons with inputs from nociceptive
and non-nociceptive sensory afferents and appear to be able to encode noxious stimulus intensity
(Braz et al. 2014). In the mouse, genetic methods have revealed distinct modular circuits made up of
molecularly defined interneurons that process nociceptive (pain), pruritic (itch) and cutaneous
mechano-sensitive (innocuous touch) stimuli. Excitatory interneurons transmit somatosensory
information and inhibitory interneurons operate as gates to prevent innocuous stimuli from
activating nociceptive and pruritic pathways (Koch et al. 2018). The properties of these neurons can
change depending on context; for example, depolarization may transform NS neurons into WDR
neurons (Berger et al. 2011; Sandkiihler 2009). Neuron properties are also altered by the actions of
several classes of neuromodulators and neuropeptides (Zeilhofer et al. 2012).

Spino-THAL Tract (STTr).The STTr has two parts, a lateral and an anterior part. The former
originates in DH lamina I and, on its way to the THAL, sends collaterals to (i) the brainstem RF,
interpeduncular area, noradrenergic (NA) cell groups Al, A5, A6, A7 (the latter three not illustrated
in Figure 2, for graphical reasons), and the adrenergic C1 cell group, A1 projecting further to the HYP;
(ii) the parabrachial nucleus (PBN, projecting on to the AMY), the PAG, the HYP, the central nucleus
of the AMY (CeA), and finally to the THAL [posterior portion of the ventral medial nucleus (Vmpo),
ventro-posterior inferior nucleus (VPI), and ventral caudal portion of the medial dorsal nucleus
(MDvc)] (Dostrovsky 2000; Kuner and Kuner 2021). The anterior STTr originates in DH laminae IV-
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V and, in the brainstem, sends collaterals to the sub-nucleus reticularis dorsalis (SRD) and other sites,
and ends in VPI, ventral posterolateral nucleus (VPL) and central lateral nucleus (CL) (Dostrovsky
2000).

Other Ascending Nociceptive Pathways. Some ascending pathways transmit signals associated
with motivational and cognitive aspects [the spino-reticular tract and spino-parabrachial tract (Figure
2)], affectivity (the spino-mesencephalic tract and spino-parabrachial tract), motor responses, as well
as neuro-endocrine and autonomic responses (the spino-hypothalamic tract). The spino-reticular
tract is a multi-synaptic pathway originating from neurons mainly located in the spinal cord laminae
IV-V and VII-VIII targeting areas of the medullary and pontine reticular formation, which have
collaterals of the STTr (Martins and Tavares 2017). The spino-parabrachial tract is a significant site of
convergence for both somatic and visceral nociceptive stimuli (Merighi 2018). Ascending nociceptive
signals can also be indirectly conveyed to the THAL by the spino-mesencephalic and dorsal
postsynaptic dorsal-column pathway (Almeida et al. 2004; Braz et al. 2014; Coghill 2020; Todd 2010;
Yen and Lu 2013). The ascending pathways transmit nociceptive information across bilateral routes.
That is, the spino-THAL projections may arise from deep DH and ventral-horn neurons with bilaleral
and/or whole-body receptive fields. The projections of other spino-THAL neurons travel ipsilaterally
instead of contralaterally to the cell body (Coghill 2020).

Visceral Projections. Spinal visceral afferent neurons project into the laminae I, II (outer part Ilo)
and V of the spinal DH over several segments, medio-lateral over the whole width of the DH and
contralateral. Their activity is synaptically transmitted in laminae I, Ilo and deeper laminae to viscero-
somatic convergent neurons that receive additionally afferent synaptic (mostly nociceptive) input
from the skin and from deep somatic tissues of the corresponding dermatomes, myotomes and
sclerotomes. The second-order neurons consist of excitatory and inhibitory interneurons and tract
neurons activated monosynaptically in lamina I by visceral afferent neurons and di- or
polysynaptically in deeper laminae. Viscero-somatic tract neurons project through the contralateral
ventro-lateral tract and presumably other tracts to the lower and upper brainstem, the HYP and via
the THAL to various cortical areas. Visceral pain is presumably (together with other visceral
sensations and nociceptive as well as non-nociceptive somatic body sensations) primarily
represented in the posterior dorsal IC (primary interoceptive cortex). In primates, this cortex receives
its spinal synaptic inputs mainly from lamina I tract neurons via the ventro-medial posterior nucleus

of the THAL (Janig 2014).
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Figure 2. Simplified scheme of the approximate locations of selected nuclei and brain structures involved in
nociception, and of ascending nociceptive transmission (not necessarily monosynaptic) from the periphery to
the cerebral cortex. The sections are not scaled. The bottom panel shows the origin of group III and IV afferents
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from skin (sub-epithelial layer orange, epithelial yellow) and skeletal muscle (other origins not shown for
graphical reasons) and the innervation of skeletal muscle by motoneurons (MNs) in the spinal cord ventral horn
(VH). This is the basis for withdrawal refexes. The top panel shows a coronal cross-section through the right
prosencephalon (PROS) containing the cerebrum and diencephalon [containing the thalamus (THAL) and
hypothalamus (HYP)]. The intermediate layers (top-down) show transverse cross-sections from the
mesencephalon (MES) to the spinal cord (SC). Note that the marked structures may extend beyond the sectional
planes so that they are projected into selective planes. Green lines symbolize lumped ascending nociceptive
connections except for the blue lines symbolizing the connection from the noradrenergic NA Al cell group to
the HYP. Abbreviations: Al: (NA) Al cell group; AMY: amygdala; BG: basal ganglia; CING: cingulate cortex;
CMED: caudal medulla; CVLM: caudal ventro-lateral medulla, DH: dorsal horn; DReN: dorsal reticular nucleus;
DRN: dorsal raphé nucleus (gray shade); HYP: hypothalamus; IC: insular cortex; LC: locus coeruleus; MES:
mesencephalon; NRM: nucleus raphé magnus; NTS: nucleus tractus solitarii; PAG: peri-aqueductal gray; PBN:
parabrachial nucleus; PROS: prosencephalon; RMED: rostral medulla; RVM: rostral ventro-medial medulla; S1:
primary somatosensory cortex; SC: spinal cord; SN: substantia nigra; THAL: thalamus (Data from papers cited
in the text).

The ascending nociceptive pathways thus include many nodes, which will be treated below in
some detail in terms of their multiple inputs, outputs and functions, and thus to emphasize their
complexity (Figure 2).

5.2. Itch Pathways

Although pain and itch are distinct sensations, most noxious chemicals are not very specific to
one sensation over the other. An important difference between these sensations is that itch is initiated
by irritation of the skin, whereas pain can be elicited from almost anywhere in the body. Thus, itch
may be encoded by the selective activation of specific sub-sets of neurons that are tuned to detect
harmful stimuli at the surface and have specialized central connectivity that is specific to itch. Within
the spinal cord, cross-modal inhibition between pain and itch may help sharpen the distinction
between these sensations. Just as there are inhibitory circuits in the DH that mediate cross-inhibition
between modalities, it appears that there are also excitatory connections that can be unmasked upon
injury or in disease, leading to abnormally elevated pain states such as allodynia (Ross 2011).

Itch is a unique sensation that urges organisms to scratch away external threats, and scratching
in turn induces an immune response that can enhance itchiness. The central pathways and circuits
processing itch and pain overlap anatomically, but some neurons transmit itch signals independently
of other modalities (Lay and Dong 2020). After spinal processing, itch signals are transferred via
projection neurons that connect to the STTr. The next supraspinal itch-processing station is the PBN,
which projects to different brain regions including the AMY, which links stress and anxiety to chronic
itch.

Functional MRI in humans implicates cortical regions including the S1 and 52, the CC and PFC
(Cevikbas and Lerner 2020).

In transgenic mice, one kind of polymodal nociceptors containing galanin (GAL) and one type
of pruriceptors expressing neurotensin (NT) took different routes. NT-expressing pruriceptors
avoided the STTr, although both ascending projections shared the spino-bulbar projections but
occupied different sub-nuclei. In the somatic motor system, more neurons in the red nucleus (nucleus
ruber) and primary motor cortex (M1) participated in the GAL-containing nociceptor-derived
network, while more neurons in the NTS and the dorsal motor nucleus of vagus nerve (DMX) of the
emotional motor system were found in the NT-expressing pruriceptor-derived network. Functional
validation of differentially labeled nuclei by c-fos test and chemogenetic inhibition suggested that the
red nucleus is involved in facilitating the response to noxious heat and the NTS/DMX in regulating
the histamine-induced scratching (Chen et al. 2022).

Genetic deletion techniques have proposed that gastrin-releasing peptide (GRP) may be a key
neurotransmitter for itch in the spinal cord. Glutamate but not GRP acts as the key neurotransmitter
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in the primary afferents in the transmission of itch. GRP is more likely to serve as an itch-related
neuromodulator. The ACC plays a significant role in both itch and pain sensations (Chen and Zhuo
2023).

5.3. Nucleus Tractus Solitarii (NTS)

The NTS (or nucleus of the solitary tract) is a complex of sub-nuclei aligned in a vertical slice
located in the dorso-medial medulla oblongata. The NTS has been divided cytoarchitectonically into
various sub-nuclei, which are partly correlated with the areas of projection of peripheral afferent
endings. Gustatory and somatic afferents from the oro-pharyngeal region project with a crude
somatotopy within the rostral part of the NTS (rNTS) and visceral afferents from cardio-vascular,
digestive, respiratory and renal systems terminate viscero-topically within its caudal part (cNTS)
(Jean 1991; Holt and Rinaman 2022).

Functions. The extensive connections indicate that the NTS is a central structure for autonomic
and neuro-endocrine functions as well as for integration of somatic and autonomic responses in
certain behaviors. Painful stimuli can evoke dramatic responses in the cardio-vascular and respiratory
systems. The NTS has a major role as a site for integrating nociceptive and cardio-respiratory afferents
including and for mediating the reflex tachycardia evoked by somatic noxious stimulation. Similar
noxious stimulation attenuates the cardiac component of the peripheral chemo-receptor reflex and
inhibits the peripheral chemoreceptor-evoked excitatory synaptic response of some NTS neurons.
Hence, by depressing homeostatic reflexes in the NTS, noxious stimulation-evoked cardio-respiratory
changes can be expressed and maintained, which may be essential for the survival of the animal (Boscan
etal. 2002). The NTS has extensive connections with the vestibular nuclei, both directly and via the PBN;
whereby the vestibular nuclei could also receive nociceptive inputs (Saman et al. 2020).

Inputs. The NTS receives fibers from the superficial laminae (I-III) of the spinal DH terminating
bi-laterally in the ¢cNTS, and fibers from the deeper DH laminae (IV-V) terminating ipsilaterally,
mostly in the lateral areas of the cNTS (Gamboa-Esteves et al. 2001). In rat lamina I neurons receiving
noxious cutaneous and visceral stimuli via NK1 receptor activation project to NTS and so may be
involved in coordinating nociceptive and cardio-respiratory responses (Gamboa-Esteves et al. 2004).
In rats, NTS cells receive hindlimb somatosensory inputs from low- and high-threshold cutaneous
mechano-receptors, respond to capsaicin delivered into the hindlimb arterial supply, lack thermal
sensitivity, and respond to activation of mechano-sensitive as well as metabo-sensitive endings in
skeletal muscle. Visceral sensory information is conveyed via the afferent glossopharyngeal (IX) and
vagus (X) nerves (Toney and Mifflin 2000). The NTS receives cardio-pulmonary vagal inputs from
small-diameter afferents responding to mechanical distension (lung stretch, group III fibers) and
noxious stimuli/immune processes (lung irritants/cytokines, via group IV-fibers/nociceptors) leading
to efferent vagal activity that evokes airway defensive reflexes (Zyuzin and Jendzjowsy 2022). The
NTS also receives telencephalic inputs from a large array of structures (Gasparini et al. 2020; Holt
2022; Toney and Mifflin 2000). Direct projections from the cerebral cortex to the NTS have been
identified (Jean 1991).

Outputs. At the level of the area postrema (AP), axon collaterals of most small NTS cells (soma
<150 um?) establish excitatory or inhibitory local micro-circuits likely to control the activity of nearby
NTS cells and to transfer peripheral signals to efferent projection neurons. At least two cell types
with efferent projections from the cNTS were distinguished: (i) a greater numbers of small cells,
apparently forming local excitatory micro-circuits via recurrent axon collaterals, which project
specifically and unidirectionally to the lateral parabrachial nucleus (IPBN); and (i) much less
numbers of cells likely to establish multiple global connections with a wide range of brain regions,
including the ventro-lateral medulla (VLM), HYP, CeA, bed nucleus of the stria terminalis (BNST),
spinal DH, brainstem RF, LC, PAG and peri-ventricular diencephalon (Kawai 2018). The NTS also
projects to the PBN, ventro-lateral reticular formation, raphé nuclei, motor nuclei of several cranial
nerves, and others, and long connections to diencephalic and telencephalic structures,spinal cord
(Holt 2022).
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5.4. Parabrachial Nucleus (PBN)

The PBN surrounds the superior cerebellar peduncles in the dorso-lateral pons. The PBN is a
collection of cell groups that, in rodents, can be divided into more than a dozen sub-nuclei based on
cytoarchitecture. The medial PBN (mPBN) comprises populations of neurons heterogeneous in size
and morphology, whereas the IPBN includes several homogeneous groups, which are also
characterized by differential connectivity and neurochemistry and contains numerous co-localized
peptides, including CGRP, SP, NT, and dynorphin (Chiang et al. 2019).

Functions. The PBN nuclei are involved in many homeostatic functions including nociception,
chemoreception and autonomic control. The IPBN is required for escape behaviors and aversive
learning in response to noxious stimulation (Chiang et al. 2020).

Nociceptive Inputs. The PBN receives substantial projections from nociceptive neurons in the
contralateral superficial DH, and less dense inputs from the ipsilateral superficial DH and deeper
lamina (Peng et al. 2023). The PBN, particularly IPBN, is the primary supraspinal target of
nociceptive, pruritic and thermal signals transmitted via the SPT from the trigeminal and spinal DHs.
The STTr sends collaterals to PBN (Kuner and Kuner 2021). The PBN is reciprocally connected with
CeA, BNST, and multiple HYP nuclei, including the preoptic area (POA). This hyper-excitability
appeared in part to reflect a loss of recurrent inhibition from the CeA. CeA not only receives a
significant projection from IPBN, but also sends a dense inhibitory reciprocal connection back to IPBN
(Chiang et al. 2019). — In mice, catecholaminergic input from the cNTS caused amplification of PBN
activity and their sensory afferents. Noxious mechanical and thermal stimuli activated ctNTS neurons
and produced prolonged NA transients in PBN. Similar NA transients could be evoked by focal
electrical stimulation of cNTS, a region that contains the NA A2 cell group that projects densely on
PBN. A2 neurons of the cNTS increase excitability and potentiate responses of PBN neurons to
sensory inputs (Ji et al. 2023).

Outputs from the PBN are widespread and complex. Major outputs target the paraventricular
and gustatory THAL, the IC, intra-limbic (IL) PFC and pre-limbic (PL) PFC, with direct projections
to the CeA and BNST and, through a THAL relay, to the IC, implicating PBN in both emotional and
autonomic aspects of pain. Thus, stimulation of the PBN connections with CeA and BNST drove
avoidance behavior (real-time place aversion) and aversive learning Activation of efferent projections
to the ventro-medial hypothalamus (vmmHYP) or lateral peri-aqueductal gray (IPAG) drove escape
behaviors, whereas activation of IPBN efferents to the BNST or CeA generated an aversive memory.
IPBN is also related to motor functions. Thus, activation of the IPBN projections to the caudal-dorsal
medullary RF facilitated motor responses evoked by noxious stimulation, particularly during
inflammation. Stimulation of the projections to vmHYP and PAG evoked running and jumping. PBN
projects to the paraventricular nucleus (PVN) of HYP and may play a role in neuro-endocrine-
autonomic integration. IPBN projects to the PAG and to the RVM, both of which are implicated in
descending pain modulation (Chiang et al. 2019, 2020). PBN projects directly to the RVM. Under
physiological conditions and when exposed to acute pain stimuli, the contralateral PBN transmits
signals to the RVM ON- and OFF-cells and then triggers acute hyperalgesia, while the ipsilateral PBN
is involved in the RVM ON-and OFF-cells-induced modulation of persistent inflammation and
chronic pain (Peng et al. 2023). IPBN neurons with strong nociceptive inputs from the DH project to
the capsular part of the CeA, which is an important structure linking nociception and emotion. The
IPBN to CeA synaptic transmission is enhanced in various pain models. In rats, light stimulation
evoked monosynaptic excitatory postsynaptic currents (EPSCs), with very small latency fluctuations,
followed by a large polysynaptic inhibitory postsynaptic current in AMY neurons. Intra-plantar
formalin injection at 24 h before slice preparation significantly increased EPSC amplitude in late
firing-type CeA neurons. This indicate that direct monosynaptic glutamatergic inputs from the IPBN
not only excite CeA neurons but also regulate CeA network signaling through robust feed-forward
inhibition, which is under plastic modulation in response to persistent inflammatory pain (Sugimura
et al. 2016). — A sub-population of IPBN neurons relays nociceptive signals from the spinal cord to
the substantia nigra pars reticulata (SNr). Pain decreases the activity of many ventral tegmental area
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(VTA) DA neurons. IPBN-targeted and nociception-recipient SNr neurons regulate VTA DA
activity directly through feedforward inhibition and indirectly by inhibiting a distinct sub-population
of VTA-projecting IPBN neurons, thereby reducing excitatory drive to VIA DA neurons.
Correspondingly, ablation of SNr-projecting IPBN neurons suffices to reduce pain-mediated
inhibition of DA release in vivo (Yang et al. 2021).

5.5. Cerebellum

In human neuroimaging, the cerebellum was consistently activated after a peripheral
nociceptive stimulus, be it electrical, laser, capsaicin, or other types of nociceptive stimulation, the
activation sites mainly involving the vermis (in lobules IV-V), the ipsilateral cortex (lobules IV-VI,
Crus I), and the contralateral cortex (lobule VI, Crus I) (Welman et al. 2018).

Beyond a role in nociception, the cerebellum has been implicated in a number of functions,
including oculomotor control, control of upright stance and locomotion, reaching and grasping and
speech, timing and coordination of movement, control of motor-cortex excitability, prediction of
sensory consequences of actions, error detection and correction, motor learning, classical
conditioning (e.g. eyeblink conditioning), and even reward, language, and social behavior, emotional,
motivational and cognitive functions (Dibaj and Windhorst 2024a). The cerebellum also has a role in
pain processing and/or modulation, possibly due to its extensive connections with the PFC and
brainstem regions involved in descending pain control (Adamaszek et al. 2017; Baumann et al. 2015;
Ong et al. 2019; Wang et al. 2022). The cerebellum also has bi-directional connections to the HYP,
which may be involved in feeding, cardio-vascular, osmotic, respiratory, micturition, immune,
emotion, and other non-somatic regulation (Zhu et al. 2006).

Nociceptive Inputs. Animal studies suggested spinally projecting multi-sensory inputs from the
skin, including tactile group III and nociceptive group III and IV fiber (Welman et al. 2018). For
example, in cats, stimulation of cutaneous group IIl and IV fiber nociceptor afferents activated
climbing fibers (CFs) that terminate on Purkinje cells (PCs) in the cerebellar anterior lobe ipsilateral
to stimulation. Group IV afferents conveyed neural input through the postsynaptic dorsal columns
as part of a proposed spino-olivo-cerebellar (SOC) pathway. In addition to CF input, group IV fiber
input may also act through mossy fibers (MFs) to reach PCs. In rats, noxious colo-rectal distention
activates visceral neurons in the lateral medullary RF, including several with direct projections to the
cerebellar vermis. In addition, noxious visceral stimulation can modulate PC activity in the posterior
cerebellar vermis. However, what pathway conveys these signals is yet unknown (Moulton et al.
2010). In rodents and cats, stimulation of cutaneous and visceral nociceptors and group III and/or
group III/IV afferents can activate and modulate PC activity. At least two possible nociceptive spino-
cerebellar pathways have been proposed: (i) a SOC pathway that conveys nociceptive group III and
group IV fiber input to PCs in the cerebellar anterior lobe ipsilateral to stimulation, and (ii) a spino-
ponto-cerebellar (SPC) pathway conveying group IV fiber input to PCs in the cerebellar vermis. In
addition to sensory afferent input, the cerebellum receives input from brain areas associated with
nociceptive processing, including cognition, affect, and motor function. With the cerebellum
receiving both descending information from other brain areas and ascending nociceptive information
from the spinal cord, the structure is ideally positioned to be influenced by, or to influence, the
processing of pain (Baumann et al. 2015).

Other Connections. In toto, the cerebellum has extensive connections to multiple CNS regions:
S1, premotor cortex (PM), mPFC, IC, ACC, hippocampus (HIPP), AMY, THAL, HYP, RF, red nucleus
(nucleus ruber: NRu), PBN, PAG, spV, trigeminal ganglion, LC, vestibular nuclei, and spinal cord.
Among these are several pain-related regions (Wang et al. 2022). Nociceptive signals also reach the
cerebellum (Moulton et al. 2010; Saab and Willis 2003). The cerebellum is reciprocally connected to
the PAG, an anti-nociceptive processing center (Wang et al. 2022).

Role in Nociception/Pain. The functional role of the cerebellum in pain processing remains
largely unclear. One widely accepted idea is that cerebellar activity is related to the fine-tuning of the
motor output when we experience pain, in order to protect it from further harm. However, a role in
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pain anticipation, in the inhibition of pain, and in perceiving pain induced in others has also been
posited. Many questions remain open. One question is whether the cerebellum is involved in
modulating the processing of the incoming nociceptive signals or in the preparation and execution
of a motor response to the nociceptive signal. Another question is whether it is invvolved in
producing tasks that are localization-independent, like pain inhibition and the production of warning
signals, or whether it is involved in the precise localization and precise movement planning in
response to the nociceptive signals. In the latter case, a more detailed processing of the pain signal
would be required that would require a precise somatotopical organization (Welman et al. 2018).

5.6. The PAG-Triad Connection

Extensive interconnections between the ANS, endocrine, somatic and limbic networks
orchestrate pain modulation, stress responses, behavioral arousal, emotion, homeostasis, cardio-
vascular and respiratory control, and micturition and defecation reflexes. This system receives
various inputs from diverse sources, including modulatory input from cholinergic (ANS),
monoaminergic, and peptidergic neurons, as well as signals mediated by NO, purines,
endocannabinoids, and neurosteroids. Visceral inputs regulate autonomic output through both the
sympathetic and parasympathetic pre-ganglionic neurons in the forebrain arousal system, medulla
and, spinal cord. The central ANS includes monoaminergic neurons in the brainstem RF and nuclei
that use as neurotransmitters and neuromodulators monoamines such as dopamine (DA), adrenaline
and noradrenaline (NA), 5-HT, and histamine (Delbono et al. 2022).

Brainstem structures of major importance in the present context are the following: PAG, RVM,
CVLM, DA neurons in HYP, substantia nigra pars compacta (SNc) and VTA, NA LC, 5-HT neurons
in the raphé nuclei (RN).

The PAG sends strong inputs to the RVM, which by intricate connections is integrated with the
CVLM and DReN into a triad (Martins and Tavares 2017). .

5.6.1. Peri-Aqueductal Gray (PAG)

The midbrain PAG is a cell-dense region surrounding the midbrain aqueduct. It shows a high
degree of anatomical and functional organization, which takes the form of longitudinal columns of
afferent inputs, output neurons and intrinsic interneurons (Bandler and Shipley 1994; Koutsikou et
al. 2017).

Inputs. Ascending inputs come from the STTr (Kuner and Kuner 2021; Figure 2). The ventro-
lateral PAG (vIPAG) receives inputs from regions that are targets of the ascending nociceptive fibers,
including the PBN and spinal cord. The IPAG receives direct inputs from the DH and spV organized
in a roughly somatotopic map, with orofacial afferents terminating rostrally and afferents from the
legs terminating caudally (Mills et al. 2021). — The cortical projections to the PAG originate from the
PFC, in particular, from the mPFC (BAs 25, 32), the dorso-medial convexity of the medial wall (BA 9)
extending into the ACC (BA 24), and the posterior orbito-frontal/anterior IC (BA 13, 12) (Ong et al.
2019). In the cat, significant sources of cortical PAG projections are the somatosensory cortex, frontal
cortex, IC, and CC. Tract paths could be defined between the PFC, AMY, THAL, HYP and RVM
bilaterally, and the PAG. Functional magnetic resonance imaging (fMRI) has shown that the vIPAG
is functionally connected to brain regions associated with descending pain modulation including the
ACC, upper pons/medulla (Bouchet and Ingram 2020; Ong et al. 2019; Ossipov et al. 2014; Vazquez-
Leon et al. 2021; Yetnikoff et al. 2014). — The PFC-AMY-dorsal PAG-pathway may mediate fear-
conditioned analgesia, i.e., a reduction in pain response upon re-exposure to a context, previously
paired with an aversive stimulus. The mPFC-PAG projection plays a role in modulation of autonomic
responses to pain. In addition, the PAG receives inputs from the BNST, the midbrain retro-rubral
field (RRF) and VTA. — Particularly important inputs reach the PAG indirectly from the PFC. fMRI
revealed that the vIPAG is functionally connected to brain regions associated with descending pain
modulation including the ACC, upper pons/medulla, whereas the IPAG and dorso-lateral PAG
(dIPAG) are connected with brain regions implicated in executive functions, such as the PFC,
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striatum, and HIPP. In vivo tracing of neuronal connections using probabilistic tractography seeded
in the right dIPFC and left rostral ACC (rACC) showed that stronger placebo analgesic responses are
associated with increased mean fractional anisotropy values in white matter tracts connecting the
PFC with the PAG. Tensor imaging showed that tract paths could be defined between the PFC, AMY,
THAL, HYP, PAG and RVM bilaterally. The PFC-AMY-dPAG pathway may mediate fear-
conditioned analgesia, i.e., a reduction in pain response upon re-exposure to a context, previously
paired with an aversive stimulus. The mPFC-PAG projection also plays a role in modulation of
autonomic responses to pain (Ong et al. 2019).

Outputs. The PAG sends descending outputs to the pons, cerebellum, medulla oblongata (Figure
3) and spinal cord (Yetnikoff et al. 2014). The vIPAG projects to the mPFC, lateral septum, BNST,
HIPP, magnocellular basal forebrain (BFB), caudate putamen, NAc, AMY (CeA), to the substantia
nigra (SN), lateral habenula (IHb), VTA and the RVM (Bouchet and Ingram 2020; Yetnikoff et al.
2014). The pain modulation results from descending, excitatory and inhibitory, onnections from the
PAG to the RVL, NRM and other brainstem structures which in turn send glutamatergic, GABAergic,
5-HT and enkephalin (ENK) projections to the spinal cord (Lamotte et al. 2021; Lau and Vaughan 2014).
Via the RVM, the PAG exerts both anti- and pro-nociceptive influences on nociceptive signal tramission
in the DH or spV. The endogenous pain-modulation structures are strongly interconnected, e.g., LC
and SRD, which also send direct projections to the DH and spV modulate nociception (Mills et al. 2021).
Under normal conditions, PAG output neurons to the RVM are inhibited by GABA. Removal of this
inhibition resulted in activation of the descending pain modulatory circuit and analgesia. The
assumption is that this disinhibition promotes excitatory neurotransmission from the PAG to RVM.
Opioid-triggered analgesia was mediated by projections from the vIPAG to RVM, while non-opioid-
triggered analgesia was elicited by projections of the IPAG and dIPAG to RVM (Peng et al. 2023).
However, opioid receptors are expressed on both GABAergic and glutamatergic terminals in the PAG
and both cell populations project to RVM. Thus, PAG to RVM connections are more complicated than
simply eliciting disinhibition of excitatory descending projections and probably reflect the existence of
parallel circuits that contribute to the bi-directional control of pain mediated by the RVM (Bouchet and
Ingram 2020). The PAG has indirect routes to DH via the LC and NRM (Willis and Westlund 1997).

Functions. The PAG plays a crucial role in conveying the modulatory influences from higher
brain regions involved in aspects of pain responses such as cognition and emotion, including the PFC,
IC and the AMY. The PAG collects the modulatory influences from these areas and uses the RVM as
a relay to indirectly target the spinal cord (Martins and Tavares 2017). The PAG columns serve
various functions. Stimulation of the vIPAG produces opioid-mediated analgesia, as well as freezing
and quiescent behaviors, whereas stimulation of the lateral column and more dorsal columns
produce escape behaviors such as jumping and flight responses (Bouchet and Ingram 2020; Mills et
al. 2021). Overall, PAG functions are related to pain modulation, anxiety, panic, unconditioned,
conditioned, as well as learned behaviors such as fear, vocalization, food intake, and sexual behavior,
and the integration of autonomic responses. PAG neurons integrate negative phenomena such as
anxiety, stress, and pain with the autonomic, neuro-endocrine, and immune systems to facilitate
responses to threat (Vazquez-Leodn et al. 2021). The PAG plays a coordinative role in the management
of threat, arousal, anxiety, fear, and defence systems for survival by organizing changes in sensory
processing including anti-nociception, ANS activity and motor behavior, e.g., “fight or flight" or
‘freezing’ (Koutsikou et al. 2017; Roelofs 2017). Different classes of threatening or nociceptive stimuli
trigger distinct co-ordinated patterns of musculo-skeletal, autonomic and anti-nociceptive
adjustments by selectively targeting specific PAG columnar circuits (Bandler and Shipley 1994).

Inescapable and Escapable Pain. Deep pain evokes passive emotional coping that includes
quiescence and vaso-depression. Inescapable, persistent pain generated by nociceptive inputs from
deep structures drive neurons in the vIPAG that co-ordinate passive emotional coping. By contrast,
brief escapable cutaneous pain evokes an active emotional coping: the fight-or-flight response, which
activates the dIPAG that co-ordinate active coping strategies. Hence, it has been suggested that it is the
behavioral significance of the nociceptive input, rather than its organ of origin per se, that determines
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the characteristics of the affective response. Differential representations of escapable and inescapable
pain in the PAG may extend to distinct representations of ‘first pain” and ‘second pain’, as indicated by
the columnar distribution of neurons activated by inputs from group III (Ad) and IV (C) nociceptive
afferents (Lumb 2002).

PROS

MES

PONS

RMED

CMED

Figure 3. Simplified and rarefied scheme of the approximate locations of some nuclei and brain structures and
of connections involved in the descending control of nociceptive transmission in the spinal DH. The sections are
not scaled. Some structures (e.g., raphé nuclei) distribute quite far rostro-caudally and may occur in two cross-
sections, which is not shown for graphical reasons. Connections often are composed of parallel fiber systems,
but are here lumped and represented by arrowed lines. Connections may be excitatory (green lines) or inhibitory
(red lines). For example and importantly, the connections from RVM to DH are both facilitory and inhibitory.
Other arrowed lines, e.g., from HYP to DH, comprise DA and OXT influences. Therefore, and for graphical
reasons, most lines are indifferently black. Abbreviations: Al: NA Al cell group; AMY: amygdala; BG: basal
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ganglia; CING: cingulate cortex; CMED: caudal medulla; CVLM: caudal ventro-lateral medulla; dIPFC: dorso-
lateral prefrontal cortex; DH: dorsal horn; DReN: dorsal reticular nucleus; DRN: dorsal raphé nucleus; HYP:
hypothalamus; IC: insular cortex; LC: locus coeruleus; MES: mesencephalon; mPFC: medial prefrontal cortex;
NRM: nucleus raphé magnus; NTS: nucleus tractus solitarii; PAG: peri-aqueductal gray; PBN: parabrachial
nucleus; PROS: prosencephalon; RMED: rostral medulla; RVM: rostral ventro-medial medulla; SN: substantia

nigra; THAL: thalamus; vIPFC: ventro-lateral prefrontal cortex (Data from papers cited in the text).

5.6.2. Rostral Ventro-Medial Medulla (RVM)

The RVM mainly consists of the midline NRM, the nucleus reticularis giganto-cellularis-pars
alpha, and the nucleus paragiganto-cellularis lateralis, as well as GABAergic and glycinergic cell
populations, all of which project diffusely to the spV and to superficial and deep DH layers
(Heinricher et al. 2009; Mills et al. 2021; Ossipov et al. 2014; Peng et al. 2023). The RVM contains three
populations of neurons, ON-cells, OFF-cells, and NEUTRAL cells that show different responses to
noxious stimuli and are recruited by higher structures to enhance or inhibit pain (Heinricher et al.
1987, 2009; Peng et al. 2023).

Inputs. Nociceptive information is transmitted to the RVM through specific groups of spinal
ascending neurons. The RVM also receives nociceptive-related inputs from a dense projection from the
PAG, from the PBN, THAL, HYP (directly and indirectly), and the AMY, and further inputs from a
variety of other cortical and sub-cortical areas as well as from the NA LC (Bouchet and Ingram 2020;
Ossipov et al. 2014; Peng et al. 2023). The output from the CeA targets the RVM and PAG, which are
crucial for mediating behavioral coping responses in the face of threat (Kuner and Kuner 2021). When
experiencing noxious heat stimuli or continuous neuropathic pain, not only is the contralateral RVM
but also the ipsilateral/median RVM activity increased, as indicated in a fMRI study of human
supraspinal structures (Peng et al. 2023). — The AMY has direct and indirect projections to the RVM,
and thereby influences the descending pain modulatory system. After micro-injection of morphine into
different sites of the AMY, several findings suggest that its analgesic effects were mainly attributed to
the direct projections from the AMY to the RVM. Infusing morphine into the BLA increased OFF-cell
activity, modestly decreased ON-cell activity, strongly attenuated the OFF-cell pause, and increased
TFL (Peng et al. 2023).

In humans, fMRI studies showed that somatic and visceral noxious stimulation led to activation
of brainstem regions including the PAG and RVM, and at the primary nociceptive synapse, at either
the spV or DH, during noxious muscle and cutaneous inputs. There was an association between the
activation in, or signal coupling between, these regions and the intensity of pain reported during
acute noxious inputs (Mills et al. 2021). fMRI also showed that when experiencing noxious heat
stimuli or continuous neuropathic pain, not only the contralateral RVM but also the
ipsilateral/median RVM activity was increased. In animals, extracellular recordings showed changes
in RVM neuronal responses to nociceptive stimulation. Pro-nociceptive ON-cells increased activity
immediately before facilitation of the withdrawal response. Anti-nociceptive OFF-cells decreased
their relatively high spontaneous activity up to a pause, which triggered the nociceptive response.
NEUTRAL cells did not respond to painful stimuli (Heinricher et al. 2009; Peng et al. 2023).

Outputs. RVM neurons project diffusely to the spV and, via ventro-lateral funiculus and spinal
dorso-lateral funiculus separately, to DH laminae important in nociceptive processing, including
superficial and deep DH layers that receive nociceptor primary afferents (Heinricher et al. 2009; Mills
et al. 2021; Peng et al. 2023). It has been suggested that RVM has a distinctive role as the ‘'main
gatekeeper of descending pain modulation’, bi-directionally facilitating or inhibiting spinal nociceptive
transmisison (Peng et al. 2023). ON-cell firing increased and OFF-cell firing decreasesd while
NEUTRAL cells showed no responses to nociceptive stimuli (Heinricher et al. 1987).

PAG-RVM Connections. PAG neurons project extensively to RVM neurons, which in turn project
to the spinal cord, and two-thirds of these reticulo-spinal neurons, appear to be GABAergic (contain
GAD67 immuno-reactivity). The majority of PAG fibers that contact RVM reticulo-spinal GAD67-
immuno-reactive neurons also contained GAD67 immuno-reactivity. Thus, there is an inhibitory
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projection from PAG to inhibitory RVM reticulo-spinal neurons. There were also PAG projections to
the RVM, though, that did not contain GAD67 immuno-reactivity. Similar to the pattern above, both
GAD67- and non-GAD67-immuno-reactive PAG neurons projected to RVM ON-, OFF-, and NEUTRAL
cells in the RVM. These inputs included a GAD67-immuno-reactive projection to GAD67-immuno-
reactive ON-cells and non-GAD67 projections to GAD67-immuno-reactive OFF-cells. This pattern is
consistent with PAG neurons producing anti-nociception by direct excitation of RVM OFF-cells and
inhibition of ON-cells (Morgan et al. 2008).

5.6.3. Caudal Ventro-Lateral Medulla (CVLM)

In several species including rat, mouse, cat, monkeys and man, the CVLM is located in the ventro-
lateral quadrant of the caudal-most aspect of the medulla oblongata (Figure 3). The ascending
projections from the spinal cord to the CVLM are anatomically segregated, with the lateral CVLM
(CVLMlat) receiving mainly afferents from the superficial DH, namely from nociceptively responsive
neurons located in lamina I. An important proportion of VLMIat-projecting neurons is located at lamina
II, which appears to be a special feature of this spino-fugal pathway. Circuits capable of conveying
CVLM-elicited anti-nociception include a direct reciprocal CVLM-spinal loop (Figure 3). Additionally,
the CVLM is also bi-directionally connected with both the RVM and DReN (below), building a
cooperative ‘triad” (Martins and Tavares 2017).

Nociceptive Inputs. In pentobarbitone-anesthetized control and monoarthritic rats,
electrophysiological recordings were used to characterize neuronal responses to noxious pinch, heat,
cold and colo-rectal distension. CVLM neurons gave excitatory, inhibitory or no response to noxious
test stimulation. Response patterns for part of the neurons varied with sub-modality of test
stimulation; e.g., a cell with an excitatory response to heat could give no or an inhibitory response to
cold (Pinto-Ribeiro et al. 2011). Visceral and somatic types of pain exhibit crucial differences not only
in the experience, but also in their peripheral and central processing. In urethane-anesthetized adult
male Wistar rats, responses of CVLM neurons were investigated to visceral (colo-rectal distension,
CRD) and somatic (squeezing of the tail) noxious stimulations. The CVLM of healthy control rats,
along with harboring of cells excited by both stimulations (23.7%), contained neurons that were
activated by either visceral (31.9%) or somatic noxious stimuli (44.4%) (Lyubashina et al. 2019). In
anesthetised rats, following both direct muscle stimulation and L5 ventral-root stimulation, fatigue-
related c-fos gene expression was most prominent in the DH of the ipsilateral L2-L5 segments and
within the ipsilateral NTS, the CVLM and RVL, and the intermediate reticular nucleus, and
contralaterally (Maisky et al. 2002). Note the muscle fatigue activates group III/IV afferents.

Other Inputs. The CVLMlat receives inputs from the somatosensory and motor cortices, the IL
PFC, IC, and limbic cortices, the CeA, lateral (IHYP), posterior HYP (pHYP), PVN, PAG, red nucleus,
PBN, NRM, NTS, lateral reticular nucleus (LRN), dorsal and ventral medullary RF, and the lateral
cerebellar nucleus (Cobos et al. 2003).

Outputs. The CVLMIat projects to the PAG, red nucleus or lateral cerebellar nucleus (Cobos et
al. 2003). The projections to spinal DH laminae involved in nociceptive transmission originate
exclusively in the CVLMlat. The CVLMlat is integrated in a disynaptic pathway involving spinally
projecting pontine NA A5 neurons, which appears to convey az-adreno-receptor-mediated analgesia
produced from the VLM. The descending CVLMlat-spinal pathway targets lamina I, IV-V and X.
Terminal boutons from lamina I neurons on CVLMlat neurons, that project to the spinal cord,
suggest that the ascending nociceptive input from the spinal cord directly activates CVLMlat
neurons. Electrophysiological mapping of the VLM has shown that it contains inhibitory neurons
(OFF-like neurons) along with excitatory cells (ON-like cells) which indicates that the descending
modulation from the VLM may include facilitatory modulation, along with the inhibitory effects.
Neurons in the CVLMlat and in DH lamina I are reciprocally connected by a closed loop that is likely
to mediate feedback control of supraspinal nociceptive transmission (Martins and Tavares 2017;
Tavares and Lima 2002).
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The CVLMIat is also activated in response to increases in blood pressure. Increases in blood
pressure are a feature of the “fight or flight”” response. Altogether, the VLM is an integrative center
which is involved in producing the adequate pain, motor and cardio-vascular responses (Martins and
Tavares 2017).

5.6.4. Dorsal Reticular Nucleus (DReN)

The DReN is located in the caudal-most aspect of the medulla oblongata in several species
including rat, cat, monkey and man. It is located in the most caudal, dorso-lateral portion of the
medulla (Figure 3; Martins and Tavares 2017). DReN neurons are reciprocally connected with DH
lamina I neurons, thus forming a reverberative nociceptive circuit.

Inputs. The DReN is targeted from fibers originating from deeper layers in the spinal cord,
namely from laminae IV-V, which specifically terminate in the lateral part of the DReN, and from
lamina VII which terminate at the medial part of the nucleus. DReN neurons are activated only or
mainly by noxious stimulation, whose intensity is reflected in the firing rate. They have large
receptive fields that often cover the whole body surface. The DReN also receives projections from the
Al and C1 cell groups (Lima and Almeida 2002; Martins and Tavares 2017).

Outputs. The DReN is reciprocally connected with sensory medullary nuclei (e.g., nucleus
cuneatus and spinal trigeminal nucleus pars caudalis), and with many brainstem and diencephalic
nuclei involved in anti-nociception and/or autonomic control. Anterograde tracing showed that fibers
and terminal boutons labeled from the DReN were located predominately in the brainstem, although
extending also to the forebrain. In the rat medulla oblongata, anterograde labeling appeared in the
RVM, CVLM, NTS, orofacial motor nuclei, and inferior olive (IO). Labeling was also present in the LC,
NA A5 and A7 cell groups, PBN and deep cerebellar nuclei. In the midbrain, it was located in the PAG,
SN, deep mesencephalic, oculomotor and anterior pretectal nuclei. In the diencephalon, fibers and
terminal boutons occurred mainly in THAL nuclei, and in the HYP arcuate (HYP ARC), PVN, lateral,
posterior, peri- and paraventricular areas. Telencephalic labeling was less intense and concentrated in
the septal nuclei, globus pallidus and AMY. This suggests that the DReN is possibly implicated in the
modulation of: (i) the ascending nociceptive transmission involved in the motivational-affective
dimension of pain; (ii) the endogenous supraspinal pain control system centered in the PAG -RVM-
spinal cord circuitry; (iii) the motor reactions associated with pain (Leite-Almeida et al. 2006). The
medullary DReN is also reciprocally connected with the spinal DH (Leite-Almeida et al. 2006; Martins
and Tavares 2017).

DH-DReN-Cerebellum Connection. The cerebellum receives input from nociceptors, which may
serve to adjust motor programmes in response to pain and injury. A significant proportion of spino-
reticular DH cells projecting to the DReN respond to noxious mechanical stimuli. One of the functions
of this pathway may be to provide the cerebellum with nociceptive information (Huma et al. 2015).

5.6.5. Case Report: Acute Thoracoabdominal Trauma with Severe Pain and Autonomic
Dysregulation

A 30-year old male patient arrived in the Emergency Department in acute distress following
blunt trauma (high-speed motor vehicle collision) to the thorax and abdomen. He was conscious but
exhibited shallow breathing, diaphoresis, tachycardia (HR 135 bpm), and fluctuating blood pressure
(ranging from 90/60 to 150/100 mmHg). He reported excruciating, stabbing pain rated 10/10 (visual
analogue scale), radiating from the lower ribs to the epigastrium. His voice was weak, and he
appeared anxious and intermittently unresponsive. Neurological findings were hyperalgesia over
lower thoracic dermatomes, reflexive guarding of abdominal muscles, and panic-like behavior. CT
scan showed Rib fractures (T7-T10), and hepatic laceration. Ketamine infusion, high-flow oxygen
therapy, and fluid resuscitation were initiated. Psychological support was necessary to manage
affective amplification of pain. Within 48 hours, pain scores dropped to 4/10, cardiovascular
parameters stabilized, and the patient regained emotional composure. By day 4, he was ambulating
with mild discomfort and discharged with outpatient pain and trauma follow-up.
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5.7. Hypothalamus (HYP)

The HYP is a diencephalic structure in the BFB, consisting of several nuclei (Takayanagi and
Onaka 2021). The HYP comprises thousands of distinct cell types that form redundant yet
functionally discrete circuits (Fong et al. 2023).

Functions. The HYP is involved in multiple functions serving homeostasis, which is defined as
the maintenance of the internal environment that includes physiological variables such as heart rate,
blood pressure, body temperature and blood sugar concentration within a certain narrow ranges.
Specific functions include stress responses, control of arousal, regulation of sleep/wake cycles,
regulation of body temperature and metabolism, feeding behavior, and reproductive behavior etc.
(Takayanagi and Onaka 2021).

Nociceptive Inputs. The STTr sends collaterals to HYP, also indirectly via the noradrenergic Al
cell group (Figure 2; Kuner and Kuner 2021). The HYP receives converging nociceptive and visceral
inputs from the spinal DHs and trigeminal nuclei (Benarroch 2006; Janig 2014), and direct and indirect
(via PBN and NA A1 cells) nociceptive inputs from the STTr (Kuner and Kuner 2021). In mice,
formalin injection induced significantly increased expression of fos in the PVN, among which OXT-
containing neurons are one neuronal phenotype. Under inflammatory pain, neurons in the IPBN may
play essential roles in transmitting noxious information to the PVN (Ren et al. 2024).

Other Inputs. The different HYP nuclei receive and emit differentiated inputs and outputs.
Largely, in addition to nociceptive inputs, the HYP receives direct or indirect inputs from somatic
and visceral sensory receptors of different kinds, as well as from the HIPP formation, gyrus cinguli,
piriform cortex, OFC, mammilary body, septum, AMY, THAL, from retinal, olfactory and auditory
fibers, from the brainstem RF, PAG, raphé nuclei, LC, and NTS (Brodal 1981).

Outputs. In part, the efferent HYP projections are reciprocal to the afferent inputs. Among
‘ascending” connections, the mamillary tract to the anterior THAL nucleus is the most massive. Other
efferents target the septum, HIPP, pulvinar, AMY, VIPAG, pretectal area, superior colliculi, midbrain
RF, raphé nuclei, LC, NTS, dorsal motor nucleus of the vagus, pre-ganglionic visceral nuclei, inter-
medio-lateral cell column (IML) of the spinal cord (Brodal 1981). There is a descending HYP-DH DA
system. In the adult albino rat, cells in the PVN project to autonomic centers in the brainstem or in the
spinal cord of the adult albino rat. Both OXT- and AVP-stained cells in the PVN project to the spinal
cord and (or) to the dorsal vagal complex (Sawchenko and Swanson 1982).

Hypothalamic Dopamine (DA) Cell Cluster. The dorsal posterior HYP contains a DA cluster called
Al1 cell group. These neurons, approximately 300 in rats and 130 in mice, project to the neocortex which
might be related to changes in the perception of ascending sensory information; 5-HT dorsal raphé
nucleus (DRN), promoting cardio-vascular and sympathetic activity. They also send descending
projections as the source of spinal DA. The terminals are most concentrated in the superficial sensory-
related DH and inter-medio-lateral nucleus. The loss of A11 neurons causes a disinhibition of sensory
inputs and favors the occurrence of abnormal visceral or muscular sensations. The spinal cord of rats,
cats, monkeys, and humans express DA receptors D1, D2, and D3. DA and D, agonists can depress the

monosynaptic reflex amplitude, dependent on D, receptors, since this effect was absent in D, knockout

mice. Hence, A1l modulatory neurons could hypothetically inhibit spinal somatosensory and
sympathetic autonomic circuits (Klein et al. 2019).

5.8. Midbrain Dopamine (DA) Neurons

The midbrain DA complex comprises the SNc, VTA and RRF, which contain the A9, A10 and
A8 groups of nigro-striatal, meso-limbic and meso-cortical DA neurons, respectively. Additionally,
there are dorsal-caudal Al0dc and rostro-ventral AlQ extensions into the vIPAG and supra-
mammillary nucleus, respectively. Where they intermingle, NA A8 cells are morphologically
indistinguishable from cells in A9 or A10 cells, as are A9 and A10 neurons at any imaginary boundary
between the VTA and SNc. Still, A8, A9 and A10 are structurally and functionally differentiated, as
also reflected in the relatively distinct, albeit broadly overlapping, topographies and functions of their
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ascending projections. The A8-10 nomenclature refers explicitly to DA neurons, whereas the VTA,
SNc, RRF are brainstem structures that also contain locally and distantly projecting neurons that
utilize as transmitters, either co-expressed with DA or separately, GABA, glutamate, cholecystokinin
(CCK) and NT and possibly as yet unknown compounds (Yetnikoff et al. 2014). In the VTA, the
different kinds of neurons interact via intrinsic connections and have differentiated external inputs
and outputs (Morales and Margolis 2017).

Functions. DA is a neurotransmitter, synthesized in both the CNS and the periphery. DA
receptors are widely expressed in the body and function in both the PNS and the CNS. DA is not
simply an excitatory or inhibitory neurotransmitter, since it can bind to different G protein-coupled
receptors (GPCRs). The DA system plays important roles in neuromodulation, such as arousal,
attention, motivation, affect, feeding, olfaction, hormone regulation, maternal and reproductive
behaviors, sleep regulation, spatial memory function, motivation, reward, cognitive function, and
influences the immune, cardio-vascular, gastro-intestinal, and renal systems, as well as movement
and motor control. Regarding its physiological role (Klein et al. 2019).

5.8.1. General Inputs

In rodents and primates, SNc and VTA receive a large array of differentially distributed inputs
from, among others, telencephalon, diencephalon, mesencephalon, pons, medulla, and cerebellum,
the connections varying in strength. Inputs to the RRF resemble those to the VTA (Kelly and Fudge
2018; Morales and Margolis 2017; Yetnikoff et al. 2014). For example, VTA DA neurons receive
glutamatergic inputs from the mPFC, BNST, IHb, pedunculo-pontine tegmentum, latero-dorsal
tegmental nucleus (LDT), PAG, DRN, GABAergic inputs from the ventral pallidum, IHYP, rostro-
medial meso-pontine tegmental nucleus (for further inputs to glutamatergic and GABAergic cells see
Morales and Margolis 2017).

5.8.2. Nocicpeptive Inputs

Midbrain DA neurons change their excitability upon noxious stimulation or relief from pain-like
states. DA cells are preferentially activated by appetitive versus aversive stimuli. By an acute aversive
stimulus (foot pinch), DA neurons in the VTA were uniformly inhibited and a non-DA neuronal
population was excited. In rodents, DA neurons, particularly in the dorsal VTA, were inhibited by
noxious foot shocks while in ventral VTA DA neurons, foot-shocks induced phasic excitation (Mitsi and
Zachariou 2016). The meso-limbic DA system indirectly receives somatosensory inputs, including
nociceptive inputs, from the IHYP mediated by the IHb. The IHYP-IHb pathway is necessary for
nociceptive modulation of the DA system (Dai et al. 2022; Ogawa and Watabe-Uchida 2018).
Furthermore, nociceptive signals from the spinal cord are relayed by a sub-population of IPBN
neurons to the SNr. — In anesthetized rats, many DA neurons exhibited a short-latency response to
noxious stimuli, which appears to be mediated by the nociceptive-recipient PBN. During the
application of noxious foot shock, simultaneous extracellular recordings showed that the PBN neurons
exhibited a short-latency, short-duration excitation to foot shock, while DA neurons exhibited a short-
latency but slightly later inhibition, suggesting that the PBN is an important source of short-latency
nociceptive input to the DA neurons (Coizet et al. 2010). Furthermore, nociceptive signals from the
spinal cord were relayed by a sub-population of IPBN neurons to the SNr. SNr-projecting IPBN neurons
are activated by noxious stimuli, and silencing them blocks pain responses in two different models of
pain (Yang et al. 2021). In adult anesthetized female albino rats, extracellular recordings were obtained
from neurons in the VTA, the SN, including the zona compacta (SNc) and the zona reticulata (SNr), and
the midbrain RF. Based on electrophysiological characteristics, the neurons were divided into two
types. Type I neurons, with relatively long spike durations and slow discharge rates, were confined to
the VTA and SNc. Type II neurons, with shorter spike durations and faster discharge rates, were
observed in the SNr and RF as well as the VTA and SNc. Aversive foot pinch (FP) and tail pinch (TP)
elicited locomotion, sniffing and gnawing responses, and stimulation of the vaginal cervix (VC) eliciting
lordosis responses, vocalization and immobility. For approximately two-thirds of the neurons, the
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effects of the three peripheral stimuli were similar, they were either activated or suppressed. This is
consistent with the view that VTA and SN neurons integrate a number of central and peripheral inputs
(Maeda and Mogenson 1982). In the anesthetized rats, a majority of 194 extracellularly recorded
presumed DA neurons (78%) were inhibited by intensive electrical stimulation performed at the tail
(PNS) and 15% were excited. Single-shock stimulation of the IHb inhibited 89% of the tested DAergic
neurons, most of which (83.8%) were also inhibited by PNS. IHb stimulation increased PNS-induced
inhibition of DA neurons and electrical destruction of ipsilateral IHb depressed their nociceptive
responses. This may suggest that DAergic neurons the 1Hb shares a step in nociceptive projection to the
SN (Gao et al. 1990). Using simultaneous extracellular single-unit recordings in the SN pars compacta
and in the IHD of rats, of 45 pairs of neurons responding to peripheral nociceptive stimulation, 41 pairs
of nigral DA neurons were inhibited by peripheral nociceptive stimulation, while IHb neurons were
excited. In 14 pairs, when sweeps were triggered randomly by spontaneous spikes from 1Hb neurons,
the spontaneous firing rate of the DA neurons during the first 250 ms after the sweep was much lower
than rates after this time period. These cross-correlations between the spontaneous activities of these
two nuclei suggest that the excitation of IHb neurons induced by peripheral nociceptive stimulation
might be directly responsible for inhibition of nigral DA neurons (Gao et al. 1996).

5.8.3. Outputs

There are four main ascending pathways: nigro-striatal, meso-limbic, meso-cortical, and tubero-
infundibular. The midbrain DA complex gives rise to a meso-limbic pathway to the limbic forebrain and
orbito-frontal cortex (OFC) and a nigro-striatal pathway to the BG striatum. Generally, nearly every
telencephalic region receiving DA innervation has a medial aspect innervated by the VTA and a lateral
aspect innervated by the SNc, the two separated by a broad district in which VTA and SNc projections
overlap. Still, SNc projects mainly to the ventro-medial caudate-putamen and to a lesser extent to
cortical structures, AMY and the subthalamic nucleus (STN) (Morales and Margolis 2017; Yetnikoff et
al. 2014). Furthermore, DA efferents target in particular the mPFC (Vander Weele et al. 2019). Spinally
descending DA fibers originate from the HYP (Li et al. 2019; Lindvall et al. 1983; Puopolo 2019).

In humans, midbrain DA neurons from the VTA project to the PFC via the meso-cortical pathway
and to the NAc via the meso-limbic pathway. These pathways constitute the meso-cortico-limbic
system, which plays a role in reward and motivation. The VTA region also gives rise to DA projections
to the AMY, HIPP, CC, and olfactory bulb. The meso-limbic DA system has been implicated in positive
reward and appetite-motivated behaviors. However, aversive stimuli and stress may also lead to DA
release by this same system, which might correspond to a generalized behavioral arousal involving
seeking safety. In animal models, micro-injections of DA into the NAc increased locomotor activity,
exploratory behaviors, conditioned approach responses, and anticipatory sexual behaviors. When a
GABAA receptor antagonist was injected into the VTA, locomotion was increased. This phenomenon
occurred because GABAergic neurons inhibited DA neurons and the antagonist blocked this inhibition.
Therefore, enhanced DA function in meso-limbic system increased behavioral activity, while lesions of
this system could eliminate exploratory and appetitive behaviors (Klein et al. 2019).

In rats anesthetised with halothane, 226 spontaneously active neurons were recorded from the SN.
112 neurons (50%) were nociceptive. Approximately equal proportions of nociceptive and non-
nociceptive SN neurons projected to the THAL. The majority of nigro-striatal neurons were non-
nociceptive (Pay and Barasi 1982). In the rat, immediately after foot-shock termination, extracellular
DA concentrations were increased in the NAc shell but remained unaltered in the NAc core. Such
activation, especially in the ventral striatum and NAc, also occurred after the application of acute
noxious (thermal) stimulus. In rodents, voltammetry showed changes in NAc DA release upon
termination of a noxious stimulus (tail-pinch). DA release in the NAc was promoted by noxious tail
stimulation and local VTA micro-injection of capsaicin. On the other hand, non-DA neurons in the
VTA of anesthetized rats were excited by aversive stimuli, including pain. Moreover, fMRI in both
humans and rodents showed that the offset of a noxious stimulus increased the activation of the
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meso-limbic DA system. Micro-dialysis supported the hypothesis that pain alleviation is modulated
by changes in DA concentrations in the NAc (Mitsi and Zachariou 2016).

5.9. Locus Coeruleus (LC) and Other Cell Groups

The brainstem contains a number of catecholamine nuclei and cell groups. Through action on o-
and a,-adrenoceptors, NA is involved in intrinsic control of pain (Pertovaara 2013).

5.9.1. Locus Coeruleus (LC)

The locus coeruleus (actually: caeruleus: celestial blue) is a cluster of relatively large neurons
containing NA, located bilaterally in the brainstem just under the cerebellum and lateral to the fourth
ventricle (Poe et al. 2020). Like other neuromodulatory structures, the LC contains an exceedingly
small number of cells, yet projects to much of the brain. The human LC is estimated to contain
approximately 30,000 neurons that provide NA to a substantial fraction of the brain’s 100 billion
neurons. The LC is therefore well positioned to modulate a wide range of functions, including
homeostasis, sensory processing, motor behavior, and cognition (Bari et al. 2019). Virtually all
neurons within rodent and primate LC contain NA as the primary transmitter. However, multiple
peptides co-localize within LC neurons, including vasopressin (AVP), STT, neuropeptide Y (NPY),
ENK, NT, corticotropin-releasing hormone (CRH) and GAL. NA neurons project broadly throughout
the neuraxis, from the spinal cord to the neocortex (Aston-Jones and Waterhouse 2016).

Inputs. Almost all areas of the neocortex project to the LC, with strong glutamatergic projections
from the PFC and CRH projections from the AMY (Bari et al. 2019). Besides by noxious stimuli
(below), the LC-NA neurons in behaving rats to monkeys respond to (even mild) non-noxious
environmental stimuli of many modalities, including auditory, visual, proprioceptive and
somatosensory stimuli, depending on the present vigilance state of the animal (Aston-Jones and
Bloom 1981). All LC neurons receive inputs related to autonomic arousal, but distinct sub-
populations can encode specific cognitive processes, presumably through more specific inputs from
the forebrain areas. LC neurons receive inputs from many regions of the brainstem and forebrain,
including the PEC, BNST, CeA, HYP PVN, NTS, nucleus paragigantocellularis (PG), and the nucleus
prepositus hypoglossi (NPH) (Ross and van Bockstaele 2020). The PFC is a major source of input to
LG, linking circuits involved in higher cognitive and affective processes to the LC efferent system
(Berridge and Waterhouse 2003).

Nociceptive Inputs. The STTr projects to the THAL, but on its way, it sends collaterals to the
brainstem RF, NA cell groups Al. A5-A7, that projects further to the HYP and many other structures
(Kuner and Kuner 2019; Woulfe et al. 1990; below)). Noxious peripheral stimuli increase the activity
in LC. In anesthetized rats, LC neurons were potently activated by foot shock, this effect being
indirect because attenuated or blocked by pharmacologic blockade of the PG (Chiang and Aston-
Jones 1993). In awake mice, upon exposure to acute nociceptive stimulation consisting of a pinch and
application of heat (55 °C) to the tail, both stimuli resulted in rapid and transient (<15 s) increases in
the activity of LC NA neurons while control stimuli did not induce any changes (Moriya et al. 2019).

Outputs. LC (A6 group) neurons send diffuse, but regionally specific, projections throughout
the neuraxis where they release NA as a neurotransmitter and neuromodulator (Berridge and
Waterhouse 2003; Foote et al. 1983; Valentino and van Bockstaele 2015). LC provides the sole source
of NA to the neocortex and HIPP, but less strongly innervates the BG (Berridge and Waterhouse
2003). NA cells in groups A5, A7 in the ventro-caudal LC portion and the sub-coeruleus area (together
with rostral C1 adrenergic neurons) belong to the ‘descending catecholaminergic system’, projecting
to the spinal cord including the DH and sympathetic pre-ganglionic neurons in the thoracic segments.
These neurons represent the efferent arm of the central sympathetic system that influences the
sympathetic outflow (Kvetnansky et al. 2009). In part, LC projections are segregated into distinct
output channels and have the potential for differential release and actions of NA on its projection
targets, thereby enabling differentiated modulation of diverse behaviors and cognitive functions.
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There are also projections to motor areas, such as the motor cortex, BG, cerebellum and inferior olive
(IO) (Poe et al. 2020).

Descending Pain Modulation. The LC is involved in the descending modulation of pain, mainly
through direct spinal cord projections and effects on RVM activity via NAergic projections. Ventrally
located LC neurons were labeled after injecting pseudorabies virus (PRV) into the RVM. Moreover,
stimulation of LC NA neurons increased the release of NA and increased 1-adrenoceptor
concentrations of al-adrenoceptors (NAa1R) in NRM, leading to analgesia. By contrast, LC-NRM
projecting NA neurons possibly induced hyperalgesia by activating NRM NAal1R. During opioid
withdrawal, administration of the NAa1R antagonist prazosin in NRM significantly decreased the
activities of LC NA projections and suppressed hyperalgesia. RVM ON-cells received LC NA inputs
and contained NAalR, which contributed to hyperalgesia during opioid withdrawal, while
inhibition of NAa2R-expressing ON-cells by clonidine suppressed DAMGO-mediated analgesia
instead of modulating hyperalgesia during opioid withdrawal. OFF-cells also received dense LC NA
input, and mainly expressed NAalR and some co-expressed NAa2R. Overall, this suggests that LC-
RVM projections trigger not only anti-nociceptive but also pro-nociceptive effects by modulating
RVM ON- and OFF-cells (Peng et al. 2023).

5.9.2. A and C Cell Groups

Ascending projections from spinal lamina I run through and terminate in brainstem regions that
contain adrenergic/NA cells. In the Cynomolgus monkey, the lamina I projections were
anterogradely labeled and adrenaline/NA-containing neurons were labeled immuno-cytochemically.
The terminations of the lamina I ascending projections through the medulla and pons strongly
overlapped with the locations of adrenaline/NA cells in the entire rostro-caudal VLM extent (Al
caudally, C1 rostrally): the NTS and the dorso-medial medullary RF (A2 caudally, C2 rostrally); the
ventro-lateral pons (A5); the LC (A6); and the sub-coerulear region, the Kolliker-Fuse nucleus, and
the medial and lateral PBN (A7). Close appositions between lamina I terminal varicosities and
adrenaline/NA dendrites and somata occurred, particularly in the A1, A5 and the A7 cell groups on
the contralateral side. The afferent input relayed by these lamina I projections could provide
information about pain, temperature, and metabolic state. Nociceptive lamina I input to
adrenaline/NA cell regions with projections back to the spinal cord could form a feedback loop for
control of spinal sensory, autonomic and motor activity (Westlund and Craig 1996).

Brainstem NA neuron receive dissimilar afferents via various circuits to coordinate organismal
responses to internal and environmental challenges, including pain. A1, A5, A6, and A7 receive
nociceptive inputs from the lateral STTr (Dostrovsky 2000; Kuner and Kuner 2021) and show
extensive descending projections to the spinal cord. In rats treated with formalin into the hindpaw
30 minutes after sub-cutaneous morphine injection, NA A5 and A7 cell groups contained significantly
increased fos in response to intra-plantar formalin injection (an acute noxious input) (Bajic and
Commons 2010).

Brainstem NA neuron project to local segmental (brainstem), cephalic (telencephalon and
diencephalon), and caudal (spinal cord anterior, lateral, and DH) regions of the CNS, to the LC (A6),
the primary source of NA in the brain, and to spinal pre-ganglionic neurons, which synapse onto
post-ganglionic neurons, and thence to NA neurons located at the paravertebral sympathetic ganglia,
supporting an anatomical hierarchy that regulates skeletal muscle innervation, neuromuscular
transmission, and muscle trophism. Together with the parasympathetic nervous system, this NA
neuron network accounts for the integrated organismal response to physiological or pathological
challenges, including pain. Increased sympathetic activity is associated with better cognitive
performance in individuals over 65 year leading to hypothesize interactions between the ANS and
higher-level brain functions in neurological and neuropsychiatric disorders (Delbono et al. 2022)

A1 Group. The rat A1 NA cell group lies in the CVLM from upper cervical spinal cord levels to
the level of the area postrema. In anesthetized rats, noxious thermal stimulation of the hindleg caused
c-fos activation in the HYP PVN, in the adeno-hypophysis, and in other brain nuclei, including the
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cathecholaminergic cell groups of the caudal medulla. The NA Al cells receive nociceptive inputs
from the lateral STTr (Dostrovsky 2000) and relay it to the HYP PVN (Figure 2) and other structures
(not shown for graphical reasons) (Kuner and Kuner 2021). Consequently, noxious stimulation
caused corticosterone plasma release (Pan et al. 1999). Moreover, presumed efferent target sites
include the NTS, RVM, dorsal PBN, Kolliker-Fuse nucleus, PAG, HYP dorso-medial nucleus (DMH)
and lateral nucleus (IHYP), PVN, peri-fornical region, zona incerta, supraoptic nucleus (SON), BNST,
and organum vasculosum of the lamina terminalis (Woulfe et al. 1990).

A5 Group. These cells receive a wide range of inputs. Importantly, these include connections
from neurons of spinal lamina I (Dostrovsky 2000; Kuner and Kuner 2021), and from the ventral
region of the medulla, more specifically from the CVLM. Both lamina I and the CVLM region play a
predominant role in the integration of nociceptive responses. Connections have also been described
from the trigeminal afferents from the nasal cavity (Rocha et al. 2024). The A5 group projects
segmentally to A6 [locus coeruleus (LC), actually: caeruleus: celestial blue], with a possible role in
cognition, and spinally, to target pre-ganglionic ACh neurons in the IML. The synapse between A5
pre-ganglionic and post-ganglionic NA neurons located at the paravertebral sympathetic ganglia
support a role in skeletal muscle regulation. Skeletal muscle post-ganglionic sympathetic neuron
projections have been related to neuromuscular organization, transmission, and skeletal muscle mass
maintenance with development and ageing. The A5 group is supposed to contribute to the regulation
of nociceptive messages at the spinal cord level (Kwiat et al. 1993).

A6 Group. The A6 cluster (LC) projects to the cerebellum, midbrain, globus pallidum, and
various HYP areas. It also projects to the spinal DH to regulate pain perception and plays a role in
sensory-motor behavior (Delbono et al. 2022).

A7 Group. A7 cell terminals are closely related to the ACh MNs in the VH and may influence
motor output through NA binding to NA receptors expressed by the VH neurons (Delbono et al.
2022). Electrical IHYP stimulation produced anti-nociception, which was partially blocked by intra-
thecal a-adrenergic antagonists. SP-immuno-reactive neurons in the IHYP project near the NA A7 cell
group, which effects anti-nociception in the DH. However, while some A7 cells inhibit nociception
through the action of az-adrenoceptors in the spinal DH, other A7 cells increase nociception through
the action of ai-adrenoceptors in the spinal DH (Holden and Naleway 2001).

5.10. Raphé Nuclei

The raphé nuclei are a collection of functionally and anatomically diverse cell groups that span
the brainstem and contain the majority of the 5-TH-producing neurons in the CNS (Brodal 1981).
From caudal to rostral, the raphé nuclei are, in the medulla oblongata: nucleus raphé obscurus, NRM,
nucleus raphé pallidus; in the pons: nucleus raphé pontis, nucleus centralis inferior; in the midbrain:
nucleus centralis superior, median raphé nucleus, DRN, caudal linear nucleus (Nieuwenhuys et al.
1978).

Inputs. Noxious peripheral stimuli cause activity changes in neurons of the RVM, which contains
the NRM. For example, in anesthetized rats, 63 raphé-spinal units in NRM were classified into 5-HT
and non-5-HT units. Except one, all units showed either excitatory (n = 39) or inhibitory (n = 23)
responses to noxious stepwise heating of the tail with hot water at 52° C. The threshold temperature
was around 44°C. The excitatory or inhibitory responses of raphé-spinal units correlated well with those
elicited by noxious pinching, but did not correlate with the different transmitter populations (5-HT or
non-5-HT) of the NRM units. In addition, in parallel to LC neurons, 5-HT neurons are activated by
noxious peripheral stimuli in awake mice. Exposure to acute nociceptive stimulation consisting of a
pinch and application of heat (55 °C) to the tail resulted in rapid and transient (<15 s) increases in the
activity of RVM/NRM 5-HT neurons while control stimuli did not induce any changes (Moriya et al.
2019).

Many upper brain areas control the 5-HT neurons in the NRM. 5-HT neurons in the RVM receive
direct excitatory inputs from the S1. Other regions control the 5-HT, including the orbital cortex, CC,
medial and lateral POA, several areas of the HYP and the habenula (Hb). Both NRM and DReN are
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the targets of regulation via projections from several nuclei in the brainstem and the midbrain, including
several catecholaminergic and cholinergic (ACh) cell groups (Cortes-Altamirano et al. 2018; Kuner and
Kuner 2021).

Outputs. In general, the raphé nuclei can be divided into neuron groups with primarily ascending
and primarily descending projections. The ascending raphé nuclei (primarily the DRN, which also
projects to the spinal cord, though, and the median raphé nucleus) contain 5-HT neurons that project to
the majority of the brain, including the PFC, CC, parietal and occipital cortical regions, HIPP, THAL,
cerebellum, and midbrain, where they regulate a variety of behaviors related to stress, mood, anxiety
(Brodal 1981; Myers et al. 2017). The descending nuclei, including the DRN, NRM and raphé pallidus,
project to the spinal cord and regulate autonomic and motor functions and control transmission of
nociceptive signals in the DH. The NRM in the RVM sends dense 5-HT fibers to the spinal DH, building
both inhibitory and facilitatory pathways (Kuner and Kuner 2021; Zhang et al. 2024). In the cat, more
than 80% of the raphé neurons that project to the spinal cord are 5-HT neurons in each of the nuclei.
More than 85% of the descending raphé-spinal neurons in the two caudal nuclei, nucleus raphé pallidus
and nucleus raphé obscurus, are 5-HT, whereas 75% of the raphé-spinal neurons in the NRM contain
5-HT (Bowker et al. 1987).

5.11. Basal Ganglia (BG)

In higher mammals, the BG consist of bilateral sub-cortical nuclei in the basement of the brain.
There are three broad domains: the dorso-lateral, dorso-medial and ventral BG (Groenewegen 2003;
Humphries and Prescott 2010; Tewari et al. 2016). The dorso-lateral BG contains the striatum
(consisting of nucleus caudatus and putamen), the STN, globus pallidus externus (GPe), globus
pallidus internus (GPi) and SNr. The STN is integrated into the network of BG nuclei (Nelson and
Kreitzer 2014). The NAc is the ventro-medial input station, with sub-territories including a core and a
shell (Harris and Peng 2020).

Functions. The BG have been implicated in processes as diverse as feedforward motor planning,
organization of rapidly alternating or sequential motor acts, predicting future events, reward,
reinforcement, habit formation, procedural motor learning, retention and recall of well-learned motor
skill, working memory, attention, emotional, motivational, associative and cognitive processes
(Haber 2016; Herrero et al. 2002; Nelson and Kreitzer 2014; Roth and Ding 2024). The BG including the
STN and SNr are also involved in pain-related responses and modulation (Jia et al. 2022). It has been
suggested that the BG may be implicated in the (i) sensory-discriminative dimension of pain, (ii)
affective dimension of pain, (iii) cognitive dimension of pain, (iv) modulation of nociceptive
information and (v) sensory gating of nociceptive information to higher motor areas (Chudler and
Dong 1995).

Nociceptive Inputs. The BG process non-noxious and noxious somatosensory information. Some
BG neurons encode stimulus intensity, but do not appear to encode stimulus location since they have
large receptive fields. Many BG neurons responsive to somatosensory stimulation are activated
exclusively or differentially by noxious stimulation (Chudler and Dong 1995). — The putamen is one
of the major BG input sites and is frequently activated during pain. Nine individuals with lesions
involving the putamen underwent both psychophysical and functional imaging assessment of
perceived pain and pain-related brain activation. These individuals exhibited intact tactile thresholds,
but reduced heat-pain sensitivity and widespread reductions in pain-related cortical activity in
comparison with 14 age-matched healthy subjects. This indicates that the putamen may contribute
importantly to the shaping of an individual’s subjective sensory experience by utilizing internal
cognitive information to influence activity of large areas of the cerebral cortex (Starr et al. 2011).

BG Outputs. The major BG outputs emerge from the GPi and SNr and are inhibitory. Their
outputs project to the brainstem and spinal cord and the THAL, which exchanges excitatory
connections with the cerebral cortex (Brodal 1981; DeLong and Wichmann 2007; Wichmann and
DeLong 2016). The dorsal striatum is connected to the descending pain modulatory system and in
particular to the RVM through the DReN (Boccella et al. 2020). The NAc projects to areas within the
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diencephalon and pallidal complex, such as the BNST, nucleus medio-dorsalis THAL, the globus
pallidus and the sub-pallidal region, IHb nucleus, IHYP and SN. The core projects to areas such as
the dorso-lateral region of the ventral pallidum, whereas the shell projects to the rostral-caudal
regions of the IHYP, and ventro-medial region of the ventral pallidum (Harris and Peng 2020).

5.11.1. Striatum

The striatum, NAc and STN form the major input stations of the BG. Inputs derive from the
entire cerebro-cortical mantle, and various THAL nuclei (the centro-median (CM) nucleus and
parafascicular (Pf) nucleus). Cerebral inputs to the striatum arise from neurons whose axons remain
in the telencephalon or from pyramidal tract neurons (PTNs) that project to the brainstem/spinal cord
and give off collaterals to more than one BG region (Haber 2016; Herrero et al. 2002; Nelson and
Kreitzer 2014; Roth and Ding 2024).

Roles of Striatum in Pain. The BG process non-noxious and noxious somatosensory information.
Some BG neurons encode stimulus intensity, but do not appear to encode stimulus location since they
have large receptive fields. A large proportion of somatosensory neurons within the neostriatum and
globus pallidus receive nociceptive information (Chudler et al. 1993), but the electrical or chemical
stimulation of the striatum inhibits pain. The pain inhibition passes through the activation of the
descending pain modulatory system and involves the RVM. The point of convergence between the
dorsal striatum and the descending pain modulatory system lies in the medullary DReN, projecting in
turn to the spinal DH. The dorsal striatum is characterized by a large concentration of opiates and
cannabinoids (Boccella et al. 2020).

5.11.2. Nucleus Accumbens (NAc)

Neuroimaging studies have implicated the NAc in acute and chronic pain responses and as a
source of analgesia (Harris and Peng 2020; Thompson and Neugebauer 2019), as well as in
motivational and emotional processing, pleasure, addiction and reward, beyond simply reflecting
the rewarding experience of pain offset. The NAc shell may evaluate impending pain and utilize
spatial information from the HIPP for appetitive learning, and the core activates with expectation of
relief of an aversive stimulus and signals the reward value of pain cessation, as well as utilizes
information from the baso-lateral amygdala (BLA) for appetitive learning. The NAc is involved in
reward pathways and integration of cortical and affective information in order to assign motivation
and value for the selection of appropriate behavioral responses to outside stimuli (Thompson and
Neugebauer 2019).

Inputs. The NAc receives signals from pain-related neural structures, including the PFC, ACC,
HIPP, subiculum, AMY, ventral pallidum, Hb, THAL, IHYP, VTA, SN, PAG, raphé nuclei and LC.
Some connections are bi-directional, such as those to the BG, ventral pallidum, AMY, THAL, HYP,
VTA and SN. Afferents to the NAc core include the peri-rhinal cortices, dorsal PL PFC, the SN, and
the ACC. Afferents to the shell originate from the ventro-medial prefrontal cortex (vmPFC), the BLA,
and the IHYP. Both core and shell receive afferent DA input from the VTA. The NAc responds heavily
to painful stimuli, due to its high density of p-opioid receptors and the activation of several different
neurotransmitter systems in the NAc, such as opioids, DA, CGRP, GABA, glutamate, and SP, each of
which have been shown to elicit analgesic effects. In both preclinical and clinical models, deep brain
stimulation of the NAc has elicited successful analgesia. The multi-functional NAc is important in
motivational behavior, including the motivation for avoiding pain (Harris and Peng 2020). In freely
moving rats, NAc activity decreased with thermal and electrical noxious stimuli (Thompson and Neugebauer
2019). — The paraventricular thalamic nucleus (PVT) sends putative glutamatergic inputsto the NAc
(PVT—NACc), which neural pathway is implicated in pain sensation and non-opioid analgesia.
PVT—NACc neuronal activity increased in response to acute thermal/mechanical stimuli and persistent
inflammatory pain. Direct optogenetic activation of these PVT neurons or their terminals in the NAc
induced pain-like behaviors. Conversely, inhibition of PVT—NAc neurons or their NAc terminals
exhibited a potent analgesic effect in both naive and pathological pain mice, which could not be
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prevented by pretreatment of naloxone. The PVT—NAc circuit bi-directionally modulated pain
behaviors. DA receptor 3 is a candidate target for pain modulation and non-opioid analgesic
development (Zhang et al. 2023).

Interaction between Ascending and Descending Pain Control. In humans, employing thermal
stimulation to the left radial forearm and a new MRI acquisition protocol, revealed BOLD responses
in the ipsilateral DH of segment C6 and corresponding neuronal responses in typical pain-processing
brain regions. Correlations showed the functional connectivity between the spinal C6-DH and the
THAL, primary somatosensory cortex (S1), bilateral IC, bilateral striatum, and structures of the
descending pain-modulatory system such as the HYP, PAG, and AMY. The individual strength of
the spinal-PAG coupling predicted individual pain ratings (Sprenger et al. 2015).

5.11.3. Subthalamic Nucleus (STN)

Besides the striatum, the STN is an input station of the BG.

Inputs. The STN receives major inputs from the frontal cortex, THAL, GPe, LC, NRD, SNc and
pedunculo-pontine nucleus (PPN) (Brodal 1981; Hamani et al. 2004). Nociception is altered following
STN lesions. Nociceptive STN responses are abnormal in a rat model of PD, suggesting that they
depend on the integrity of the nigro-striatal DA system. STN neurons exhibit complex responses to
noxious stimuli (Pautrat et al. 2018). STN neurons can detect nociceptive stimuli, encode their
intensity and generate windup-like plasticity, like WDR neurons in the spinal DH. In the 6-OHDA
rodent model of PD, these effects were impaired during DA depletion, as the intensity response was
altered in both spinal and subthalamic neurons. In rats, deep brain stimulation in the STN
ameliorated 6-OHDA-induced allodynia, and this effect is mediated by descending brainstem
projections leading to normalization of nociceptive integration in DH neurons (Charles et al. 2025).

Outputs. The STN sends major projections to the striatum, GPe and GPi, entopeduncular
nucleus (in rodents), SNr, THAL, which projects back to the cerebral cortex, and brainstem (Brodal
1981; Grillner and Robertson 2016, Haber 2016; Hamani et al. 2004; Hammond et al. 1983). It also
projects to the cerebellum via pontine nuclei (Bostan and Strick 2018).

5.12. Amygdala (AMY)

The AMY is an almond-shaped, heterogeneous nuclear complex embedded deep within the
rostral pole of the cerebral temporal lobe (Neugebauer et al. 2020). It is comprised of different nuclei;
the lateral amygdala (LA), BLA and CeA nuclei and in between, the intercalated cells (ITC).
Altogether, it has nine sub-nuclei (Vogt 2019).

Functions. The AMY has an important role in the processing of pain, emotions and attaching
emotional valence to memories and other experiences, in fear conditioning and affect (Vogt 2019).
The lateral capsular region of the CeA is crucial for the negative emotional aspects of pain and is also
termed as the ‘nociceptive amygdala’. The BLA is involved in generating the fear response following
exposure to a variety of potentially hazardous stimuli and is paramount for memory consolidation
of cued fear. By conveying information to the CeA, it helps form responses to avoid injury or pain,
which are then executed by brainstem centers (Kuner and Kuner 2021). Thus, the AMY is an
important center for the emotional-affective dimension of pain and for pain modulation (Neugebauer
2015).

Inputs. The CeA receives direct and indirect nociceptive inputs from the STTr and from the PBN
through the spino-parabrachio-amygdaloid pathway (Allen et al. 2021; Kuner and Kuner 2021). The
AMY also receives inputs from other sensory systems, including somatosensory, taste, auditory, and
visual (Vogt 2019). The CeA additionally receives more highly processed cortical (mPFC, ACC, IC
and rostral HIPP) and THAL inputs (polymodal sensory information) via the LA and BLA. PBN input
is integrated with polymodal sensory information from the BLA to generate AMY-mediated pain
responses (Allen et al. 2021; Thompson and Neugebauer 2019; Vogt 2019).

Outputs. The CeA forms the major output nucleus of the AMY and provides information back
to brainstem areas that control the expression of innate behaviors. The lateral capsular region of the
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CeA is crucial for the negative emotional aspects of pain and is termed the ‘nociceptive amygdala’
(Kuner and Kuner 2021). The medial division of the AMY (MeA) and CRH-positive neurons in the
lateral CeA project to other limbic structures, including the PFC, the BFB, the NAc, the septal nucleus,
THAL, HYP, and brainstem regions involved in behavioral expression, such as PAG and PBN, ANS
centers, that project to the spinal cord and regulate autonomic outflow. The LA and BLA also project
to areas in the OFC, IC, and to ACC and less to anterior mid-cingulate cortex (aMCC) (Vogt 2019).
Especially, BLA projections to the mPFC are involved in pain-related cognitive dysfunction and in
fear conditioning, and preferentially target cortico-PAG projection neurons in layer V of the infra-
limbic (IL) cortex and cortico-AMY projection neurons in layer II of the PL cortex (Allen et al. 2021;
Thompson and Neugebauer 2019). The BLA sends dense glutamatergic projections to the PFC, the
CA1l of the ventral hippocampus (VHIPP), and the NAc (Kuner and Kuner 2021). Amygdaloid
terminals also appeared to contact catecholaminergic cells in several brainstem regions. The most
heavily innervated catecholaminergic cells were the A9 (lateral) and A8 DA cell groups and the C2/A2
adrenergic/NA cell groups in the NTS. A moderate innervation by AMY terminals occurred on rostral
LC NA cells (A6 rostral) and adrenergic cells of the RVM (C1). The NA A5 cell group, the main body
of LC, the A7 cell group, and subcoeruleus were sparsely innervated (Wallace et al. 1992).

5.13. Habenula (Hb)

The Hb is a phylogenetically old small bilateral epi- THAL structure in the posterior-medial
aspect of the dorsal THAL. The Hb can be divided into two major areas, the IHb and medial habenula
(mHb), which can be further subdivided, resulting in six main subregions (Antunes et al. 2022).

Functions. The 1Hb is supposed to play a role in regulating negatively motivated behavior.
Specifically, the Hb has been implicated in a large variety of acute and chronic processes, such as pain
and analgesia, olfaction, ingestion, mating, endocrine functions, circadian rhythms, reward
processing, social behavior, behavioral flexibility, decision-making, cognitive flexibility, contextual
memory, as well as in the neurobiology of several psychiatric disorders and neuropsychiatric
symptoms, e.g., anxiety, major depressive disorder (MDD), bipolar disorder, autism, schizophrenia,
anti-reward or aversion, defensive behavior, agitation/aggressive behavior, substance use disorder,
eating disorders, and sleep disturbances (Baker et al. 2022; Dai et al. 2022; Gouveia and Ibrahim 2022;
Gouveia et al. 2022; Hu et al. 2020; Metzger et al. 2017).

Inputs. The Hb receives diverse inputs that conyey information about the sensory world and the
animal’s internal state (Fore et al. 2018). The 1Hb receives inhibitory inputs from the mPFC, lateral
septum, entopeduncular nucleus, diagonal band of Broca, BG (globus pallidus, ventral pallidum),
HYP [lateral preoptic area (IPOA), BNST], supra-chiasmatic nucleus (SCN), and pineal gland
(reciprocal). The mHb receives mostly excitatory inputs from the BFB (septum, diagonal band of
Broca), pineal gland, and NAc (Baker and Mizumori 2017; Boulos et al. 2017; Gouveia and Ibrahim
2022; Gouveia et al. 2022; Hikosaka 2010; Roy and Parhar 2022). In anesthetized rats, about two thirds
of the neurons in the IHb responded to peripheral noxious stimuli. The firing pattern of 1Hb cells was
either excitatory (75%) or inhibitory (24%), and it was also related to the intensity of the stimulus, and
the receptive field were large and bilateral. Most of these cells did not respond to non-noxious stimuli
(Boadas-Vaello et al. 2017). In male rats, extracellular single-unit recordings and head-mounted micro-
endoscopic Ca? imaging revealed that nociceptive stimulation by tail-pinch excited IHYP and 1Hb
neurons. This suggests that noxious stimulation recruits the IHYP-IHb pathway to inhibit the meso-
limbic DA system. The IHYP-IHb pathway is critical for nociception-induced modulation of meso-
limbic DA release (Lee et al. 2022).

Outputs.The IHb projects to the ventro-lateral septum, THAL, HYP, and PBN, dorsal raphé,
median raphé, SNc, VTA, rostro-medial tegmental nucleus (rmTN), PAG, and LC. In addition, the
mHb sends projections to the commissural septum and 1Hb (Baker and Mizumori 2017; Boulos et al.
2017; Gouveia and Ibrahim 2022; Hikosaka 2010; Hu et al. 2020; Metzger et al. 2017; Roy and Parhar
2022).
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In rats, the effects were assessed of intra-habenular injection of morphine on acute trigeminal pain
as well as the involvement of DRN opioid and 5HTj receptors on the anti-nociceptive activity of intra-

Hb morphine to explore the possibility of existence of descending anti-nociceptive relay between the
Hb and DRN. The numbers of eye wiping response elicited by applying a drop of NaCl (5 M) solution
on the corneal surface were taken as an index of acute trigeminal nociception. Intra-habenular micro-
injection of morphine at higher doses produced anti-nociception. Pretreatment of the DRN with
ondansetron but not naltrexone prevented intra-habenular morphine induced anti-nociception. Intra-
habenular injection of lidocaine reduced the corneal pain response. Hence, this suggests that the
activation of the habenular p-opioid receptor by micro-injection of morphine or inhibition of habenular
neurons by micro-injection of lidocaine produced an analgesic effect in the acute trigeminal model of
pain in rats. The analgesic effect of intra-habenular morphine was blocked by intra-DRN injection of 5-
HTj5 antagonist (Khalilzadeh and Vafaei Saiah 2017).

5.14. Thalamus (THAL)

”The thalamus receives and processes all nociceptive information that is destined to reach the
cortex” (Dostrovsky 2000).

The THAL forms the larger dorsal sub-division of the diencephalon located medially to the
capsula interna and nucleus caudatus. It is a large mass of gray matter made up of a multitude of
nuclei, through which sensory information is relayed and processed on its way to the cerebral cortex;
the THAL also transmits and processes information from the BG and cerebellum (Brodal 1981;
Dostrovsky 2000).

Functions. The THAL has roles in pain processing, the control of awareness, sleep and
wakefulness, arousal and attention, reward, emotion regulation, motor control, and cognition. THAL
functional abnormalities are thought to contribute to the dysregulation of sensory processing,
circadian rhythms, levels of alertness, and consciousness (Kuner and Kuner 2021; Yoshii 2021; Zhou
et al. 2021).

Nociceptive Input. The main spinally ascending pathways conveying nociceptive information
are the STTr and the trigemino-THAL tracts. The lateral STTr originates primarily in lamina I of the
spinal and medullary DH, and the anterior STTr from cells in deeper layers. The STTr terminates in
the venral posterior nucleus (VP), VPI, VMpo, ventral lateral nucleus (VL), CL, parafascicular nucleus
(Pf), and the MDvc (Dostrovsky 2000). Ascending nociceptive signals can also be indirectly conveyed
to the THAL by the spino-reticular, spino-mesencephalic and medio-lemnical pathways (Todd 2010;
Yen and Lu 2013).

Outputs. The different THAL portions targeted by the STTr contain different nuclei, which
project on to different cortical areas. Thus, the VP projects to S1, the VPI to S2, the VMpo to the insula
and area 3a, and the MDvc to the ACC (Dostrovsky 2000). The THAL also transmits and processes
information from the BG and cerebellum (Bostan and Strick 2018; Wichmann and DeLong 2016).

Cortico-THAL-cortical Loops. The THAL is not merely a relay for sensory information to the
cortex, but also receives cortical inputs that outnumber peripheral inputs. These projections typically
originate in primary sensory cortices (S1) and project via two types of synaptic connections to higher-
order THAL nuclei. Conversely, the relay cells of the higher-order nuclei project back to S1 and S2 as
well as M1. “The contributions of such corticothalamocortical loops to pain processing remain
unknown, yet these loops are in a key position to compute differences between an initial
representation generated in the S1 and the ongoing stream of sensory inputs that reach the thalamus.”
Moreover, the THAL contributes to modulating cortical activity in perceptual decision-making,
executive control, and attention (Kuner and Kuner 2021).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.0743.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 May 2025 d0i:10.20944/preprints202505.0743.v1

37 of 98

5.15. Cerebral Cortex

Structure. The cerebral cortex has a very complicated internal network structure. Cortical networks
are composed of glutamatergic (Glu) excitatory pyramidal cells (projection neurons) and a minority of
local GABAergic inhibitory interneurons that gate signal flow and sculpt network dynamics. GABA
interneurons are highly heterogeneous, building functional classes based on their morphological,
electrophysiological, and molecular features, as well as connectivity and in vivo patterns of activity
(Tremblay et al. 2016).

Acute Skin and Muscle Pain. The human cerebral processing of noxious input from skin and
muscle was compared by using positron emission tomography (PET). During each of eight scans, 11
normal subjects rated the intensity of stimuli delivered to the non-dominant (left) forearm on a scale
ranging from 0 to 100 with 70 as pain threshold. Cutaneous pain was produced with a high-energy CO:
laser stimulator. Muscle pain was elicited with high-intensity intra-muscular electrical stimulation. The
mean ratings of perceived intensity for innocuous and noxious stimulation were 32.6 +/- 4.5 (SE) and
78.4 +/- 1.7 for cutaneous stimulation and 15.4 +/- 4.2 and 73.5 +/- 1.4 for intra-muscular stimulation. The
pain intensity ratings and the differences between noxious and innocuous ratings were similar for
cutaneous and intra-muscular stimuli (P > 0.05). Significant increases in regional cerebral blood flow
(rCBF) to both noxious cutaneous and intra-muscular stimulation occurred in the contralateral
secondary somatosensory cortex (S2) and inferior parietal lobule (IPL) [Brodmann area (BA) 40].
Comparable levels of rCBF increase occurred in the contralateral alC, THAL, and ipsilateral cerebellum.
Noxious cutaneous stimulation caused significant activation in the contralateral lateral (BA 10/46) and
ipsilateral PM (BA 4/6). Noxious intra-muscular stimulation evoked rCBF increases in the contralateral
ACC (BA 24) and sub-significant responses in the contralateral primary sensorimotor cortex (M1/51)
and lenticular nucleus. These activated cerebral structures may represent those recruited early in
nociceptive processing because both forms of stimuli were near pain threshold. Correlation analyses
showed a negative relationship between changes in rCBF for THAL and M1/S1 for cutaneous
stimulation, and positive relationships between THAL and alC for both stimulus modalities. The
similar cerebral activation patterns suggest that the perceived differences between acute skin and
muscle pain are mediated by differences in the intensity and temporo-spatial pattern of neuronal
activity within similar sets of forebrain structures (Svensson et al. 1997).

5.15.1. Functional Differentiation of the Cerebral Cortex

The multiple dimensions of pain are processed differentially in a distributed brain network (Chen
2018; Legrain et al. 2010). A simple model suggests that: (i) S1 and S2 represent the sensory-
discriminative pain aspect (“when, where, how strong”). (ii) The posterior IC seems to contribute to
nociceptive processing, cognitive aspects of pain, and the generation of the pain percept. (iii) The
medial THAL with several nuclei whose relay cells receive inputs from the STTr projects mainly to
motor areas of the CC, but also to ACC and PFC, these projections mediating motor aspects,
attentional orienting, affective, motivational and emotional component of the pain percept (Kuner
and Kuner 2021).

Brain Imaging. Multiple, highly interconnected cerebro-cortical regions receive parallel inputs
from the THAL. In humans (and animals), brain imaging of different sorts has led to a widespread
consensus that acute pain results from the integrated function of a "brain network for acute pain” that
has been proposed to contain the following main components: THAL, S1, S2, IC, ACC, PFC (Apkarian
et al. 2005). Other regions without direct spinal nociceptive input (the alC, frontal operculum,
precuneus and dIPFC) are activated next, and the PPC and peri-genual CC are activated last
(Kummer et al. 2020; Kuner asd Kuner 2021; Ong et al. 2019).

In human intra-cranial electroencephalogram (EEG) recordings showed activation of the pIC,
operculum, MCC, and AMY before conscious activity; activation of the PFC, alC, and PPC during
time-frames coinciding with conscious voluntary reactions; followed by activation of the HIPP, peri-
genual, and peri-splenial cingulate cortices (CCs) well after conscious perception occurred. In human
fMRI, the discrimination intensity activated a ventrally directed pathway, extending bilaterally from
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the IC to the PFC, while discrimination of the spatial aspects of pain involved a dorsally directed
pathway from the PPC to the dIPFC. Both of these tasks activate similar regions of the ACC (Ong et
al. 2019).

The precise activation patterns of cortical areas depend on the type of pain, and de-activation of
other areas may occur with activation (Neugebauer et al. 2009). S1, ACC and PFC, for example BA 10
(Peng et al. 2018), are activated more frequently and more robustly in individuals who are highly
sensitive to pain than in insensitive individuals (Coghill et al. 2003). Mere anticipation of pain may
also activate the pain matrix, whereas this activation and the subsequent pain may be reduced by the
feeling to be able to control the intensity of an impending nociceptive stimulus (Brodal 2017).

However, due to the various experimental approaches and recording methods used, the imaging
results have been interpreted differently. For example, supraspinal regions were activated in heat-
evoked acute pain, delineated from pain-unrelated aversion, and included both somatic-specific
areas such as the ventro-lateral THAL, the S2 and the dorsal pIC as well as regions related to affect
and mood, such as the alC, dACC, and the medial THAL (Wager et al. 2013). Hence, largely,
neocortical regions with nociceptive inputs include the somatosensory, IC, CC and PFC, which
respectively are involved in the processing of sensory, emotional, and cognitive aspects of pain. In
humans, brain activity patterns and regions underlying the affective dimension of pain, i.e., its
unpleasantness, are still debated, however. Some researchers have suggested that key elements of the
limbic brain, ie., the HIPP, AMY, ventral striatum, and the mPFC, which govern emotion,
expectation, and salience, need to be recruited (Baliki and Apkarian 2015), which was not confirmed
by others. Nonetheless, it is broadly agreed that the limbic network plays a key role in emotional
modulation of pain and is significant in the transition to several forms of chronic pain (Kuner and
Kuner 2021).

Lesions of specific brain regions do not completely eliminate pain perception. For example,
lesions of S1 disrupt the ability to perceive light touch, but not the ability to perceive pain. This ability
is also preserved with lesions to 52, IC, ACC and PFC, as well as to regions providing sub-cortical
input to the PFC (Coghill 2020).

Sensory Discrimination and Intensity Scaling of Pain. Within the pain network, S1 has been
proposed to be devoted to more general sensory discrimination and intensity scaling as for touch and
proprioception. Many human brain regions are activated in a fashion related to noxious stimulus
intensity and perceived pain intensity. These regions include bilateral portions of the THAL,
contralateral S1, bilateral S2, bilateral pIC, bilateral alC, bilateral ACC, and bilateral portions of the
putamen. Thus, intensity-related information is widely distributed in regions ipsilateral to
stimulation, as well as regions like the ACC that are typically associated with affective processing
rather than sensory-discriminative processing (Coghill 2020).

Subjective Recognition of Pain. The opercular/IC region, including S2 and pIC of primates, is
supposed to be the earliest truly pain-encoding region. The opercular/IC region is thought
responsible for the subjective recognition of pain, encoding of pain intensity, learning and memory
of pain experiences (Chen 2018).

Unpleasantness and Motivational Aspects are represented in IC, CC and sub-cortical structures,
e.g., the AMY and NAc of the BG (Becerra et al. 2013; Bushnell et al. 2013; Chen 2018; Craig 2003;
Neugebauer et al. 2009).

Evaluation and Integration. At a high integrative level, BA 10 might contribute to evaluate and
integrate sensory-discriminative pain information, affective-motivational aspects, pain modulation,
stress, anxiety and fear response, and pain memory (Peng et al. 2018).

Saliency Network. It has been proposed that the above cortical network is not specifically related
to pain representation but more generally is involved in detecting, orienting attention toward and
reacting to salient events of several sensory modalities. Thus, the ACC and IC are included in the so-
called ‘saliency network” which is activated by any event catching attention and raising arousal
(Brodal 2017; Legrain et al. 2010; Zhou et al. 2021).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.0743.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 May 2025 d0i:10.20944/preprints202505.0743.v1

39 of 98

First Pain and Second Pain. Generalized cortical reaction to several sensory modalities is
consistent with the spatio-temporal cortical representations of first pain and second pain, as assessed
by magnetoencephalography. First pain evoked by brief cutaneous laser pulses is associated
particularly with transient activation of contralateral S1, whereas second pain is related to longer-
lasting activation of the ipsilateral ACC, and either of the pain sensations activates S2 bilaterally.
These distinct distributions suggest different functions. The first pain may signal threat and provide
precise sensory information about the noxious nature and location of the stimulus for an appropriate
fast motor response such as a fast withdrawal reflex, while the second pain has a strong affective
component, attracts attention and elicits behavioral responses to limit further injury and optimize
recovery (Ploner et al. 2002).

5.15.2. Somatosensory Cortex

As noted above, the lateral THAL projects to S1 and S2 where the sensory-discriminative pain
aspect is represented. The posterior THAL projects to the posterior IC where pain perception and
intensity are represented, and the medial THAL projects to the CC and PFC where affective,
motivational and motor aspects are represented (Kuner and Kuner 2021).

5.15.3. Prefrontal Cortex (PFC)

The so-called PFC covers large expanses of the frontal lobe and is situated rostral to Brodmann
area (BA) 6, including that on the orbital surface, and is particularly well developed in primates,
especially man. It is a heterogeneous brain region composed of multiple structures and exhibits
species-specific differences between rodents, primates, and humans in connectivity, cytoarchitecture,
electrophysiological properties, protein expression, and responses following damage (Ong et al. 2019;
Thompson and Neugebauer 2019).

Division. The term PFC and its partitions are not used unaminously, due to the vast expansion
that the PFC underwent during evolution from rodents to non-human primates and humans. The
PFC can be divided into the mPFC on the medial surface of the hemisphere, vmPFC, the ventro-
lateral PFC (vIPFC), the dIPFC, the OFC facing the eye orbits, and the caudal PFC (Maletic and Raison
2009; Ong et al. 2019; Toledo and Carson 2022).

Functions. The PFC is important for pain processing (Ong et al. 2019). In line with its complex
composition, the PFC has been assigned various functions, differentiated according to area. The PFC
underlies executive functions such as planning, problem solving, and social control. It is able to
represent information not currently in the environment, and this representational information is used
to intelligently guide thought, actions, and emotions, including the inhibition of inappropriate
thoughts, distractions, actions, and feelings. Functions include cognitive (executive) control over the
organization of thought, memory and action in accordance with internal goals, maintenance of task
sets and the encoding, representation and storage of knowledge about the consequences of behaviors
in complex situations, attention and decision-making processes, the processing of intrinsic and
extrinsic sensory information, and behavior, memory, social cognition, and assigning salience to self-
related information processing (Arnsten 2009; Ong et al. 2018: Ploski and Aidya 2021, Toledo and
Carson 2022).

Inputs. The mPFC processes ascending nociceptive inputs and is involved in both sensory and
affective aspects of pain (Kummer et al. 2020). The PFC receives signals from a wide spectrum of
structures. The PL and IL mPFC receive inputs from regions including the THAL, BLA, HIPP, and
contra-lateral mPFC. A portion of BLA inputs terminate on GABAergic interneurons, allowing for
feedforward inhibition of mPFC output through modulation of mPFC projection neurons (Thompson
and Neugebauer 2019). There is a general, topographic organization whereby the dIPFC receives
sensory inputs about the external world (i.e., auditory and visual inputs), while the vmPFC receives
information about our internal world (somatosensory, olfactory, taste, pain), thus creating a
topography of circuits mediating cognitive to emotional control. Excitatory afferents to the PFC arise
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from several regions including limbic areas related to emotion such as the HIPP, AMY and HYP
(Brockway and Crowley 2020).

Outputs. The PFC sends glutamatergic projections to multiple brain regions responsible for
regulating emotional behaviors (some of them reciprocal), including the BNST, striatum, AMY and
PAG. It has reciprocal connections with the medio-dorsal nucleus of the THAL (MD) (Brockway and
Crowley 2020). Projections from both PL and IL target the anterior piriform cortex, olfactory forebrain
areas, entorhinal cortex (EC), orbito-medial cortex, IC, the medial THAL nuclei, the midbrain VTA,
and medial regions of the PAG (Kummer et al. 2020). The PL mPFC predominately targets the BLA,
whereas the IL cortex projects to BLA and other AMY divisions including the LA, intercalated cell
mass of the AMY (ITC), and possibly to the lateral central nucleus of the AMY (CeL). The ITC sends
GABAergic projections to central AMY (CeA) projection neurons, allowing for feedforward
inhibitory control of AMY output by the mPFC (Thompson and Neugebauer 2019).

Pain Processing. In human fMRI, the discrimination of pain intensity activates a ventrally-
directed pathway extending bilaterally from the IC to the PFC. Spatial discrimination of pain is
represented by a dorsally directed activation of the PPC and right dIPFC. The PFC is also involved in
empathy for pain. Bilateral alC, rostral ACC, brainstem, and cerebellum were activated when subjects
received pain and also by a signal that a loved one is experiencing pain. Empathy is reflected in
increased activation of the alC and ACC as well as the mPFC and temporal pole when sharing other’s
social suffering. Responses of vimPFC to somatosensory representations of others” pain are present
even in patients with CIP. In contrast to non-nociceptive stimuli, nociceptive stimuli enhanced
gamma-band oscillations, and these oscillations are a feature of nociceptive signaling in the mPFC
and the IC (Ong et al. 2019). In humans, fMRI activity in the ACC and the NAc appears to reflect
affective and motivational aspects of pain. In both humans and rats, the onset (aversion) and offset
(reward) of a noxious heat stimulus to a dorsal part of a limb showed different responses. Pain onset
resulted in negative activity change in the NAc and pain offset produced positive activity change in
the ACC and NAc (Becerra et al. 2013).

5.15.4. Cingulate Cortex (CC)

The CC s a long gyrus (gyrus cinguli) on the medial hemispheric side, riding on and around the
corpus callosum. In primates, the CC has three major regions: an agranular ACC; a dysgranular MCC;
and a granular posterior cingulate cortex (PCC)/RSC. The regions are additionally divided into sub-
regions or areas: ACC has sub-genual and posterior parts (SACC and pACC, respectively); MCC has
anterior and posterior parts (aMCC and pMCC, respectively); PCC has dorsal and ventral parts
(dPCC and vPCC, respectively). Each of these divisions has a different cytoarchitecture, sets of
connections and functions. All regions are related to emotion and motivation, and memory insofar
as they are connected to the HIPP (Oane et al. 2023; Vogt 2005, 2016, 2019).

5.15.4.1. Anterior Cingulate Cortex (ACC)

Inputs/Outputs. Nociceptive inputs to the ACC are mediated via the pathway through the
midline and intra-laminar THAL nuclei (including the paraventricular nucleus of the THAL: PVT),
which also project to other limbic cortices, robustly to the AMY, and to the PAG. In humans, both
PACC and MCC were activated when noxious heat was applied to the back of the hand when
controlled for innocuous heating to the same skin, while there were fewer activation sites in pACC
and almost none in sACC or dPCC. Imaging studies also showed coding for the intensity of noxious
stimulation in pACC and MCC. Nociceptive visceral responses showed a preference for pACC and
to a lesser extent aMCC. In rabbits, neurons in ACC did not signal the location of the noxious stimulus
on the body surface because stimulation anywhere on their body can evoke a discharge. These
neurons respond mainly to noxious stimuli including pressure and temperatures above 46°C.
Largely, these responses reflect those of their input THAL neurons that have large and bilateral
receptive fields (Vogt 2016, 2019). Besides their local mPFC connectivity, ACC cells synapse onto
neurons in the neighboring MCC and RSC. Pyramidal neurons located in deeper layers project to the
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HYP, AMY, PAG, the contralateral hemisphere or other supraspinal areas as well as directly to the
spinal DH (Kummer et al. 2020).

In rodents, the ACC also receives inputs from S1, IC, HIPP CA1 region and subiculum, BFB
nuclei, BLA, VTA, PAG, NRD, and LC. While the PL PFC receives inputs mainly from anterior
forebrain regions, the IL PFC is preferentially targeted by projections from anterior HYP, medial and
lateral septum, substantia innominata, as well as the dorso-lateral tegmentum. Cholinergic (ACh)
inputs to the mPFC arise from the BFB and are associated with attentional tasks and cognitive
performance, from the diagonal band of Broca, and from the medial septum, which might contribute
to the cognitive and emotional impairments induced by pain (Kummer et al. 2020).

5.15.4.2. Mid-Cingulate Cortex (MCC)

Inputs/Outputs. The aMCC is activated by nociceptive information from the midline, medio-
dorsal and intra-laminar THAL nuclei, which mediate nocifensive behaviors and evoke fear. Painful
laser stimulation evoked cortical potentials simultaneously in MCC and in the S2/IC region. Neuronal
responses to noxious stimuli have been recorded in the MCC in both monkeys and humans. Hence,
regions of MCC receive nociceptive information from the STTr system. In cebus monkeys, STTr
inputs reached multiple contralateral cortical areas, the major targets being several areas in the
cingulate sulcus, IC and S2, such that the human equivalents of the three cingulate motor areas
(CMAs) correspond to sites of pain-related activation. STTr inputs to the cingulate sulcus is directed
solely to the CMAs. Thus, there is substantial overlap between an ascending afferent pathway
involved in pain processing and the CMAs that have substantial connections with the M1, dorsal
premotor cortex (PMd) and ventral premotor cortex (PMv), as well as to the spinal cord. STTr inputs
to CMAs may thus be involved in sensory-motor integration, which conveys information about the
state of segmental interneurons involved in motor mechanisms such as spinal reflexes, posture and
locomotion (Dum et al. 2016).

5.15.4.3. Posterior Cingulate Cortex (PCC)

Several imaging studies have reported activity changes in the PCC during pain and proposed
its speculative involvement to modulate the conscious experience of pain according to elements from
the context and awareness of the self and others (Peyron et al. 2019). In an fMRI study of human
volunteers, a thermal painful stimulus applied to the right hand activated areas in the PCC, S2, and
IC. The PCC activity was in a region that, in the monkey, receives nociceptive inputs from posterior
medial and lateral THAL nuclei that in turn are targets for STTr terminations (Gelnar et al. 1999).
After noxious stimulation, nociceptive stimulus discrimination had peak latency at 172 milliseconds
in dPCC. Both pMCC and dPCC showed short-latency, nociceptive responses using cranial surface
EEG recording. Furthermore, evoked potentials were used to show that painful and non-painful
electrical stimulation of muscle activated the caudal CMA and dPCC. Lastly, simple finger
movements evoked movement-associated activity (recorded using magnetoencephalography) at
sites in the caudal CMA and dPCC. This suggests that pMCC and dPCC are involved in orienting the
body to sensory stimuli including nociceptive ones. The extent to which pain activation of pMCC and
dPCC requires emotion depends upon the role of both regions in emotion (Vogt 2016).

Functions. The ACC is supposed to sustain functions such as pain-related attention, arousal,
pain modulations, engagement of endogenous pain control system, and motor withdrawal reflex
(Peyron et al. 2019). It has been suggested that nociceptive information in the ACC is combined with
motivational (reward-related) and affective information received from other areas of the brain, such
as the mPFC, OFC, IC and BLA. Additionally, the ACC interacts with pain circuitry in the PAG,
which accounts for the activation of the ACC and PAG in the presence of noxious stimuli (Arnsten et
al. 2023; Thompson and Neugebauer 2019; Yang and Chang 2019). The ACC would then generate
affective and motivational pain responses through its projections to the AMY, NAc, and mPFC (Yang
and Chang 2019). Caudal parts of the aMCC are separately activated by innocuous and noxious
activity and might be related to a third site for cognitive processing rather than nociception and
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intensity ratings as such. The dorsal peri-genual ACC projects to the motor nucleus of the VIIth
cranial nerve, generating affectively modulated facial expressions and vocalizations (Vogt 2016).

5.15.5. Insular Cortex (IC)

The IC or island of Reil is a region of the cerebral cortex located in the center of the cerebral
hemisphere, within the lateral fissure (Sylvian fissure) and covered by parts of the frontal, temporal
and parietal cortices (Nagai et al. 2007). The IC is parcellated into various areas, which, in different
species from rodents to primates, show roughly graded differences in macro- and micro-anatomy,
cyto-architectonics, connectivity and function, The IC can grossly be divided into the rostral
agranular IC, the middle dysgranular IC, and the caudal granular IC (Evrard 2019; Labrakakis 2023;
Livneh and Andermann 2021; Vogt 2019).

Inputs. The IC is nested in a widespread network of connections. The IC receives direct or
indirect sensory inputs (including nociceptive, thermoreceptive, gustatory, olfactory, auditory,
vestibular, and visceral signals) from different organs and systems: mouth, tongue, esophagus,
stomach, intestines, liver, pancreas, blood, kidneys, heart, lungs, urinary bladder, and genitals. The
different sensory projections are differentially distributed in the different IC sub-division (Vogt 2019).
In the macaque, the posterior dorsal fundus of the IC responds to innocuous and noxious thermal
stimuli as well as to noxious mechanic pinch stimuli, with a somatotopic representation of the foot,
hand, and face from posterior to anterior (Evrard 2019). The dorsal visual system has direct anatomical
projections to the alC (Lu et al. 2016).

Outputs. The IC projects to multifarious structures. The alC is connected to the vIPFC and OFC,
while the pIC has connections to the S1 and S2 (Ong et al. 2019). The pIC also projects to the brainstem
vestibular nuclei and is strongly interconnected with the primary vestibular cortex (parieto-insular
vestibular cortex) and with other cortical vestibular processing sites (Evrard 2019). Stimulation of the
IC causes changes in blood pressure, heart rate, and respiration. Projections descending from IC
neurons can have potent effects on viscero-motor functions involving control of smooth muscles and
glands, regulation of gastric motility, heart rate, breathing, and salivation (Livneh and Andermann
2021).

The IC sends extensive connections to the main brainstem areas of descending pain control.
These include the PAG and NRM, as well as an extensive connection to the PBN. There are less
extensive but consistent IC axonal inputs to different NA nuclei, the LC, subcoereuleus, and the A5
cell group. These connections suggest an important role of the IC in pain processing through
descending pathways (Liang and Labrakakis 2024). In rats, retrograde and anterograde tract tracing showed
that the granular and dysgranular parts of IC send direct descending projections to the trigeminal caudal sub-
nucleus (spVc), especially the superficial laminae (I/I1) (Wang et al. 2015).

A sub-area of the agranular alC projects strongly to the anterior part of the IHYP, the ventro-
lateral part of the BLA, and the PAG, the LHa and BLA projecting further to the PAG, all three regions
having crucial roles in autonomic and emotional behavioral responses. The same sub-area of the alC
also projects to the SN, VTA, and median raphé nucleus. In macaques, micro-stimulation of the alC
produced both physiological changes with effects on cardio-vascular and respiratory functions and
behavioral effects reminiscent of disgust facial expression (Evrard 2019).

Functions. The IC plays an important role in pain processing (Labrakakis 2023). Pain intensity is
presumed to occur in the IC and/or the secondary somatosensory (52) area (Peyron et al. 2019).
Human functional imaging led to the view of the alC as an association cortex that computes sensory
predictions, while mid-posterior IC integrates these predictions with incoming visceral and gustatory
inputs to compute prediction errors in terms of positive/negative valence or appetitive/aversive
sensations. For example, the activity in more anterior agranular regions of human IC more strongly
reflects anticipation of expected pain, whereas activity in posterior granular regions more strongly
reflects the actual intensity of painful stimuli (Livheh and Andermann 2021). The IC has been
supposed to participate in both sensory-discriminative and affective-motivational aspects of pain.
Due to abundant connections with other brain areas, the IC likely serves as an interface where cross-
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modal shaping of pain occurs. In chronic pain, however, this mode of emotional awareness and the
modulation of pain are disrupted (Lu et al. 2016). Moreover, the IC is involved in processing taste,
smell, auditory, visual and vestibular signals, in viscero-sensory, viscero-motor and interoceptive
functions, attention, emotions, verbal and motor information (Kuner and Kuner 2021; Nagai et al.
2007; Ong et al. 2019).

Descending Pain Modulation. In healthy subjects, a conditioned pain modulation paradigm to
study descending pain modulation showed that weaker pain inhibition was related to increased
connectivity between the IC and AMY (Labrakakis 2023).

Laterality of IC. Brain laterality seems to be important, with the right alC responding to arousing
stimuli and autonomic sensations, such as pain, while the left alC is activated by sensory salient and
emotional feelings (Paulus and Stein 2006; Sliz and Hayley 2012).

5.15.6. Hippocampus (HIPP)

The HIPP is an evolutionarily old and complicated structure with the shape of a seahorse located
in the medial temporal lobe of the brain. The HIPP formation is part of the limbic system and includes
the dentate gyrus (DG), C1-C4 sectors, pro-subiculum, subiculum, and pre-subiculum. It has been
proposed that the HIPP is composed of an anterior, middle and posterior division (Vogt 2019).

Input/Output. The HIPP connec ts extensively with other brain regions. Its major input and
output structure is the EC, which receives additonal inputs from the peri-rhinal and para-HIPP
cortices from cortical and sensory sources (Garcia and Buffalo 2020; Lavenex and Amaral 2000; Witter
et al. 2017). Thus, the HIPP receives indirect input from multiple sensory modalities, including
olfaction, somatosensation, audition and vision, as well as inputs from the PFC, e.g., information
about goals, task rules, and contexts), septum (cholinergic), anterior THAL, and HYP. The vHIPP
receives limbic input from the BLA and indirect input from the mPFC. The HIPP activity is
modulated by the ACh, DA, NA and 5-HT systems (Brodal 1981; Garcia and Buffalo 2020; Thompson
and Neugebauer 2019; Witter 2009). The HIPP participates in both the processing and modulation of
nociceptive signals. Nociceptive signals reach the HIPP indirectly via the STTr and PBN. Septo-HIPP
neurons receive direct input from the spinal cord and respond to intense thermal stimuli. Neurons in
the CAl region and the DG react ro painful stimuli. Injection of lidocaine directly into the DG
produces analgesia. A HIPP lesion can alter the perception of noxious stimuli and partially alleviate
pain. The HIPP plays a role in integrating sensory, autonomic and affective information, and by way
of complex networks modulates spinal nociceptive processing via activation of descending
monoaminergic fibers. The HIPP may be involved in the development of chronic pain (Fasick et al.
2015).

6. Motor Reactions to Noxious Stimuli

Pain may affect many components of motor processing at various levels of the CNS. The effects
of experimental (sub)cutaneous pain, joint pain, muscle pain and tendon pain on the motor system
in healthy humans elicit pain that is largely irrespective of its source. Pain is associated with inhibition
of muscle activity in the (painful) agonist and its non-painful antagonists and synergists, especially
at higher intensities of muscle contraction. Only subtle alterations occurred in movement kinetics and
kinematics. The performance of various motor tasks mostly remained unimpaired, presumably as a
result of a redistribution of muscle activity, both within the (painful) agonist and among muscles
involved in the task. Cutaneous pain caused amplification of the nociceptive withdrawal reflex. At
higher levels of motor control, pain was associated with decreased cortico-spinal excitability. Hence,
short-lasting experimentally induced limb pain may induce immediate changes at all levels of motor
control, irrespective of the source of pain (Banks et al. 2013).
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6.1. Vocalizations

Vocalization is a complex behavior whose control is supported by an extensive musculo-skeletal
system and neuronal network. The motor-coordinating network requires facilitatory input from the
PAG and laterally bordering tegmentum to be able to produce vocalizations. In distinction to
completely innate vocal reactions, such as pain shrieking, voluntary vocalization requires the
forebrain to be intact (Jiirgens 2002). Sudden, ‘reflex-like” exclamations are common in response to
unexpected noxious stimuli, but in other more chronic circumstances, vocalizations may be more
difficult to interpret and depend upon the patient’s condition. Vocalization and pain are associated,
particularly when different types of vocalizations but also different types of pain are taken into
account. The association occurs within all groups of individuals, although age, amongst others, may
have an influence on preferred type of vocalization (Helmer et al. 2020). In non-communicative
people with dementia or severe illness, the diagnosis of their pain state usually requires other
indicators than vocalizations alone, e.g., body movements indicating pain: restlessness (agitation),
rubbing, guarding, rigidity and physical aggression (Strand et al. 2019). In animals, the expression of
pain states may be even more difficult and, in the cat, be suggested by several behavioral
characteristics including position in the back of the cage, no attention to surroundings, feigned sleep,
grooming, attention to wound, crouched/hunched, abnormal gait, depressed, difficulty grasping
food, head shaking, eye squinting, blepharospasm and lowered head position (Marangoni et al. 2023).

The AMY contributes to the generation of pain affect, and the CeA receives glutamatergic
nociceptive input. In rats, NMDAR agonism and antagonism within the CeA suppressed emotional
responses to acute painful stimulation. Vocalizations following a brief tail shock (vocalization
afterdischarges) were preferentially suppressed, in a dose-dependent manner, by bilateral injection
into the CeA of NMDA or the NMDAR antagonist d-(-)-2-amino-5-phosphopentanoic acid (AP5).
Vocalizations during tail shock were suppressed to a lesser degree, whereas spinal motor reflexes
(tail flick and hindlimb movements) were unaffected by injection of NMDA or AP5 into the CeA.
Injection of NMDA, but not AP5, into the CeA increased c-fos immuno-reactivity in the vIPAG, and
unilateral injection of a p-opiate receptor antagonist into vIPAG prevented the anti-nociception
generated by injection of NMDA. This suggests that, although NMDA receptor agonism and
antagonism in the CeA produced similar suppression of pain behaviors, they do so via different
neurobiologic mechanisms (Spuz et al. 2014).

6.2. Facial Expressions

Besides vocalizations, facial expressions are frequently early reactions to acute pain. More
generally, they may convey information about the internal state of an individual in pain. Which facial
movements are expressed most consistently during pain? Action units (AUs) typically related to pain
have been defined, and include lowering the brows, cheek raise and lid tightening, nose wrinkling
and raising the upper lip, and opening of the mouth. This collection of pain-related facial responses
occurred independently of cognitive status and seems to encode the essential information about pain
available in the face. However, these pain-related AUs are most frequently not displayed all at once,
but are differently combined (Kunz et al. 2019). More challenging is to distract indicative pain-related
signals from face movements in infants, critically non-communicative sick or people with dementia,
or even animals. Attempts are underway to use artificial intelligence to help interrpet pain-related
facial expressions.

Facial responses to phasic heat pain were significantly reduced by decrease in the brain 5-HT
synthesis via acute tryptophan depletion, possibly due to two mechanisms: (i) diminished disposition
to show social behavior or (ii) decreased facilitation of excitatory inputs to the facial motor neuron
(Kunz et al. 2023).
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6.3. Withdrawal Reactions

At first glimpse, the withdrawal of the body surface or appendage from an acute noxious
stimulus at its end appears like a simple “flexion reflex” (Clarke and Harris 2004; Sandrini et al. 2005).
It was thought to simultaneously activate all flexor muscles, but in addition, also needed to inhibit
all extensor muscles. This pattern would be supported, in the spinal cord, by the activity of nociceptors
(Gebhart 2009; Schouenborg 2002, 2003; Sandrini et al. 2005). However, studies in rats, cats and
humans suggest that the reflex is a bit more complicated. Indeed, at spinal level, withdrawal reflexes
must be orchestrated following activation of group III/IV muscle afferents. In cats and rats, group III/IV
muscle afferents, activated chemically or metabolically or by muscle fatigue, have polysynaptic effects
on a-MNs (Dibaj and Windhorst 2024b; Kniffki et al. 1981; Kostyukov et al. 2005; Schomburg et al. 2011a,
2011b, 2012, 2013; Windhorst et al. 1997a), y-MNs (Johansson et al. 1993), a1d many named or unnamed
interneurons, including Renshaw cells in cats (Windhorst et al. 1997b) and also in humans (Rossi et al.
2003), and, importantly, reciprocal Ia inhibitory interneurons which provide the required extensor
inhibition during flexor activation (Hultborn et al. 1976). The intercalated interneurons are in part
integrated in motor networks, e.g., reflex networks that can elicit withdrawal reflexes below the level of
complete spinal transection, unconsciously, even in sleeping patients (Schmidt and Struppler 1983), and
in locomotor networks that work even in spinalized animals (Windhorst 2021).

Open-loop reflex responses must often be fast to escape noxious stimuli and tissue insult. For
example, when a human subject sitting in a comfortable armchair is stung by a wasp in the foot,
he/she will withdraw the leg (flexion reflex) without severely jeopardizing posture. In a standing
subject, though, withdrawal of the affected foot would have to be balanced to prevent a fall. Extensor
muscles of the contralateral leg are activated (crossed extension reflex) and body mass is shifted to
the contralateral side to maintain upright stance. In general, reflex responses depend on initial and
contextual conditions, in that their magnitude and at times their sign (excitatory or inhibitory) are
modulated, for example as a function of the phase of the locomotor cycle (Windhorst 2021). All this
implies that group III/IV afferents should have more than segmental effects and instead distribute
their actions throughout the neuraxis.

6.4. Nociceptive Reflex Modulation

Any movement induced by a noxious stimulus requires the modulation of spinal and
supraspinal reflexes. Two examples may suffice.

Activated nociceptive muscle afferents contribute to pathologically increased muscle tone. In
cats, an acute myositis of the gastrocnemius-soleus (GS) muscle influenced spinal reflex activity, as
indicated by monosynaptic reflexes of flexors and extensors and transmission in reflex pathways
from group III/IV muscle afferents (activated by intra-arterial KCl injection). After infiltration of GS
with carrageenan, the MRs of flexors and extensors, coupled with facilitation of the flexors, distinctly
increased. The inhibition evoked in extensors by group III/IV afferents was also mainly enhanced but
less consistently. After blocking the input of all myelinated A-fibers, including Ad-fibers, from the
inflamed muscle by TTX, only a small facilitatory effect on MRs remained and the facilitation of
excitatory transmission in the excitatory pathway to the flexor posterior biceps-semitendinosus
(PBST) was abolished. Hence, the action of carrageenan-induced inflammation on spinal reflex
function derived mainly from Ad-fibers (Schomburg et al. 2012).

Using selective chemical activation of group III/IV afferents in GS muscles, their reflex responses
were investigated bilaterally by conditioning by (i) acute ‘myositis’ induced by intramuscular
carrageenan; and (ii) sub-acute ‘'myositis” induced by infusion of complete Freund’s adjuvant (CFA).
Reflex transmission was detected by monosynaptic testing and c-fos staining used to identify
increased neuronal activity. In all control experiments with chemical stimulation of group III/IV
afferents, ipsilateral responses conformed to the flexor reflex pattern. However, the expected
contralateral facilitation of GS MNs occurred in fewer than 50% trials while only 9% of trials induced
contralateral inhibition of flexor PBSt MNs. During carrageenan-induced acute myositis,
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contralateral PBST was transiently facilitated by selective activation of group III/IV afferents. During
CFA-induced myositis, contralateral only inhibition of GS MNs occurred instead of any facilitation,
while bi-directionally a crossed facilitation of PBST dominated. These reflex changes were mirrored
in an enhanced number of neurons with enhanced c-fos expression. Muscle pain, particularly if
chronically persistent, requires another behavioral response pattern than acute exteroceptive pain
(Schomburg et al. 2015).

6.5. Pain and Sleep

During sleep, moderately painful stimuli elicit motor and neural responses indicative of arousal,
but seldom cause awakening. Acute pain stimulation may cause different reactions across behavioral
states. Pain reactions are modulated by the activity of 5-HT and non-serotonergic cells in the NRM.
5-HT NRM cells have state-dependent discharge and may inhibit simple withdrawal reactions during
waking. ON- and OFF-cells are non-serotonergic NRM neurons thought to facilitate and inhibit pain,
respectively. These cells display reciprocal spontaneous discharge patterns across the sleep-wake
cycle, with ON-cells most active during waking and OFF-cells most active during sleep. It has been
suggested that they also play an important role in modulating the alertness evoked by any brief
external stimulus, either noxious or innocuous. ON-cells may facilitate alertness during waking and
OFF-cells suppress arousals during sleep (Foo and Mason 2003b).

7. Descending Pain Control

“A Long Way Down”

(Nick Hornby 2005)

As if the anatomical architecture of the nociceptive and acute pain systems were not complex
enough, a huge variety of additional modulators adds to it. Pain can be such a desolate experience
that the CNS may be expected to have evolved counter-measures to reign it in. This is the case,
although the opposite is also true. The coumter-measures open new dimensions. However, they are
anything but simple (Nguyen et al. 2023; Willis and Westlund 1997). Descending control arises from
several supraspinal sites, most with their upstream influencers, and give rise to parallel pathways to
the DH, sometimes with receprocal connections.

Table 1. Descending pain modulatory pathways (Figure 3).

Primary motor cortex (M1) — THAL (MD) — NAc (Gan et al. 2022) (not shown)
Primary motor cortex (M1) — zona incerta and PAG (Gan et al. 2022)

mPFC — ‘medullary DH’ (Akhter et al. 2014).

mPFC & AMY — PAG (Ong et al. 2019; Ossipov et al. 2010)

mPFC — PAG (Akhter et al. 2014)

mPFC — NTS (Akhter et al. 2014)

dmPFC — vIPAG (Yin et al. 2020)

ACC < AMY (Harris and Peng 2020)

ACC < NAc (Harris and Peng 2020)

ACC — PAG (Heinricher et al. 2009)

ACC — DH (Chen et al. 2014)

IC — DH (Sato et al. 2013; Wang et al. 2015)

AMY —LC (Wallace et al. 1992)

THAL (MD) and (VM) — cingulate cortex (CC), cortico-spinal tract (CST) or dIPAG — DH  (You et al. 2022)
THAL (VM) — insular cortex (IC) and vIPAG — DH. (You et al. 2022)

SNr — STN — PBN (inh) (Jia et al. 2022)
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HYP — DH (DA; Gamal-Eltrabily et al. 2018; Kelly and Fudge 2018; Lindvall et al. 1983).
HYP — DH (5-HT; Condés-Lara et al. 2024; Gamal-Eltrabily et al. 2018)

IHYP — DH (ORX; Van den Pol 1999)

HYP DMH — PAG (Heinricher et al. 2009)

HYP DMH — RVM — DH (Amorim et al. 2015; Heinricher et al. 2009; Wagner et al. 2013)
HYP DMH — DReN — DH (Amorim et al. 2015)

IHYP — A7 — DH (Holden and Naleway 2001)

M1 — medio-dorsal THAL — NAc (Gan et al. 2022)

M1 — PAG (Gan et al. 2022)

PAG — AMY (Millan 2002)

PAG — HYP (Millan 2002)

PAG — LC (Ossipov et al. 2010; Willis and Westlund 1997)

PAG < NTS (Millan 2002)

PAG — NRM (Willis and Westlund 1997)

PAG — RVM (De Preter and Heinricher 2024; Lau and Vaughan 2014; Millan 2002; Ossipov et al. 2010)
PAG — DReN (Millan 2002)

PBN — RVM (De Preter and Heinricher 2024)

PBN — DH (Millan 2002)

DRN — DH (Kuner and Kuner 2021)

NTS — HYP (Millan 2002)

NTS — RVM (Millan 2002)

NTS — DH (Millan 2002)

LC < RVM (Ossipov et al. 2010)

LC (A6 cells) — DH (Pertovaara 2006, 2013; Tavares et al. 2021; Willis and Westlund 1997)
NA Al cells —» DH (Pertovaara 2006, 2013)

NA A5 cells -» CVLM (Tavares and Lima 2007)

NA A5 cells — DH (inh) (Dostrovsky 2000; Pertovaara 2006, 2013; Tavares and Lima 2007)
NA A7 — DH (inh) (Dostrosky 2000; Pertovaara 2006, 2013)

VLM — DH (inh) (Lau and Vaughan 2014; Ossipov et al. 2010)

CVLM — DH (Martins and Tavares 2017; Tavares and Lima 2002).

CVLM — LC — SC (Gu et al. 2023)

CVLM — A5-— DH (Tavares et al. 1997)

DReN « DH (exc) (Heinricher et al. 2009; Millan 2002; Martins and Tavares 2017; Tavares and Lima 2007)
RVM — DH (exc or inh) (Heinricher et al. 2009; Millan 2002; Martins and Tavares 2017; Ossipov et al. 2010)

A selected number of structural pathways involved in descending pain modulation from the
highest cerebro-cortical levels to the spinal DH are schematically shown in Figure 3.

We will follow a long way down. This is also justified by the presumption that probably the
most significant pain modulation is exerted by systems descending from forebrain sources (Gamal-
Eltrabily et al. 2021), and since the spinal DH and spV host the first synapse in the ascending
pathways from peripheral nociceptors to the cerebral cortex, they offer a powerful target for
regulation of nociceptive transmission. Since acute and chronic pain symptoms involve a sensory
dimension, an immediate affective dimension, and sometimes a secondary affective dimension,
termed pain-related suffering, pain modulation and neuroplasticity occur all along the nociceptive
pathways and involve many different mechanisms (Boadas-Vaello et al. 2017; Heinricher et al. 2009;
Kuner and Kuner 2021). Consequently, after the initial activation of nociceptors, the final experience
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of pain is the result of complex interactions between the DH neuronal circuits engaged to transduce
and transmit the pain signals and the modulatory actions from higher brain centers (Puopolo 2019).
Unfortunately, these modulatory actions are ambivalent because they may suppress or enhance pain
sensation.

Descending Facilitation vs. Inhibition. The descending pain modulatory system operates as an
endogenous control of pain, being recruited following painful stimuli perception alongside many
other brain regions, including the primary and secondary somatosensory cortices (51, S2), ACC, PEC,
IC, AMY, NAc, VTA and PAG. The first structures encode sensorial aspects of pain, including
location, duration, and intensity, which are presumed to be processed by the 51, 52 and IC. The latter
encode emotional and contextual aspects of pain, such as suffering and contextual avoidance, and
are processed by the PFC, ACC, NAc, AMY, and VTA (Pagliusi and Gomes 2023). One of the
important projections to the RVM arises from the PAG. When stimulated by endogenously or
exogenously (e.g., through chemogenetics), PAG-RVM projections exert analgesia by facilitating the
descending inhibition of pain. Inversely, projections from the ACC to the RVM enhance the
descending facilitation of pain. The over-activation of ACC-RVM projections is thought to be
involved in pain chronification (Pagliusi and Gomes 2023).

The descending facilitatory system includes the ACC, AMY, HYP, PAG, RVM, and NTS. In the
physiological state, the activation of this system improves the response ability to nociceptive stimuli
by lowering pain threshold. The descending inhibitory system is centered around the PAG, which
receives afferent projections from the above upstream cortical and sub-cortical brain regions, and
sends efferent projections to the RVM and thence to spinal cord neurons. It is composed of the
cerebral cortex sending a descending inhibitory pathway containing the arcuate hypothalamic
nucleus (HYP ARC) pain modulation system, and the descending inhibitory pain modulation system
of the limbic system via the NAc, Hb, PAG, RVM to the spinal cord/(spV (Cui et al. 2023).

7.1. Cerebral Cortex

Cerebro-cortical areas involved in the modulation of nociception include the PFC, ACC, ventro-
lateral orbito-frontal cortex (vIOFC), IC, motor cortex, and somatosensory cortices. The modulatory
effects are mediated by cortico-cortical or cortico-subcortical interactions, by direct cortico-spinal
projections, or by intermediate activation of brainstem structures, i.e., PAG, LC, NRM and RVM
(Gamal-Eltrabily et al. 2021).

Expectation. Expectations and associative learning processes are important psychological
determinants of placebo effects, but yet their underlying brain mechanisms are little understood, in
particular with regard to the brain systems underlying placebo effects on pain, autonomic, and
immune responses. The vmPFC, IC, AMY, HYP, and PAG emerge as central brain structures
underlying placebo effects. The vinPFC appears to be a core element of a network that represents
structured relationships among concepts, providing a substrate for expectations and a conception of
the situation — the self in context — that is crucial for placebo effects. Such situational representations
enable multi-dimensional predictions that are combined with incoming sensory information to
construct percepts and shape motivated behavior. They influence experience and physiology via
descending pathways to physiological effector systems, including the spinal cord and other
peripheral organs (Geuter et al. 2017).

Negative Experience. Nocebo hyperalgesia means increased pain sensitivity resulting from
negative experiences. Various methods have been used to unravel the neurobiology and have yielded
inconsistent results. Structural and functional neuroimaging demonstrated that nocebo hyperalgesia
amplified pain signals in the spinal cord and brain regions involved in sensory and cognitive-
affective processing including the PFC, IC, AMY, and HIPP (Thomaidou et al. 2021).

7.1.1. Somatosensory Cortices

Direct Cortico-spinal Pain Modulation. While many pro-nociceptive and anti-nociceptive effects
are mediated by brainstem structures, there are also direct cortico-spinal modulatory effects. For
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example, in mice, a sub-set of cortico-spinal neurons (CSN) in the S1/52 somatosensory cortices and
travelling in the cortico-spinal tract (CST) exerted anti-nociceptive effects mediated by direct
innervation of the DH. Either reduction in somatosensory CSN activity or transection of the CST
selectively impaired behavioral responses to light touch without altering responses to noxious
stimuli. Moreover, such CSN manipulation greatly attenuated tactile allodynia in a model of
peripheral neuropathic pain. Tactile stimulation activated somatosensory CSNs, and their cortico-
spinal projections facilitated light-touch-evoked activity of CCK interneurons in the deep DH. This
touch-driven feed-forward spinal-cortical-spinal sensitization loop is important for the recruitment
of spinal nociceptive neurons under tactile allodynia (Liu et al. 2018).

Primary Somatosensory Cortex (51) efferents can modulate signals from mechanical and cooling
stimuli but not heat stimuli. Presumably, therefore, the responsiveness to particular somatosensory
stimuli occurs in a modality specific fashion. In a mouse model, inhibition of output from the 52
increased the sensitivity to mechanical and heat stimuli, but not cooling stimuli. S2 projections to the
secondary motor cortex (M2) governed mechanical and heat sensitivity without affecting motor
performance or anxiety (Taub et al. 2024).

Secondary Somatosensory Cortex (S2). The trigeminal spinal subnucleus caudalis (spVc), also
known as the ‘medullary DH’, receives orofacial somatosensory inputs, particularly nociceptive
inputs, from the trigeminal nerve. Higher brain regions, including the cerebral cortex, LC, and DRN,
send axons to the spVc. Among these descending projections, cortico-trigeminal projections from the
somatosensory cortex (S2) to the spVc play a suppressive role in nociceptive information processing,
whereas a facilitative role of the IC in nociceptive information processing at the spVC level (Kobayashi
et al. 2024).

In rats, the distribution of S2 neurons projecting to the trigeminal principal nucleus (Vp) or oral
subnucleus (Vo) of the trigeminal sensory nuclear complex (TSNC) were studied after injections of a
retrograde tracer into five regions in the Vp/Vo, which were responsive to stimulation of trigeminal
nerves innervating the orofacial tissues. A large number of labeled neurons were found with a
somatotopic arrangement in the dorsal areas of S2 (orofacial S2 area). The projections to the TSNC
showed somatotopic arrangements. This suggests that the orofacial S2 projects selectively to certain
rostro-caudal levels of the contralateral TSNC, and the projections may allow the orofacial S2 to
accurately modulate orofacial somatosensory transmission to higher brain centers including the
orofacial S2 itself (Haque et al. 2012).

7.1.2. Primary Motor Cortex (M1)

Motor cortex stimulation provided pain relief by motor cortex plasticity and activating
descending inhibitory pain control systems (Ye et al. 2014). The primary motor cortex (M1) is
involved in the control of voluntary movements, but also in the modulation of pain. There is a
connection from the M1 to the NAc reward circuitry through a M1 layer 6-medio-dorsal THAL
pathway, which in neuropathic pain specifically suppresses negative emotional valence and
associated coping behaviors. By contrast, layer 5 M1 neurons connect with specific cell populations
in zona incerta and PAG to suppress sensory hypersensitivity without altering pain affect. Thus, the
M1 uses different, layer-specific pathways to dampen sensory and aversive-emotional components
of neuropathic pain (Gan et al. 2022).

In the adult male mouse, neurons involved in the efferent control of the left gastrocnemius muscle
were identified following visualization of retrograde tracing and were detected in spinal cord, PAG
and motor cortex. It has thus been hypothezized that MC4R signaling in the motor cortex-PAG-spinal
cord pathway may participate in the modulation of the melanocortin-sympathetic signaling and
contribute to the descending modulation of nociceptive transmission (Ye et al. 2014).altering pain
affect. Thus, the M1 uses different, layer-specific pathways to dampen sensory and aversive-
emotional components of neuropathic pain (Gan et al. 2022).

In the adult male mouse, neurons involved in the efferent control of the left gastrocnemius muscle
were identified following visualization of retrograde tracing and were detected in spinal cord, PAG
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and motor cortex. It has thus been hypothezied that MC4R signaling in the motor cortex-PAG-spinal
cord pathway may participate in the modulation of the melanocortin-sympathetic signaling and
contribute to the descending modulation of nociceptive transmission (Ye et al. 2014).

7.1.3. Prefrontal Cortex (PFC)

Anticipation and anxiety of pain that enhance pain experience, activate brain regions including
the PFC, EC, alC, AMY, ventral brainstem areas and PAG (Neugebauer et al. 2009; Tracey and
Mantyh 2007).

7.1.3.1. Medial Prefrontal Cortex (mPFC)

The mPFC is composed of granular cortical areas (medial BA 9 and 10) and agranular regions (BA 24,
25, and 32) which encompass the anterior cingulate cortex (ACC, BA 24), infra-limbic cortex (BA 25), and the
pre-limbic cortex (BA 32) (Ong et al. 2019). The mPFC has emerged as a critical region for top-down
cognitive control over emotion-driven behaviors via processes including fear conditioning and
extinction. The mPFC, comprising, in rats, the ACC, PL PFC and IL PFC, receives ascending
nociceptive inputs, but also exerts top-down control of pain sensation. Human fMRI studies have
shown activation of mPFC during the perception of acute pain stimuli and functional de-activation
in chronic pain patients. Neurons in the mPFC responded to noxious stimuli, and electrical
stimulation of mPFC inhibited nociceptive responses (Kummer et al. 2020).

The mPFC could serve dual, opposing roles in pain: (i) It mediates anti-nociceptive effects, due
to its connections with other cortical areas, and as the main source of cortical afferents to the PAG for
modulation of pain. Indeed, activation of the mPFC and ACC is related to increased activity of the
PAG. (ii) It could induce pain chronification via its cortico-striatal projection, possibly depending on
the level of DA receptor activation (or lack of) in the reward pathway from the VT A to NAc. There is
a role for the PFC during placebo analgesia, and in establishing links between pain and anxiety,
depression, and loss of cognition. The mPFC is also involved in modulation of pain catastrophizing,
reduction of pain-induced sympathetic activity, and decrease in facial expressions of pain (Ong et al.
2019).

mPFC-DH Projection. In rats, there are direct projections from the dorsal peduncular cortex (DP)
in the mPFC to the trigeminal brainstem sensory nuclear complex and other lower brainstem areas.
mPfC neurons projecting directly to the medullary DH (trigeminal sub-nucleus caudalis [Vc]) and
trigeminal sub-nucleus oralis (Vo) are known to receive direct projections from the IC. Injections of a
retrograde tracer into the rostro-dorso-medial part of laminae I/II of Vc (rdm-I/II-Vc) labeled many
neurons bilaterally (with an ipsilateral predominance) in the rostro-caudal middle level of DP (mid-
DP) and not in other mP{C areas. Anterograde tracer injections into the mid-DP labeled many axons
and terminals bilaterally (with an ipsilateral predominance) in the rdm-I/II-Vc, PAG and NTS, and
ipsilaterally in the PBN and trigeminal mesencephalic nucleus. Many tracer-labeled axons and
terminals from the mid-DP also occurred ipsilaterally in the caudal-most level of the granular and
dysgranular IC (GI/DI). Retrograde injections into the caudal-most GI/DI labeled many axons and
terminals ipsilaterally in the mid-DP. The projections from the mid-DP to the rdm-I/II-Vc and other
brainstem nuclei suggest that mid-DP neurons may regulate intra-oral and peri-oral sensory
processing (including nociceptive processing) of rdm-I/II-Vc neurons directly or indirectly through
the brainstem nuclei (Akhter et al. 2014).

dmPFC-vIPAG Projection. The dorso-medial prefrontal cortex (dmPFC) is an important cortical
area for nociceptive modulation. Lesions in the dmPFC induced an algesic and anxious state. An
excitatory descending pathway runs from the dmPFC to the vIPAG. In a mouse model of chronic
pain, activation of the dmPFC-to-vIPAG pathway by optogenetic manipulation produced analgesic
and anti-anxiety effects. Chemogenetic activation of inhibitory neurons in the dmPFC produced an
algesic and anxious state under both normal and chronic pain conditions. Antagonists of the GABAaR
or mGluR1 applied to the dmPFC produced analgesic and anti-anxiety effects. This suggests that the
dmPFC-vIPAG pathway might participate in the maintenance of pain thresholds and anti-anxiety

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.0743.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 May 2025 d0i:10.20944/preprints202505.0743.v1

51 of 98

behaviors under normal conditions, while silencing or suppressing the dmPFC-vIPAG pathway
might be involved in the initial stages and maintenance of chronic pain and the emergence of anxiety-
like behaviors (Yin et al. 2020).

7.1.3.2. Ventro-Medial Prefrontal Cortex (vmPFC)

Expectations and associative learning processes are important psychological determinants of
placebo effects, but yet their underlying brain mechanisms are little understood, in particular with
regard to the brain systems underlying placebo effects on pain, autonomic, and immune responses.
The vinPFC, IC, AMY, HYP, and PAG emerge as central brain structures underlying placebo effects.
The vimPFC appears to be a core element of a network that represents structured relationships among
concepts, providing a substrate for expectations and a conception of the situation — the self in context
— that is crucial for placebo effects. Such situational representations enable multi-dimensional
predictions that are combined with incoming sensory information to construct percepts and shape
motivated behavior. They influence experience and physiology via descending pathways to
physiological effector systems, including the spinal cord and other peripheral organs (Geuter et al.
2017).

vmPFC-PAG Connectivity during Conditioned Pain Modulation. Pain interacts with the ANS,
possibly involving descending pain modulatory mechanisms. The PAG is involved both in
descending pain modulation and ANS. Humans underwent conditioned pain modulation (CPM), in
which they rated painful pressure stimuli applied to their thumbnail, either alone or with a painful
contralateral cold stimulation. Heart-rate variability (HRV) was simultaneously recorded.
Normalized low-frequency HRV (LF-HRVnu) and the CPM score were negatively correlated.
Subjects with higher LFE-HRVnu during pain reported reductions in pain during CPM. PAG-vmPFC
and PAG-RVM functional connectivity correlated negatively with the CPM. PAG-vmPFC functional
connectivity mediated the strength of the LF-HRVnu-CPM association. CPM response magnitude
was also negatively correlated with vmPFC GM volume (Makovac et al. 2021).

7.1.3.3. Dorso-Lateral Prefrontal Cortex (d1PFC)

Petrides 2005

The dIPFC is composed of the lateral part of BA 9 and all of BA 46 (Ong et al. 2019). The dIPFC is large
and functionally heterogeneous. Compared to other primates, the dIPFC is substantially expanded
in humans, suggesting a role in complex cognitive processes. It is involved in cognitive processes,
such as attention, value encoding, working memory, creativity, decision-making, and emotional
regulation. It is generally associated with maintenance and regulation of top-down modulation, and
driving appropriate behavioral responses. Neuroimaging showed that the dIPFC was often activated
in response to nociceptive stimuli in healthy subjects, and exhibited abnormally increased function
in chronic pain populations. Non-invasive brain stimulation of the dIPFC exerted acute pain
modulation and some effectiveness as a treatment for certain chronic pain conditions. The dIPFC is
also involved in placebo modulation of pain by integrating incoming nociceptive signals with the
expectation of pain — an important feature of placebo analgesia. Evidence supports a role for the
dIPFC in the suppression of pain and maintenance of pain inhibition. Uncontrollable pain resulted in
increased activation of pain-related areas including the THAL and IC, but bilateral dIPFC had
increased negative connectivity strength during controllable pain to both the THAL and right aIC.
Thus, the dIPFC suppressed IC and THAL activity and reduced pain sensitization associated with
uncontrollable pain. The dIPFC is involved in cognitive control over pain. Cognitive control can
reduce pain and has in part been attributed to a brain network comprising prefrontal regions
including dIPFC, vIPFC and OFC, the alC, ACC, and brainstem regions, such as the PAG and the
RVM. Activation of part of this network, including the dIPFC, ACC, and cerebellum, has been
implicated in mediating the analgesic effects of spinal cord stimulation in chronic back pain patients.
In sum, these studies suggest that the dIPFC acts as an interface between cognitive processing and
pain regulation (Seminowicz and Moayedi 2017). As mentioned above, while the discrimination of
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pain intensity, a non-spatial aspect of pain, activates a ventrally directed pathway from the IC to the
PFC, a dorsally directed activation of the PPC and right dIPFC occurs during spatial discrimination
of pain. The dIPFC is connected to the mPFC by short association fibers (Ong et al. 2019).

Pain is strongly modulated by expectations and beliefs. Across species, sub-regions of vimPFC
are implicated in a variety of functions germane to pain, predictions, and learning. Human fMRI
studies show that vimPFC activity tracks expectations about pain and mediates expectancy effects on
pain-related activity in other brain regions. Prior lesion studies suggest that vmPFC may instead play
a more general role in generating affective responses to painful stimuli. To test whether vmPFC is
required to generate affective responses to pain or is more specifically involved in expectancy-based
pain modulation, responses to heat stimuli were studied in five adults with bilateral surgical lesions
of vinPFC and twenty healthy adults without brain damage. All participants underwent a
quantitative sensory testing procedure followed by a pain expectancy task in which cues predicting
either low or high pain were followed by intermittent medium intensity heat stimuli. Compared to
adults without brain damage, individuals with vinPFC lesions reported larger differences in expected
pain based on predictive cues and failed to update expectations following the covert introduction of
unexpected medium temperature stimuli. Consistent with observed expectancy differences,
subjective pain unpleasantness ratings in the vimPFC lesion group were more strongly modulated by
cue during thermal stimulation. No group differences occurred in overall pain sensitivity, nor in
relationships between pain and autonomic arousal, suggesting that vmPFC damage specifically
enhances the effect of expectations on pain processing, likely driven by impaired integration of new
sensory feedback to update expectations about pain. These results provide essential new data
regarding the specific functional contribution of vmPFC to pain modulation (Motzkin et al. 2023).

7.1.3.4. Ventro-Lateral Prefrontal Cortex (vIPFC)

Petrides 2005

The down-regulation of pain through beliefs is commonly envisaged as a form of emotion
regulation. The analgesic effect co-occurs with reduced anxiety and increased activity in the vIPFC,
which is an important region of emotion regulation. The neural basis of the analgesic and anxiolytic
effect of two types of threat modulation were compared: a "behavioral control” paradigm, which
involved the ability to terminate a noxious stimulus, and a ‘safety signaling” paradigm, which
involved visual cues that signaled the threat (or absence of threat) that a subsequent noxious stimulus
might be of unusually high intensity. Analgesia was paralleled by vIPFC activity during behavioral
control. Safety signaling engaged elements of the descending pain control system, including the
rACC that showed increased functional connectivity with the PAG and vIPFC. In contrast, anxiety
reduction scaled with dIPFC activation during behavioral control but had no distinct neural signature
during safety signaling. This suggests that analgesic and anxiolytic effects are exerted in distinct
neural mechanisms and differ between distinct stress- and pain-modulatory approaches (Wiech et al.
2014).

vIPFC and Social Pain. The right vIPFC (rvIPFC) has been implicated in mitigating social pain, a
multi-faceted emotional response triggered by inter-personal rejection or criticism. Transcranial
magnetic stimulation (TMS) integrated with fMRI recordings were used during a social-pain task on
eighty participants who underwent either active TMS targeting the rvIPFC or control stimulation at
the vertex. TMS-induced rvIPFC facilitation significantly reduced self-reported social pain,
confirming the causal role of the rvIPFC in social pain relief. Functional connectivity analyses
demonstrated enhanced interactions between the rvIPFC and the dIPFC, pointing to collaborative
engagement of prefrontal regions in emotion regulation. Significantly, negative social feedback led
to negative social attitudes, whereas rvIPFC activation countered this detrimental effect (Li ef al. 2024).

7.1.3.5. OFC-THAL-PAG Connection

The nucleus submedius (Sm) in the medial THAL, the vIOFC, and the PAG are supposed to
constitute a pain-modulatory pathway, activation of which leads to activation of the PAG-brainstem
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descending inhibitory system and depression of the nociceptive inputs in the spinal cord and trigeminal
nucleus. There are indications that the Sm-vIOFC-PAG pathway plays an important role in the
analgesia induced by electroacupuncture stimulation of the acupuncture point (acupoint) for exciting
small-diameter group IIl and group IV afferents (Tang et al. 2009).

7.1.4. Cingulate Cortex (CC)

Anterior Cingulate Cortex (ACC). A top-down cortico-spinal descending pathway from the ACC to the
spinal DH could directly requlate nociceptive transmission. Pyramidal cells in the deep layers of the ACC send
direct descending projecting terminals to the DH of the spinal cord (lamina I-I1I). (Chen et al. 2014; Wang et
al. 2015). The peri-genual ACC sub-division has been suggested to participate in top-down control of
pain, including the placebo effects known to be opioid mediated, mainly (but not exclusively) through
the connection between the orbitofrontal/sub-genual ACC and the PAG (Peyron et al. 2019).
Descending facilitatory pain modulation is an important mechanism underlying the induction and
maintenance of neuropathic and inflammatory pain. The ACC widely connects with relevant regions
of the descending modulation system. Group IV (C)-fiber-evoked field potentials in the spinal DH
were produced by electrical stimulation of the sciatic nerve at an intensity high enough to excite
group IV fibers, and paw-withdrawal latencies (PWLs) to noxious heating were recorded. High-
frequency tetanic electrical stimulation of the ACC both unilaterally enhanced the group IV fiber-
evoked field potentials in the spinal DH and bilaterally shortened PWLs, indicating a facilitation of
spinal nociception. Similar effects occurred after micro-injection of NMDA or homocysteic acid into
the ACC. After electrolytical lesion of the DRN, ACC-induced facilitation of spinal nociception was
blocked. This indicates that (i) activation of the ACC may facilitate spinal nociception; (ii) NMDA
receptors in the ACC may be involved in descending facilitation; and (iii) the DRN plays a crucial
role in mediating ACC-induced facilitation of spinal nociception (Zhang et al. 2005).

Direct Cortico-spinal Pain Modulation. While many pro-nociceptive and anti-nociceptive effects
are mediated by brainstem structures (below), there are also direct cortico-spinal modulatory effects.
For example, in mice, part of the CST originating in the S1/S2 somatosensory cortices exerted anti-
nociceptive effects mediated by direct innervation of the DH. Tactile stimulation activated CST
neurons, and their cortico-spinal projections facilitated light touch-evoked activity of CCK
interneurons in the deep DH. This represents a touch-driven spinal-cortico-spinal sensitization loop.
In fact, reduction in CST activity or transection of the CST selectively reduced behavioral responses
to light touch without altering responses to noxious stimuli, but greatly attenuates tactile allodynia
in a peripheral neuropathic pain model (Liu et al. 2018).

7.1.5. Insular Cortex (IC)

The IC is one of the brain areas that are consistently activated during pain. Anterograde tracing
revealed extensive IC connections to the main brainstem areas of descending pain control. These
included the PAG and NRM. There was also an extensive IC connection to the PBN. There were less
extensive but consistent IC axonal inputs to different NA nuclei, the LC, subcoereuleus, and the A5
cell group. These connections suggest an important role of the IC in pain processing through
descending pathways (Liang and Labrakakis 2024). The dorsal visual system has direct anatomical
projections to the alC. In rats, retrograde and anterograde tract tracing showed that the granular and
dysgranular parts of IC send direct descending projections to the trigeminal caudal sub-nucleus
(spVc), especially the superficial laminae (I/II) (Wang et al. 2015).

The rostral agranular insular cortex (RAIC) is a relevant structure in nociception. Recruitment
of GABAergic activity in RAIC promotes the disinhibition of the LC, which in turn inhibits (by NA
action) the peripheral nociceptive input at the spinal level. At the cortical level, OXT can modulate
the GABAergic transmission. Consequently, an interaction modulating nociception could exist
between OXT and GABA at RAIC. In male Wistar rats, the effect of OXT micro-injection into RAIC
was tested during an inflammatory (by sub-cutaneous peripheral injection of formalin) nociceptive
input. OXT micro-injection produced a diminution of (i) flinches induced by formalin and (ii)
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spontaneous firing of spinal WDR cells. The above anti-nociceptive effect was abolished by micro-
injection (at RAIC) of the following: (i) the OXT receptor (OXTR) antagonist L-368899, or by (ii) the
GABA , receptor blocker) bicuculline, suggesting a GABAergic activation induced by OXTR. Since

intra-thecal injection of a a, , -adrenoceptor antagonist partially reversed the OXT effect, a descending

NA anti-nociception is suggested. Further, injection of L-368899 per se induced a pro-nociceptive
behavioral effect, suggesting a tonic endogenous OXT release during inflammatory nociceptive
input. There is a bilateral projection from the HYP PVN to RAIC. Some of the PVN-projecting cells
are OXT and destinate GABAergic and OXTR-expressing cells inside RAIC. Aside from the direct
anatomic link between PVN and RAIC, this provided evidence about the role of OXT mechanisms
modulating the pain process at the RAIC level (Gamal-Eltrabily et al. 2020).

Projections from the rat IC to lower brainstem areas are possibly involved in orofacial pain
processing. IC neurons projecting directly to the trigeminal caudal subnucleus (Vc, medullary dorsal
horn) and oral subnucleus (Vo) receive orofacial nociceptive inputs. Retrograde tracing from the
medial and lateral part of laminae I/Il of V¢, many IC neurons were labeled bilaterally. Tracer
injections into the Vo labelled many neurons bilaterally. Injections of an anterograde tracer into the
rostral granular IC (GI) and dysgranular IC (DI) labelled, many axons and terminals occurred
bilaterally with a contralateral predominance in the medial part of laminae I/II of V¢, dorso-medial
Vo, juxta-trigeminal region, RVM, and NTS and with an ipsilateral predominance in the PBN,
Kolliker-Fuse nucleus (KF) and trigeminal mesencephalic nucleus. This suggest that orofacial
nociceptive processing of Vc and Vo neurons may be regulated by GI/DI directly or indirectly
through brainstem nuclei such as IPAG, PBN, KF and RVM (Sato et al. 2013).

alC and IPFC. The rostral alC and the lateral PFC (IPFC) seem to act as a pain-control system
that alters emotional and behavioral responses to various types of painful stimuli (Tracey and
Mantyh 2007). Pain relief has a rewarding effect engaging activation of midbrain DA neurons, release
of DA in the NAc, and opioid signaling in the ACC (Harris and Peng 2020; Kuner and Kuner 2021;
Mitsi and Zachariou 2016; Navratilova et al. 2015).

7.2. Basal Ganglia (BG)

The NAc plays an important role as a source of analgesia (Harris and Peng 2020; Thompson and
Neugebauer 2019), as well as in motivational and emotional processing, pleasure, addiction and
reward, beyond simply the rewarding experience of pain offset. The NAc shell may evaluate
impending pain and utilize spatial information from the HIPP for appetitive learning, and the core
activates in anticipation of relief from an aversive stimulus and signals the reward value of pain
cessation (Thompson and Neugebauer 2019). The NAc provides pain-induced analgesia, in part
through its projection to the RVM (Doan et al. 2015).

7.2.1. Striatum

Electrical and chemical stimulation of the striatum produced inhibition of the nociceptive jaw-
opening reflex. This analgesic action of the striatum was mediated by activation of its DA D2
receptors and transmitted through the indirect pathways of the BG and the medullary DReN to the
sensorial nuclei of the trigeminal nerve. Its mechanism of action was by inhibition of the nociceptive
response of the second-order neurons of the nucleus caudalis of the V par (Barcelo et al. 2012).

In urethane-anesthetized rats, the jaw-opening reflex was produced by supra-threshold
stimulation of the tooth pulp and measured as electromyographic response in the digastric muscle,
with simultaneous recording of noxious responses in single-unit neurons of the spVc. The micro-
injection of glutamate into striatal JOR inhibitory sites significantly decreased the evoked response
mediated by group III (Ad) and group IV (C) fibers in 92% of nociceptive spVc neurons. This suggests
that the striatum could be involved in the modulation of nociceptive inputs and confirms the role of
the BG in the processing of nociceptive information (Belforte and Pazo 2005).
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7.2.2. Nucleus Accumbens (NAc)

The NAc responds heavily to painful stimuli, due to its high density of p-opioid receptors and the
activation of several different neurotransmitter systems in the NAc, such as opioids, DA, CGRP, GABA,
glutamate, and SP, each of which elicit analgesic effects. In both preclinical and clinical models, deep
brain stimulation of the NAc has elicited successful analgesia. The multi-functional NAc is important
in motivational behavior, including the motivation for avoiding pain (Harris and Peng 2020).

Opioid Link Mediating Anti-nociception. In the NAc, an opioid link exists that mediates anti-
nociception produced by a novel ascending pain modulation pathway. For example, noxious
stimulation induces hetero-segmental anti-nociception that is mediated by both p- and d-opioid
receptors in NAc. However, spinal intra-thecal administration of the p-receptor agonist DAMGO also
induced hetero-segmental anti-nociception. In the rat, the intra-NAc opioid receptors was identified
that mediate the antinociceptive effects of spinally administered DAMGO and to determine the effect
of NAc efferent activity on nociception. Intra-NAc administration of either a p-opioid receptor
antagonist or a d-opioid receptor antagonist blocked the anti-nociceptive effect of spinally administered
DAMGO on the jaw-opening reflex. Injection of lidocaine attenuated the jaw-opening reflex, suggesting
that the output of NAc is pro-nociceptive. Intra-NAc injection of kainate enhanced the jaw-opening
reflex. Thus, it is possible to modulate activity in NAc to bi-directionally attenuate or enhance
nociception, suggesting a potential role for NAc in setting nociceptive sensitivity (Gear and Levine
2011).

Effects of Music and Sleep on NAc. The NAc has been implicated in sleep, reward, and pain
modulation. It was determined whether NAc function at the onset and offset of a noxious thermal
stimulus would be enhanced by rewarding music, and whether that effect is reversed by experimental
sleep disruption. Healthy subjects underwent fMRI scans on two separate days after both uninterrupted
sleep and experimental sleep disruption. During fMRI scans, participants received noxious stimulation
while listening to individualized rewarding or neutral music. Behavioral results revealed that
rewarding music significantly reduced pain intensity compared with neutral music, and disrupted
sleep was associated with decreased pain intensity in the context of listening to music. Sleep disruption
attenuated NAc activation at pain onset and during tonic pain. Rewarding music altered NAc
connectivity with nodes of the cortico-striatal circuits during pain onset. Sleep disruption increased
reward-related connectivity between the NAc and the MCC at pain onset. Hence, experimental sleep
disruption modulates NAc function during the onset of pain in a manner that may be conditional on
the presence of competing reward-related stimuli (Seminowicz et al. 2019).

7.2.3. Subthalamic Nucleus (STN)

The STN is the only glutamatergic nucleus in the BG and modulates motor, limbic, and cognitive
functions. In humans and rodents, the STN may also play a significant role in pain perception and
modulation. STN neurons have fast spontaneous firing and readily respond to painful stimuli. In
mice, optogenetic activation of STN neurons decreased pain thresholds. In Parkinsonian mice,
optogenetic inhibition of hyperactive STN neurons ameliorated hyperalgesia and central
sensitization. There is a pathway, consisting of GABAergic neurons in the SNr (SNrCABAY and
glutamatergic neurons in the STN (STNGIu) and the lateral parabrachial nucleus (IPBNGIu) that
modulates acute and persistent pain states in both male and female mice. In such pain states, the
activity of STN neurons was enhanced. This enhancement was accompanied by hypoactivity in
SNr®ABA neurons and strengthening of the STN-IPBN glutamatergic projection. Reversing the
dysfunction in the SNrGABAGTNGI | pBN Gl pathway attenuated activity of IPBNC neurons and
mitigated pain-like behaviors. Therefore, the SNrOABASTNGMIPBNCIU pathway regulates

pathological pain and is a potential target for pain management (Jia et al. 2022).

7.3. Amygdala (AMY)
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The AMY is an important center for the emotional-affective dimension of pain and for pain
modulation (Neugebauer 2015). Concerning pain modulation, it appears to be asymmetrical. The
right CeA has a strong pro-nociceptive function across pain models. The left CeA has often been
characterized as having no effect on pain modulation, a dampened pro-nociceptive function, or most
recently an anti-nociceptive function (Allen et al. 2021).

CeA output targets the PAG and the RVM, which are critical for mediating behavioral coping
responses in the face of threat (Kuner and Kuner 2021). The analgesic effects of micro-injection of
morphine into different sites of the AMY suggest that they were mainly attributed to the direct
projections from the AMY to the RVM. Infusing morphine into the BLA increased OFF-cell activity,
modestly decreased ON-cell activity, and increased tail-flick latency (TFL). Applying morphine into
the cortical and medial nuclei exerted smaller effects on ON- and OFF-cells than infusion directly into
BLA, and only the increased TFL to a small degree. Introducing morphine into the central and dorso-
lateral nuclei failed to modulate activities of the RVM ON- and OFF-cells and the TFL (Peng et al.
2023).

7.4. Thalamus (THAL)

The Sm of the medial THAL is supposed to be involved in the modulation of nociception. The
vIOFC, NSm and PAG establish a pain-modulatory pathway, activation of which activates the PAG
descending inhibitory system and depression of the nociceptive inputs in the spinal DH and spV
(Tang et al. 2009).

The THAL medio-dorsal (MD) and ventro-medial (VM) nuclei have been hypothesized to serve
as ‘promoters’ in initiating descending facilitation and inhibition, respectively, of spinal nociceptive
transmission, with specific spatio-temporal characteristics. According to this hypothesis, the MD
would initiate descending facilitation via the CC, CST or dIPAG to the DH superficial layers. By
contrast, the VM would initiate descending inhibition via the IC and vIPAG to the deep DH layers.
The engagement of these THAL nuclei in descending modulation of nociception is supposed to be
‘silent” or inactive during the physiological state as well as in conditions of insufficient noxious
stimulation. Once sufficient activity from noxious or innocuous group IV sensory afferents arises, the
MD and VM nuclei exhibit different effects: facilitation and inhibition, respectively, upon noxious
mechanical and heat-evoked nociception (You et al. 2022).

7.5. Habenula (Hb)

The Hb could play a role in descending pain control.
In rats, the effects were assessed of intra-habenular injection of morphine on acute trigeminal pain
as well as the involvement of DRN opioid and 5HT, receptors on the anti-nociceptive activity of intra-

Hb morphine to explore the possibility of existence of descending anti-nociceptive relay between the
Hb and DRN. The numbers of eye wiping response elicited by applying a drop of NaCl (5 M) solution
on the corneal surface were taken as an index of acute trigeminal nociception. Intra-habenular micro-
injection of morphine at higher doses produced anti-nociception. Pretreatment of the DRN with
ondansetron but not naltrexone prevented intra-habenular morphine induced anti-nociception. Intra-
Hb injection of lidocaine reduced the corneal pain response. This suggests that the activation of the Hb
p-opioid receptor by micro-injection of morphine or inhibition of Hb neurons by micro-injection of
lidocaine produced an analgesic effect in the acute trigeminal model of pain in rats. The analgesic effect
of intra-Hb morphine was blocked by intra-DRN injection of 5-HT, antagonist (Khalilzadeh and Vafaei

Saiah 2017).

7.6. Hypothalamus (HYP)

Due to its heterogeneous complexity, the HYP emanates various strings by which it contributes
to pain modulation, mostly via intermediate stages or finally in the DH. At least three pathways are
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direct to the DH. One is an OXT path. Another is a VAP path. The third is a DA path to the DH.
Indirect HYP-DH connections include the following.

As mentioned above, electrical IHYP stimulation produces anti-nociception probably mediated
by brainstem NA A7 cells. SP-immuno-reactive neurons in the IHYP project near the NA A7 cell
group, which effects anti-nociception in the DH (Holden and Naleway 2001).

HYP-RVM Connections participate in pain modulation. In female Sprague-Dawley rats,
electrical stimulation of the IHYP produced anti-nociception mediated in part by spinally projecting
5-HT neurons in the ventro-medial medulla, which acted at 5-HT1A, 5-HT1B, and 5-HT3 receptors
in the DH (Holden et al. 2005). While intense or highly arousing stressors suppress pain, relatively mild
or chronic stress can enhance pain, causing stress-induced hyperalgesia (SIH). The physiological and
neuroendocrine effects of mild stress are mediated by the DMH, which has connections with the RVM.
Stress could engage both the DMH and the RVM to produce hyperalgesia. In awake animals, direct
pharmacological activation of the DMH increased the sensitivity to mechanical stimulation, confirming
that the DMH can mediate behavioral hyperalgesia. A behavioral model of mild stress also produced
mechanical hyperalgesia, which was blocked by inactivation of either the DMH or the RVM. The DMH
has a role in stress, but may also be engaged in a number of chronic or abnormal pain states (Wagner
et al. 2013).

7.6.1. Neurons Releasing Corticotropin-Releasing Hormone (CRH)

CRH is an initiating hormone of the hypothalamic-pituitary-adrenal (HPA) axis. Moreover,
secreted CRH travels to other CNS sites and affects its stress-associated function including pain
modulation. It elicits strong anti-nociceptive effects at the peripheral, spinal, and brain levels (Kuner
and Kuner 2021). CRH is also expressed in nociceptors and their neighboring components, giving
rise to hypotheses for possible pain modulations at this level (Zheng et al. 2020).

7.6.2. Neurons Releasing Oxytocin (OXT) and Vasopressin (AVP)

Much evidence indicates that HYP-derived neuropeptides, OXT, AVP, and ORX A and B, inhibit
nociceptive transmission in the rat spinal DH (Kumamoto 2019).

OXT and AVP are closely related pituitary nona-peptides and are synthesized in overlapping
regions of the HYP, primarily in morphologically and electrophysiologically distinct magnocellular
and parvocellular neurons located in the HYP PVN and SON (evolution: Jurek and Neumann 2018).
However, they are not only released into the blood from nerve endings in the posterior pituitary but
also, independently, from dendrites in the PVN and SON (Bali et al. 2014; Hokfelt et al. 2018; Lefevre
et al. 2021). Both magnocellular and parvocellular AVP and OXT neurons project to extra-HYP sites
including the AMY, and AVP neurons occur in the MeA of rodents but not primates (Neugebauer et
al. 2020). OXT is secreted and circulated in the systemic vasculature following transport to and release
from the posterior pituitary gland. In contrast, neurosecretory cells in the parvocellular part of the
PVN synthesize OXT and transport it via axons to remote parts of the CNS, suggesting the existence
of intricate OXT circuits (Kuner and Kuner 2021; Takayanagi and Onaka 2021). Receptors for both
OXT and AVP are localized in areas of the nervous system that regulate social, emotional, and
adaptive behaviors.

Both magnocellular and parvocellular OXT and AVP neurons project to extra-hypothalamic sites
including the AMY, and AVP neurons are found in the medial AMY of rodents but not primates.
Evidence suggests mutually opposing functions of OXT and AVP in the CeA through GABA
interneurons. Both AVP and OXT exert anti-nociceptive effects in tail-flick, hot-plate and formalin
tests after systemic, peripheral, intra-thecal or intra-cerebro-ventricular (ICV) administration. Micro-
injection of AVP into the CeA suppressed an electromyographic nociceptive jaw-opening reflex
evoked by electrical stimulation. Stereotaxic administration of AVP into the CeA had no effect on
mechano-sensitivity (nocifensive reflexes) but increased emotional responses (vocalizations to
noxious stimuli) and anxiety-like behavior (elevated plus maze) (Neugebauer et al. 2020).
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7.6.2.1. Neurons Releasing Oxytocin (OXT)

Inputs. In the mouse, inputs to PVN OXT neurons derive from the CC, IC, OFC, subfornical
organ, Hb, HYP ARC nucleus, dorso-medial HYP area, pHYP nucleus, zona incerta (ZI), lateral
lemniscal nucleus, medial POA (mPOA), posterior intra-laminar THAL, medial raphé nucleus, NRM,
and PPN (Lefevre et al. 2021). OXT contributes to descending pain control (below), but it remain
unclear how ascending nociceptive signals would impact HYP OXT/AVP neurons (Zheng et al. 2021).

Outputs. The parvocellular OXY neurons project to brain areas such as BNST, medial pre-optic
areas, vimHYP, NAc, NTS, dorsal nucleus of the vagus nerve, area postrema (Bali et al. 2014). In the
mouse, PVN OXT neurons project to the posterior pituitary gland, olfactory bulb, accessory olfactory
nucleus, cerebral cortex, vHIPP, VTA, LC (Lefevre et al. 2021). In Wistar rats, a sub-set of
approximately 30 parvocellular OXT neurons sends collaterals to magnocellular OXT neurons and
longer-range projections to neurons of spinal deep layers. Evoked OXT release from these OXT
neurons suppressed nociception and promoted analgesia in an animal model of inflammatory pain
(Eliava et al. 2016).

Descending Pain Processing. A neuronal pathway from the HYP PVN to the spinal cord and
trigeminal nucleus caudalis (spVc) has been described (Condés-Lara et al. 2024). OXT is involved in
the pain-inhibitory descending pathway and generally assumed to exert analgesic effects (Kawasaki
et al. 2024). Electrical stimuli applied to the HYP PVN reduced the nociceptive neuronal activity, i.e.,
neuronal discharge associated with activation of group III (Ad) and group IV (C) fibers, the spinal
DH wide dynamic range (WDR) cells and nociceptive behavior (Godinez-Chaparro et al. 2016).
Optogenetic activation of these specific OXT neurons dampened nociception and inflammatory pain,
both via direct suppression of nociceptive processing in the spinal cord and via release of OXT in the
bloodstream (Kuner and Kuner 2021; Takayanagi and Onaka 2021). Direct PVN-DH projections could
contribute to this action. HYP PVN projections to the spinal DH are related to anti-nociception. OXT,
AVP and ENK could be released in the DH. There is anatomical evidence of interactions between
OXT, AVP, ENK, and dynorphin (DYN) along the PVN projections to the spinal DH at L3 level. A
high percentage of co-localizations between two of the peptides (OXT-AVP, OXT-DYN, AVP-ENK,
and DYN-ENK) were present along the PVN, as well as in the DH at L3 level. This showed that
different anti-nociceptive peptides may interact with each other to evoke PVN anti-nociceptive effects
as part of the endogenous system of nociceptive modulation (Gamal-Eltrabily et al. 2018). OXT
infusions into the CeA (which receives inputs from HYP OXT) produced analgesia. HYP descending
anti-nociception appears to occcur predominantly in OXTR-positive WDR neurons in DH lamina V,
but not in superficial laminae. Overall, HYP OXT neurons appear to constitute a separate descending
inhibitory pain control pathway (Zheng et al 2021).

OXT HYP-DH Projection. OXT transmission blocks nociception at the peripheral, spinal, and
supraspinal levels through the OXT receptor (OXTR). There is a direct neuronal pathway from the
HYP PVN to the spinal cord and spVc. The trigemino-cervical complex (TCC), an area spanning the
spVc, C1, and C2 regions, plays a role in some pain disorders associated with cranio-facial structures
(e.g., migraine). In male Wistar rats, in vivo electrophysiological recordings of TCC wide-dynamic
range (WDR) cells sensitive to stimulation of the peri-orbital or meningeal region were performed.
PVN electrical stimulation diminished the neuronal firing evoked by peri-orbital or meningeal
electrical stimulation. This inhibition was reversed by OXTR antagonists administered locally.
Accordingly, there existed neuronal projections from the PVN to the WDR cells (Condés-Lara et al.
2024).

HYP-spVc Projection.The spVc/C1 region or medullary DH (MDH) plays an important role
modulating the nociceptive input arriving from cranio-facial structures. OXT could play a role in
modulating the nociceptive input at the MDH level. Using an electrophysiological and
pharmacological approach, the effect of OXT on the nociceptive signaling in the MDH and the
receptor involved were determined. In anesthetized rats, electrophysiological unitary recordings
were made from second-order neurons at the MDH region responding to peripheral nociceptive-
evoked responses of the first branch (V1; ophthalmic) of the trigeminal nerve. Under this condition,
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dose-response curves were constructed analyzing the effect of local spinal OXT on MDH nociceptive
neuronal firing. The role of OXT receptors (OXTRs) or AVP V, , receptors (V; ,Rs) were determined.

OXT dose-dependently inhibited the peripheral-evoked activity in nociceptive MDH
neurotransmission. This inhibition was associated with a blockade of neuronal activity of group III
(Ad) and group IV (C) fibers. Since this anti-nociception was abolished by pretreatment (in the MDH)
with the potent and selective OXTR antagonist and remained unaffected after the V, ,R antagonist,

the role of OXTR is implied. Hence, OXT inhibited the peripheral-evoked neuronal activity at MDH,
through OXTR activation (Garcia-Boll et al. 2018).

7.6.2.2. Neurons Releasing Vasopressin (AVP)

The nonapeptide AVP is mainly synthesized in the HYP PVN and SON and secreted from the
posterior pituitary gland to the systemic circulation. AVP neurons are also found in the lateral
septum, HIPP, AMY, and other brain structures. The most sensitive stimulus for the secretion of AVP
is serum osmolality, although the secretion of AVP is also affected by changes in blood volume and
blood pressure (Mavani et al. 2015). AVP plays multifarious non-pressor and non-antidiuretic roles
in pain, infection and inflammation, regulation of the HPA axis, cognition, social behavior, bone and
lipid metabolism, cellular proliferation, body fluid balance, blood pressure regulation, sodium
homeostasis, hypertension, metabolic syndrome, diabetes, and kidney function. AVP has an agonistic
activity on the OXTRs. Conversely, OXT can act on AVPRIA receptors (Cid-Jofré et al. 2021;
Koshimizu and Tsujimoto 2009). AVP activates three AVP receptors, which are located in the brain
and in the periphery: AVPR1A, AVPR1B, and AVPR2. AVPRI1a receptors are present in the brain,
vascular smooth muscle cells, adrenal cortex, pancreas, adipose tissue, hepatocytes, osteoblasts and
osteoclasts (Cid-Jofré et al. 2021). AVPR1B receptors are mainly present in anterior pituitary, adrenal
medulla, pancreatic islet cells of Langerhans, and white adipose tissue. AVPR2 receptors occur in the
kidney, alveolar epithelial cells, osteoblasts and osteoclasts (Mavani et al. 2015).

AVP exerts its actions through various receptors: AVPR1A, AVPR1B, AVPR2, and AVPR3. AVP
receptors are expressed on CRH-producing PVN cells, and on neurons in the BNST, CeA, and
particular neurons in the Edinger-Westphal nucleus (Bali et al. 2014).

Inputs to AVP neurons in PVN and SON are heterogeneous. Generally, PVN and SON releasing
AVP neurons receive inputs from septal nuclei, AMY, arcuate and peri-ventricular THAL nuclei,
circumventricular organs, BNST, diagonal band of Broca, NRD, IPBN, AP, lateral tegmenal area, LC,
NTS, and others (Iovino et al. 2016). However, PVN AVP neurons received relatively broader and
denser inputs than did SON AVP neurons (Wei et al. 2021).

Outputs. The tracts from the HYP AVP-containing neurons innervate other areas of brain and
the spinal cord, enabling AVP to exert its actions locally in the brain and spinal cord. Smaller amounts
are also produced outside the HYP in many tissues. Thus, apart from its endocrine effect, AVP exerts
autocrine and paracrine effects (Mavani et al. 2015). Both magnocellular and parvocellular AVP and
OXT neurons project to extra-HYP sites including the AMY, and AVP neurons occur in the MeA of
rodents but not primates (Neugebauer et al. 2020).

7.6.3. Neurons Releasing Orexin (ORX)

ORXs are excitatory neuropeptides that include two substances derived from the same precursor
(ORXA and ORX B, also called hypocretins 1 and 2, respectively), which.are primarily synthesized
and secreted by the IHYP and pHYP. ORXs are not only involved in the regulation of feeding, the
sleep-wake cycle, energy metabolism, but are also closely associated with various physiological
functions, such as cardio-vascular control, reproduction, the modulation of pain transmission,
arousal, stress regulation, fear, anxiety, reward, addiction and cognition. ORX receptors and
projections are localized in wide regions like NAc, VT A, PAG, and spinal cord, which are involved

in pain modulation. ORXA activates both ORXA receptors (ORX1Rs) and ORXB receptors (ORX2Rs)
with approximately equal potency, while ORXB preferentially activates ORXBRs. The distribution of
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ORXARs and ORXBRs in the brain shows partially overlapping and partially distinct patterns (Han
et al. 2020; Jacobson et al. 2022; Kang et al. 2021; Rezaee ez al. 2018; Sartori and, Singewald 2019).

Inputs. ORX neurons are activated by nociceptive mechanical and heat stimuli. Inputs regulating
ORX neurons arise from ACh neurons in the BFB, GABAergic neurons in the POA, lateral septum,
BNST, AMY, many HYP regions, 5-HT raphé neurons, and PAG (Grafe and Bhatnagar 2018; Han et
al. 2020; Ma et al. 2018; Sartori and Singewald 2019).

Outputs. Although the number of HYP ORX neurons is limited, they project to many pain-
related brain regions, where they modulate pain, including the mPFC, CC, BFB, BNST, dorsal HIPP,
caudate nucleus, NAc, CeA, THAL (PVT), PVN, 1IHYP, histaminergic tubero-mamillary nucleus
(TMN), NA LC, 5-HT NRD, DA VTA, LDT, PPN, NTS, RVM, RF, and the spinal DH (Grafe and
Bhatnagar 2018; Han et al. 2020; Ma et al. 2018; Sartori and Singewald 2019). Some of these regions
contain only ORX1Rs and others only ORX2Rs (Han et al. 2020).

In mouse, rat, and human spinal cord, long descending axonal projections containing ORX
innervate all levels of the spinal cord from cervical to sacral segments. High densities of axonal
innervation are found in regions of the spinal cord related to modulation of sensation and pain,
notably in the marginal zone (lamina 1). Innervation of the intermedio-lateral column and lamina 10
as well as strong innervation of the caudal region of the sacral cord suggest that ORX may participate
in the regulation of both the sympathetic and parasympathetic parts of the ANS. In cultured rat spinal
cord neurons, digital-imaging with fura-2 detected a rise in intracellular Ca? in response to ORX,
indicating that spinal cord neurons express ORX-responsive receptors. A greater number of cervical
cord neurons responded to ORX than OXT (Van den Pol 1999).

In male Wistar rats, the effects were investigated of intra-thecal administration of an ORX-1
receptor antagonist in spinal anti-nociception induced by intra-LH administration of carbachol
(cholinergic receptor agonist) in both early and late phases of pain-related behaviors. Pain-related
behaviors (pain scores) were evaluated using the formalin test during 5-min block intervals for a 60-
min period Intra-LH injection of carbachol attenuated the formalin-induced biphasic pain responses,
and intra-thecal administration of the ORX-1 receptor antagonist dose-dependently decreased IHYP
stimulation-induced anti-nociceptive responses during both phases. The anti-nociceptive role of ORX
system in the formalin test through a neural pathway from the LH to the spinal cord provides
evidence that ORXs can induce pain relief (Rezaee et al. 2018).

7.6.4. Neurons Releasing Hypothalamic Dopamine (DA) Neurons

DA is a multi-functional endogenous catecholamine found in many brain regions. DA acts via
five G-protein-coupled receptors, two of which activate (D1, D5) and three of which (D2, D3, D4)
reduce cAMP. The midbrain DA complex comprises the SNc, VTA and RRF, which contain the A9,
A10 and A8 groups of nigro-striatal, meso-limbic and meso-cortical DA neurons, respectively. The
VTA is a complex group of DA neurons that are primarily regulated through glutamatergic
innervation, resulting in both short- and long-term changes in DA activity (Kelly and Fudge 2018).

The HYP hosts some DA All cell groups that are involved in descending pathways. The A1l
nucleus projects to both the brainstem and spinal cord, and their terminals are in the spinal DH and
around the preganglionic sympathetic neurons in the thoraco-lumbar spinal cord. Available data
favor the participation of the spinal DA system in pain modulation and autonomic and motor
responses. The excitation the DA A1l neurons inhibited orofacial neuropathic pain (Li et al. 2019;
Lindvall et al. 1983; Puopolo 2019).

Electrical stimulation of HYP DA All cells induced outward current and suppressed the
frequency and amplitude of EPSCs. Hence, this HYP DA descending pathway has an anti-nociceptive
effect via D2-like receptors on substantia-gelatinosa neurons (Taniguchi et al. 2011).

Inputs. In rodents, HYP A11 DA neurons receive inputs from cortical areas, including the CC,
IL and BNST, which are involved in the affective and emotional aspects of pain and the behavioral
responses to aversive or threatening stimuli, as well as from midbrain and brainstem nuclei involved
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in pain modulation, such as the PAG and the PBN. A1l DA neurons are predominantly driven by
sensory inputs, responding to tactile and visual sensory modalities (Puopolo 2019).

Outputs. Descending fibers from the A1l cell group terminate in both the spinal DH and VH
and form axo-dendritic synapses or terminate sparsely. DA can exert both anti-nociceptive and pro-
nociceptive effects, with activation of D2-like receptors mediating the anti-nociceptive effects, and
activation of D1-like receptors mediating the pro-nociceptive effects (Puopolo 2019). Electrical
stimulation of HYP DA A1l1 cells, which project to the spinal cord, induced outward current and
suppressed the frequency and amplitude of EPSCs. Hence, this HYP DA descending pathway has an
anti-nociceptive effect via D2-like receptors on substantia-gelatinosa neurons (Taniguchi et al. 2011).

Actions. An example of DA actions on spinal nociceptive reflexes is the following. In high spinal
cats, noxious radiant heat induced reflex facilitation, with an early component being mediated by
group III fibers and a late component by group IV fibers. After injection of L-DOPA, the onset of
reflex facilitation induced by noxious radiant heat was delayed by 4 to 10 s, i.e. the early component
was blocked, while the late component persisted. Presumably, therefore, DA preferentially blocks
the transmission in nociceptive reflex pathways from group IlI fibers (Schomburg et al. 2011b).

7.7. Midbrain Neurons Releasing Dopamine (DA)

Among the brainstem structures that are involved in endogenous pain modulation is the
midbrain SN plus VTA that produce DA.

There are four major DA pathways emerging from the brainstem are: (i) The meso-limbic
pathway from VTA to NAc; (ii) The meso-cortical pathway from VTA to PFC; (iii) The nigro-striatal
pathway from the SNc to the caudate nucleus; and (iv) The tubero-infundibular pathway from
tuberal HYP to pituitary gland. Four minor pathways are from VTA to AMY, HIPP, CC, and olfactory
bulb (Li et al. 2019).

Pain Modulation. The analgesic effects of DA receptors, particularly D1 and D2 receptors, are
different in different regions of the CNS, including the striatum, NAc, PAG and spinal cord. These
regions express a high density of DA receptors and thus are well suited for pain modulation by DA.
D2-like receptors may exert a higher analgesic potency, but D1-like receptors act in different manners
across several mechanisms in the mentioned regions. In the spinal cord and striatum, anti-nociception
of DA is mainly mediated by D2-like receptors, while in the NAc and PAG, both D1- and D2-like
receptors are involved as analgesic targets. D2-like receptor agonists can act as adjuvants of p-opioid
receptor agonists to potentiate analgesic effects and provide a better approach to pain relief (Wang et
al. 2021).

7.8. Brainstem Noradrenergic (NA) Cell Groups

7.8.1. Locus Coeruleus (LC)

Other brainstem regions are able to significantly modulate incoming peripheral nociceptive
signals. One source are brainstem NA neurons. The LC and A5 NA cell groups project to the DReN.
The increased activation of NA LC and A5 neurons in traumatic neuropathic models leads to
increased release of NA into DReN, which was proposed to enhance descending facilitation of
nociceptive transmission from that medullary area (Tavares et al. 2021). The LC release of NA can
have both inhibitory and facilitating effects on neurotransmission throughout the CNS via the
activation of ot and a2 adrenoreceptors (Mills et al. 2021).

Functional LC Heterogeneity. LC neurons appear to be a functionally heterogeneous. In part,
LC projections are segregated into distinct output channels and have the potential for differential
release and actions of NA on its projection targets, thereby enabling differentiated modulation of
diverse behaviors and cognitive functions (Kuner and Kuner 2021; Waterhouse et al. 2022).

Ascending Nordrenergic Pain Modulation. Brainstem NA neurons are widely distributed and
influence nociceptive responses in supraspinal structures, including the PAG, RVM, mesencephalic
LRN, HYP, THAL, AMY, striatum of the BG, and the cerebral cortex. The effects can be facilitatory or
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inhibitory, depending on the site of release and sub-type of adrenoceptor, the duration of the pain
and pathophysiological conditions (De Felice and Ossipov 2016; Pertovaara 2006, 2013).

Descending Outputs. Descending NA projections to the spinal DH and spV arise from groups
A5, A6 and A7 (Kolliker-Fuse) pontine NA nuclei, and these regions communicate with the RVM and
PAG (Ossipov et al. 2014). Descending projections target the spinal DH and mainly, but not
exclusively, inhibit nociceptive transmission. For spinally projecting neurons, an anti-nociceptive role
has been suggested for cells in the ventral LC and a pro-nociceptive role for NA neurons of the dorsal
LC (Kuner and Kuner 2021; Waterhouse et al. 2022). The LC NA system has a dual role in descending
pain control. First, it exerts anti-nociception due to its direct inhibitory action on the spinal cord. Second,
the LC NA system may induce pro-nociception by directly acting on brainstem pain modulatory
circuits, namely, at the LC and medullary DReN (Tavares et al. 2021; Figure 3).

7.8.2. Noradrenergic (NA) A Cell Groups

NA A5-A7 Cell Groups. A5/A7 NA and B2 5-HT cell groups form descending pathways and
project to the DH. Acute nociceptive stimuli rapidly increased the activities of A5/A7 NA or B2 5-HT
neurons but the non-noxious stimuli did not (Moriya et al. 2022). The pontine NA cell groups, A5, A6
(LC), and A7, provide the only NA innervation of the spinal cord. The A6 group (LC) provides the
densest innervation at all spinal levels, and includes all parts of the spinal gray matter, but it is
particularly dense in the DH. The A7 group provides the next most dense innervation, again
including all parts of the spinal cord, but it is denser in the VH. The A5 group supplies only sparse
innervation to the DH and VH and to the cervical and lumbo-sacral levels, but provides the densest
innervation to the thoracic intermedio-lateral cell column, and in particular to the sympathetic
preganglionic neurons. The observed pattern of spinal projections may suggest that the LC might
have the greatest effect on somatosensory transmission, the A7 group on motor function, and the A5
group on sympathetic function (Bruinstroop et al. 2012). NA A5-A7 groups projecting to the DH

possibly exert pain transmission control (Dostrosky 2000; Gamal-Eltrabily et al. 2018; Kwiat and

Basbaum 1992; Pertovaara 2006, 2013). In the rat, the pontine NA A5 cells, which project to the DH,
are reciprocally connected with the CVLM in the rat (Tavares et al. 1997). The PAG projects to A7 and
LC, which connect reciprocally with RVM (De Felice and Ossipov 2016).

A5/A7 NA and B2 5-HT cell groups form descending pathways and project to the DH. Acute
nociceptive stimuli rapidly increased the activities of A5/A7 NA or B2 5-HT neurons but the non-
noxious stimuli did not (Moriya et al. 2022).

A7 Cell Group. Electrical IHYP stimulation produced anti-nociception partially blocked by intra-
thecal a-adrenergic antagonists. SP-immuno-reactive neurons in the IHYP project near the NA A7
cell group, which effects anti-nociception in the DH. The cholinergic agonist carbachol, micro-injected
into the IHYP, significantly increased response latencies of tail-flick and nociceptive foot-withdrawal
latencies. However, two sequential doses of yohimbine blocked IHYP-induced anti-nociception on
both tests. In contrast, two sequential doses of WB4101 increased nociceptive responses on both the
tail-flick and foot-withdrawal tests. This suggests that neurons in the IHYP activate spinally
projecting methionine enkephalin neurons, as well as two populations of A7 NA neurons that exert
a bi-directional effect on nociception. One of these populations increases nociception through the
action of au-adrenoceptors and the other inhibits nociception through the action of az-adrenoceptors
in the spinal DH (Holden and Naleway 2001).

7.9. Peri-Aqueductal Gray (PAG)

The PAG plays an important role in conveying the modulatory influences from higher brain
regions involved in aspects of pain responses such as cognition and emotion, including the PFC and
IC, and the AMY. The PAG collects the modulatory influences from these areas and uses the RVM as
a relay to indirectly target the spinal cord (Martins and Tavares 2017). Thus, the PAG and RVM take
a central position, complemented by further systems. In general, activation of all vIPAG neurons by
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delivery of glutamate or any agonist of ionotropic glutamate receptors results in an elevation of
sensory thresholds and/or reduced responses to noxious input. By contrast, injection of GABA and
GABA agonists into the vIPAG enhances behavioral response to noxious input, suggesting that
pharmacological manipulations that increase PAG excitation facilitate anti-nociceptive behaviors
(Nguyen et al. 2023).

Inputs. The PFC-AMY-dorsal PAG-pathway may mediate fear-conditioned analgesia, i.e., a
reduction in pain response upon re-exposure to a context, previously paired with an aversive
stimulus. The mPFC-PAG projection also plays a role in modulation of autonomic responses to pain.
In addition, the PAG receives inputs from the BNST, the midbrain RRF and VTA. fMRI has shown
that the vIPAG is functionally connected to brain regions associated with descending pain
modulation including the ACC, upper pons/medulla (Bouchet and Ingram 2020; Ong et al. 2019;
Ossipov et al. 2014; Vazquez-Ledn et al. 2021; Yetnikoff et al. 2014). As mentioned above, there
appears to an important PFC-AMY-dPAG pathway, which may mediate fear-conditioned analgesia,
i.e., a reduction in pain response upon re-exposure to a context, previously paired with an aversive
stimulus. The mPFC-PAG projection also plays a role in modulation of autonomic responses to pain
(Ong et al. 2019).

Outputs.The PAG and RVM are the twin core of descending pain control. The pain modulation
results from descending onnections from the PAG to the RVL, NRM and other brainstem structures
which send glutamatergic, GABAergic, 5-HT and ENK projections to the spinal cord (Lamotte et al.
2021). Via the RVM, the PAG exerts both anti- and pro-nociceptive influences on nociceptive signal
tramission in the DH or spV. The endogenous pain-modulation structures are strongly
interconnected, e.g., LC and SRD, which also send direct projections to the DH and spV modulate
nociception (Mills et al. 2021). Under normal conditions, PAG output neurons to the RVM are
inhibited by GABA. Removal of this inhibition resulted in activation of the descending pain
modulatory circuit and analgesia. The assumption is that this disinhibition promotes excitatory
neurotransmission from the PAG to RVM. Opioid-triggered analgesia was mediated by projections
from the vIPAG to RVM, while non-opioid-triggered analgesia was elicited by projections of the
IPAG and dIPAG to RVM (Peng et al. 2023). However, opioid receptors are expressed on both
GABAergic and glutamatergic terminals in the PAG and both cell populations project to RVM. Thus,
PAG to RVM connections are more complicated than simply eliciting disinhibition of excitatory
descending projections and probably reflect the existence of parallel circuits that contribute to the bi-
directional control of pain mediated by the RVM (Bouchet and Ingram 2020). The PAG has indirect
routes to DH via the LC and NRM (Willis and Westlund 1997).

Pain Modulation. The PAG exerts its pain-modulatory effects in part via descending NA
pathways, which originate in cell groups A5-A7, A5 and A6 in the LC and pontine A7. The PAG
projects to A7 and LC, which connect reciprocally with RVM. LC also receives inputs from RVM,
AMY, THAL nuclei and IC (De Felice and Ossipov 2016). LC NA neurons are important for
supraspinal opioid anti-nociception, which is primarily driven by excitatory output from the vIPAG
to the LC. The suppression of opioid-sensitive inhibitory input from the RVM disinhibits LC neurons
to drive spinal NA anti-nociception (Lubejko et al. 2024). In the VIPAG, ORX release from incoming
HYP projections may contribute to stress-induced analgesia (SIA) (Brodal 2017; Butler and Finn 2009;
Kuner and Kuner 2021).

Selectivity. PAG control of spinal DH responses is highly selective for noxious inputs. Selective
suppression of nociception would allow an organism to respond in an appropriate manner to a life-
threatening situation without the distraction or counter-productive motor responses that might be
evoked by noxious input. There are also clear differences in the descending control of group IV fiber-
versus group III fiber-mediated spinal nociception from the PAG. Group IV fiber-evoked activity is
powerfully suppressed, whereas IlI-fiber nociception is unaffected or even enhanced. Such
differential control is of considerable behavioral significance given the central role of the PAG in
coordinating survival strategies (Heinricher et al. 2009).
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7.10. Nuclei in the Reticular Formation (RF)

The RF contains areas that are involved in bi-directional pain control. Among them are specific
neuronal populations involved in anti-nociceptive or pro-nociceptive behavioral responses, namely
the RVM, VLM, and DReN.

Inputs/Outputs. The PAG especially, but also the RVM, VLM, and DReN receive important
direct and indirect inputs from limbic forebrain areas, including the mPFC, ACC, AMY, DMH
(Heinricher et al. 2009). The mentioned structures target the spinal DH. The RVM receives nociceptive
signals via a direct connection from the PBN, these signals also being conveyed to the RVM pain-
modulating neurons under basal conditions. Additional inputs from PBN have the capacity to
activate both classes of RVM pain-modulating neurons (below) (Chen et al. 2017).

Activation of the PBN projection to the PAG also produced analgesia. PBN links ascending pain-
transmission pathways with descending pain-modulation pathways, including the PAG-RVM circuit
that has been implicated in both analgesia (including opioid analgesia) and hyperalgesia and
persistent pain states. By contrast, the IPBN output to the RVM exerts a net pro-nociceptive effect,
which is most pronounced in persistent pain states (Chiang et al. 2020).

Brainstem Prodynorphin (Pdyn)-expressing LJA5 Neurons. In the mouse, there is a population
of inhibitory prodynorphin-expressing neurons named LJA5 (located in lateral pons, juxta A5). LJA5
neurons receive inputs from sensory and stress areas such as S1 and IC, POA, PVN, DMH and IHYP,
PAG, and IPBN. The projections of the Pdyn-expressing LJA5 neurons had terminal fields, which
were densest in the IPAG and vIPAG, IPBN, caudal pressor area, and lamina I of the spV and all
levels of the spinal cord. LJA5 neurons send the only known inhibitory descending projection
specifically to spinal lamina I. This pattern of inputs and outputs suggests that LJA5 neurons are well
positioned to be activated by sensation and stress, and in turn, inhibit pain and itch (Agostinelli et al.
2021).

7.10.1. Rostral Ventro-Medial Medulla (RVM)

The RVM comprises the midline located NRM and the adjacent reticular formation at the level
of the facial nucleus and ventral to the gigantocellular reticular nucleus. The ascending projections
from the spinal cord to the RVM are very scarce. By contrast, the descending projection from the RVM
to the spinal cord is strong and targets almost all spinal segments, reaching mainly the DH laminae I-
V, but also lamina X (Martins and Tavares 2017; Pagliusi and Gomes 2023).

Connections. The RVM has connections with most pain-related structures, providing a
mechanism through which cortical and sub-cortical structures influence pain perception and
processing of nociceptive inputs at the DH level. The RVM connectivity underlies the placebo
analgesia, which shows the relevance of the RVM in pain control, as it can impact both sensorial-
discriminative and affective-motivational aspects of pain. Projections from the ACC to the RVM are
supposed to enhance the descending facilitation of pain. In addition, the over-activation of ACC-RVM
projections is thought to be involved in pain chronification. The RVM can be considered the output of
the midline pain-modulation system. It is an important node of the descending system that functions
as an endogenous pain control being recruited following painful stimuli perception alongside many
other brain regions, including S1 and S2, ACC, PFC, IC, AMY, NAc, VTA, and PAG. The RVM
connectivity also underlies the placebo analgesia, which can impact both sensorial-discriminative and
affective-motivational aspects of pain (Pagliusi and Gomes 2023).

The RVM has been implicated as an important brain region in the switch from acute to chronic
pain. Pain chronification may result from an imbalance between the facilitatory and inhibitory roles of
the RVM in controlling nociceptive input. It has been proposed that the basal sensorial processing
threshold is maintained by a fine balance between the descending pain facilitatory and inhibitory
systems, which can be disturbed by illness, lesions, inflammation, or even exposure to psychological
stressors (Pagliusi and Gomes 2023).

Inhibitory control from the PAG-RVM system preferentially suppresses nociceptive inputs
mediated by group IV (C) fibers, preserving sensory-discriminative information conveyed by more
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rapidly conducting group A fibers. The circuitry within the RVM provides the neuronal basis for bi-
directional control from the midline system, containing two populations of neurons: ON-cells and
OFF-cells, which are differentially recruited by higher structures important in psychological stress,
fear, and illness, to enhance or inhibit pain (Figure 3). OFF-neurons are involved in pain inhibition
and their electrophysiological responses pause when the animal exhibits a nocifensive behavior. By
contrast, ON-neurons facilitate nociceptive signal transmission as their electrophysiological activity
increases just prior to the appearance of a nociceptive withdrawal reflex. Besides the ON- and OFF-
cells, the RVM harbors NEUTRAL neurons, which exhibit an electrophysiological activity that is not
related to identify animal behavior (Heinricher et al. 2009; Martins and Tavares 2017). Electrical
stimulation within the RVM can produce biphasic effects. Stimulation at relatively high current
intensities can inhibit DH neurons, whereas RVM stimulation at lower intensities can facilitate DH
neuron. Within both the PAG and RVM, scattered cell populations have distinct nociception-
modulating properties (Mills et al. 2021). Inhibitory and facilitatory RVM influences appear to involve
anatomically distinct, independent spinal pathways and are mediated by different lumbar spinal
receptors. Spinal nociceptive inhibition is mediated via descending projections from the RVM in the
dorso-lateral funiculi, whereas nociceptive facilitation is transmitted via the ventro-lateral funiculi
(Bannister and Dickenson 2016; Urban and Gebhart 1999). When stimulated endogenously or
exogenously (e.g., through chemogenetics), the PAG-to-RVM projections exert analgesia by facilitating
the descending pain inhibition. Conversely, projections from the ACC to the RVM enhance the
descending facilitation of pain. The over-activation of ACC-to-RVM projections is considered to be
involved in pain chronification (Pagliusi and Gomes 2023).

Dynamic shifts in the balance between pain inhibiting and facilitating RVM effects contribute to
setting the gain of nociceptive processing as dictated by behavioral priorities, but are also likely to
contribute to pathological pain states (Heinricher et al. 2009; Martins and Tavares 2017).

Cell Types. The circuitry within the RVM revealed that the neural basis for bi-directional control
from the midline system is two populations of neurons, ON-cells and OFF-cells that are differentially
recruited by higher structures to enhance or inhibit pain. ON- cells exhibit increased discharge during
noxious stimulation, are inhibited by morphine, and have been proposed to facilitate nociceptive
responses. By contrast, OFF-cells exhibit decreased discharge during noxious stimulation, are excited
by morphine, and are considered to inhibit nociceptive responses. A third neuron group, NEUTRAL
cells, are unaffected by noxious cutaneous stimuli or by exogenous opioids. While their role in
nociception is unclear, they are generally thought to be largely 5-HT and are believed to participate
in autonomic and homeostatic functions. Inhibitory control from the PAG-RVM system preferentially
suppresses nociceptive inputs mediated by group IV (C)-fibers, preserving sensory-discriminative
information conveyed by more rapidly conducting group III (Ad)-fibers. Dynamic shifts in the
balance between pain inhibiting and facilitating outflows from the brainstem play a role in setting
the gain of nociceptive processing as dictated by behavioral priorities, but are also likely to contribute
to pathological pain states (Heinricher et al. 2009; Nguyen et al. 2023; Peng et al. 2023).

RVM 5-HT Cells. 5-HT cells could inhibit or facilitate nociception due to the existence of many
sub-types of 5-HT receptors with opposing effects (De Felice and Ossipov 2016). Selective activation
of 5-HT cells in mice induced persistent pain sensitization (Cai et al. 2014). Hence, the facilitatory
effects appear to predominate over inhibition (Bannister and Dickenson 2016).

RVM 5-HT neurons receive direct excitatory inputs from the S1. Moreover, nociceptive neurons
located in spinal laminae V-VIII project back to the NRM, but not the NRD, thus establishing a spino-
NRM-spinal loop for regulating the strength of nociceptive processing (Cortes-Altamirano et al. 2018;
Kuner and Kuner 2021).

RVM Non-5-HT Cells. In the rat, the RVM contains three classes of non-5-HT neurons with
phasic pain-modulating effects: NEUTRAL cells, OFF and ON cells, at least some of which project to
the spinal cord, especially to the DH (De Felice and Ossipov 2016; Foo and Mason 2003a; Heinricher
et al. 2009; Mason 2001; Porreca et al. 2002; Wu et al. 2010). In rats, about 20% of the RVM cells
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projecting to the spinal cord are 5-HT. The rest probably comprises GABAergic and/or glycinergic
cells, which inhibit nociceptive processing in the DH (De Felice and Ossipov 2016).

NEUTRAL Cells do not react during nocifensive withdrawals or acute inflammation nor to
micro-injections of opioids, eCBs, a2-NA agonists or CCK. At least some NEUTRAL cells are 5-HT
(Heinricher et al. 2009). NEUTRAL cells are believed to participate in responses to prolonged
inflammatory nociceptive stimulation (Wu et al. 2010). Their role in descending pain control is still
unclear, but they may change their activity and be recruited as ON- or OFF-cells during pain
chronification (Pagliusi and Gomes 2023).

OFF-cells are continuously active during slow-wave sleep (SWS) and only sporadically during
waking. They are inhibited by noxious heat, excited by PAG activation and by analgesic doses of
opioids which make them become continuously active. OFF-cells provide for the anti-nociceptive
effects on nociceptive signal transmission in the spinal DH (Heinricher et al. 2009; Pagliusi and Gomes
2023).

ON-cells are active just prior to a noxious heat-evoked tail flick or withdrawal reflex, excited by
noxious heat anywhere on the body surface, inhibited by PAG activation and opioids, and show
bursts of activity during waking but very little activity during SWS. Injury or inflammation enhance
ON-cell activity (Ossipov et al. 2014). ON cells mediate facilitatory effects on nociceptive signal
transmission in the spinal DH (Heinricher et al. 2009; Pagliusi and Gomes 2023).

The evidence above implies that because ON-cells are most active during waking, and OFF-cells
more active during SWS, the former facilitate alertness and awareness of a painful stimulus during
the waking state, while the latter suppresses during sleep. These behaviors change during
inflammation and following nerve injury. For instance, in neuropathic pain models, ON and OFF
cells show novel responses to non-noxious mechanical stimuli and enhanced responses to noxious
heat (Heinricher et al. 2009).

DMH stimulation induced robust activation of RVM ON-cells along with suppression of OFF-cell
firing, leading to behavioral hyperalgesia, in contrast to other data showing that HYP stimulation
produced analgesia that could be inhibited by systemic naloxone. Hyperalgesia induced by DMH
stimulation recruited ON-cells under mild and persistent stress, a response known as SIH. However,
micro-injection of lidocaine into the RVM potentiated HYP-mediated analgesia, as evidenced by the
increase in the pain threshold and inhibition of the tail-flick reflex. Collectively, this confirms that the
HYP projects directly to the RVM and influences the activities of ON-and OFF-cells, thus exerting bi-
directional pain modulation (Peng et al. 2023).

In rats, the modulatory effects of electrical and chemical (glutamate) stimulation in the RVM on
spinal nociceptive transmission and a spinal nociceptive reflex were studied. Electrical stimulation at a
total 86 sites in the RVM in the medial raphé nuclei (n = 54) and adjacent gigantocellular areas (n = 32)
produced biphasic (facilitatory and inhibitory, n = 43) or only inhibitory (n =43) modulation of the tail-
flick reflex (TFR). At these 43 biphasic sites in the RVM, facilitation of the TFR was produced at low
intensities of stimulation and inhibition was produced at greater intensities of stimulation. At 43 sites
in the RVM, electrical stimulation only produced intensity-dependent inhibition of the TFR. Activation
of cell bodies in the RVM by glutamate micro-injection reproduced the biphasic modulatory effects of
electrical stimulation. In electrophysiological experiments, electrical stimulation at 62 sites in the RVM
produced biphasic (n =26), only inhibitory (n = 26), or only facilitatory (n =10) modulation of responses
of lumbar DH neurons to noxious cutaneous thermal (50 degrees C) or mechanical (75.9 g) stimulation.
Facilitatory effects were produced at lesser intensities of stimulation and inhibitory effects were
produced at greater intensities of stimulation. The spinal pathways conveying descending facilitatory
and inhibitory influences were different. Descending facilitatory influences on the TFR were conveyed
in ventral/ventro-lateral funiculi, whereas inhibitory influences were conveyed in dorso-lateral funiculi.
This indicates that descending inhibitory and facilitatory influences can be simultaneously engaged
throughout the RVM, including NRM, and that such influences are conveyed in different spinal funiculi
(Zhuo and Gebhart 1997).
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GABAergic RVM-DH Pathway. There appear to be more descending pain-modulating patways.
In vivo opto/chemogenetic manipulations and trans-synaptic tracing of genetically identified RVM
and DH neurons revealed an RVM-spinal cord-primary afferent circuit controlling pain thresholds.
RVM GABAergic neurons facilitated mechanical pain by inhibiting DH ENK/GABAergic
interneurons. These interneurons gated sensory inputs and controlled pain through temporally
coordinated ENK- and GABA-mediated PSI of somatosensory neurons. This descending disynaptic
inhibitory circuit facilitated mechanical pain, and is engaged during stress (Francois et al. 2017).

DMH-RVM Connection. While intense or highly arousing stressors suppress pain, relatively mild
or chronic stress can enhance pain, causing stress-induced hyperalgesia (SIH). The physiological and
neuroendocrine effects of mild stress are mediated by the DMH, which has connections with the RVM.
Stress could engage both the DMH and the RVM to produce hyperalgesia. In awake animals, direct
pharmacological activation of the DMH increased the sensitivity to mechanical stimulation, confirming
that the DMH can mediate behavioral hyperalgesia. A behavioral model of mild stress also produced
mechanical hyperalgesia, which was blocked by inactivation of either the DMH or the RVM. The DMH
has a role in stress, but may also be engaged in a number of chronic or abnormal pain states (Wagner
etal. 2013).

However, the DMH may also exert anti-nociceptive effects via endomorphin-2 and CCK
containing projections. After micro-injection of Fluoro-Gold (FG) into the RVM, retrogradely labeled
neurons occurred in the HYP, the majority of which were present in the IHYP and DMH. DMH
stimulation directly induced robust activation of ON-cells along with suppression of OFF-cell firing,
leading to behavioral hyperalgesia, in contrast to other data showing that HYP stimulation produced
analgesia that could be inhibited by systemic naloxone. Hyperalgesia induced by DMH stimulation
recruited ON-cells under mild and persistent stress, a response known as SIH. However, micro-
injection of lidocaine into the RVM potentiated HYP-mediated analgesia, as evidenced by the increase
in the pain threshold and inhibition of the tail-flick reflex (TFR). Collectively, this confirms that the HYP
projects directly to the RVM and influences the activities of ON-and OFF-cells, thus exerting bi-
directional pain modulation (Peng et al. 2023).

7.10.2. Caudal Ventro-Lateral Medulla (CVLM)

In addition to the PAG-RVM system, the CVLM and DReN have also been implicated in
descending control of DH nociceptive processing. Pain control from the VLM is elicited from the
CVLM (below), which is one important component of the endogenous pain modulatory system (Cobos
et al. 2003).

CVLM Actions. The CVLM has a role as a center for the integration of nociceptive, cardio-vascular,
and motor functions. It integrates ‘top-down” and ‘bottom-up’ signals that regulate functionally
defined RVM cell types, "OFF cells” and "ON cells” which respectively suppress of facilitate nociceptive
processing (De Preter and Heinricher 2024). The CVLM modulates pain responses, autonomic functions
and somatic and visceral motor activity. The CVLM exerts vaso-depression and contains the A1 NA
group. The lateral-most part of the CVLM (CVLMlIat) is the CVLM area responsible for pain modulation
(Cobos et al. 2003).

CVLM Stimulation strongly inhibits behavioral and DH nociceptive responses, whereas lesions
result in apparent disinhibition. This suggests that the CVLM exerts a tonic inhibitory control of DH
nociception. Nevertheless, like the CRVM, the CVLM may exert a facilitatory influence, as neurons with
features of ON- and OFF-cells have been identified in this region. Acute inflammation induced by intra-
articular injection of a solution of PGE2 and bradykinin induced a strong activation both at the CVLM
and the spinal cord. This suggests that at the initial phases of inflammation, descending inhibition from
the CVLM fails to inhibit the strong nociceptive transmission arising from the spinal cord (Heinricher
et al. 2009). Mild stimulation of the CVLM can produce profound and long-lasting analgesia. The
CVLMIat, the reticular formation between the spinal trigeminal nucleus and the LRN, appears to play
a major role in the anti-nociceptive effect. The projections to spinal laminae involved in nociceptive
transmission originate exclusively in the CVLMlat. The CVLMlIat participates in a disynaptic pathway
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involving spinally projecting pontine NA A5 neurons, which appears to convey oe-adrenoreceptor-
mediated analgesia produced from the VLM. Neurons in the CVLMlat and in lamina I are reciprocally
connected by a closed loop that is likely to mediate feedback control of supraspinal nociceptive
transmission (Tavares and Lima 2002).

The descending CVLMlat-spinal pathway targets lamina I, IV-V and X. There is a reciprocal loop
between lamina I and the CVLMlat. Data suggest that the arrival of nociceptive einput from the spinal
cord triggers activation of CVLMlat neurons. Electrophysiological mapping of the VLM has shown that
it harbors inhibitory neurons (OFF-like neurons) along with excitatory cells (ON-like cells) which
indicates that the descending modulation from the VLM may include facilitatory modulation, along
with the well-established inhibitory effects (Martins and Tavares 2017).

CVLM-LC-5C Pathway. In mice, there is a small group of NA neurons in the CVLM, which were
robustly activated by noxious stimuli. When activated, these neurons triggered marked anti-
nociception to heat without affecting behavioral responses to all other sensory modalities. They could
ameliorate heat allodynia, and inhibition of CVLM neurons reduced counter-stimulus induced
analgesia. Mice in which CVLM neurons were inhibited or ablated exhibited increased sensitivity to
heat, suggesting that these neurons provide tonic inhibition in naive conditions. CVLM NA neurons
send projections to the LC, and.activation of NA CVLM neurons induced c-fos labeling of LC neurons.
The functional coupling between the NA CVLM and LC occurred specifically in ventral LC neurons,
consistent with the distribution of spinally projecting neurons in the LC. CVLM mediated anti-
nociception depended on NA signaling in the spinal cord. Upon activation, these neurons produced
bilateral feed-forward inhibition that attenuated nociceptive responses through a pathway involving
the LC and NA in the spinal cord (Gu et al. 2023).

CVLM-A5-DH Pathway. In the rat exists a disynaptic pathway linking the CVLM to the spinal
cord via the pontine NA A5 cell group. The A5 projects to the CVLM and the spinal DH. The CVLM
cells act upon the A5 spinally projecting neurons, which are likely to exert a oez-adrenoreceptor-
mediated inhibition on the spinal cord. The A5-CVLM pathway may be the anatomical substrate of a
negative feedback circuit whereby the modulatory action of the CVLM on the spinal cord is self-
inhibited through activation of the A5 (Tavares et al. 1997).

7.10.3. Dorsal Reticular Nucleus (DReN)

Adding DReN to the RVM and CVLM completes the network to a triad, the three components
being reciprocally connected in a way, which allows integration of responses that are related to pain,
namely cardio-vascular control and motor reactions. The triad RVM-CVLM-DReN also represents
the neurobiological substrate for the emotional and cognitive modulation of pain, through pathways
that involve the PAG-RVM connection. This triad may have special features to provide integrated
and rapid responses in situations that are life-threatening, in particular noxious stimuli. It probably
represents a phylogenetically conserved mechanism that subserves the classical ‘fight or flight’
response, activated by acute pain (Martins and Tavares 2017).

Inputs. The DReN receives afferent inputs from: (i) higher centers, namely the ACC, the motor,
somatosensory and insular cortices, the HYP and the AMY; and (ii) several brainstem areas, namely
the PAG, the LC, the A_ NA cell group along with the two components of the medullary triad (RVM

and VLM) (Martins and Tavares 2017). As mentioned above, the LC NA system has a dual role in
descending pain control. First, it exerts anti-nociception due to its direct inhibitory action on the spinal
cord. Second, the LC NA system may induce pro-nociception by directly acting on brainstem pain
modulatory circuits, namely, at the LC and medullary DReN (Tavares et al. 2021; Figure 3).

Outputs. Through its projections to the lateral ventro-medial THAL, the DReN participates in a
reticulo-THAL-cortical ascending nociceptive pathway. DReN neurons project to the superficial and
deep DH. The DReN neurons are reciprocally connected with spinal lamina I neurons forming a
reverberative nociceptive circuit (Martins and Tavares 2017).

Lesioning the medullary DReN depresses nociceptive responses to acute and inflammatory
pain, whereas stimulation produces the inverse effect. Following DReN lesioning, the decrease in
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formalin-induced pain behavior was accompanied by a decrease of spinal noxious-evoked c-fos
neuronal activation. DReN blocking by lidocaine resulted in a decrease of the nociceptive activity of
spinal DH neurons, while stimulation by glutamate had the opposite effect. A putative reciprocal
disynaptic excitatory circuit linking the DReN and the DH conveys nociceptive input through the
ascending branch, indicating that the DReN pain facilitating action is mediated by a reverberating
spino-DReN circuit that promotes the enhancement of the response capacity of spinal neurons to
noxious stimulation.The existence of a primary pro-nociceptive center in the descending pain control
system supports the concept of pain modulation as a dynamic and flexible process that integrates
nociceptive processing by balancing multiple excitatory and inhibitory actions as the way of adapting
to the various unsteady pain determinants (Lima and Almeida 2002).

Neuromodulators. Pain facilitation from the DReN is modulated by neurotransmitters such as
glutamate, opioid peptides, NA and GABA. Glutamate plays an important role in the pro-nociceptive
actions of the DReN during the formalin test since the blockade of AMPA/KA, NMDA and mGlul
glutamate receptors by the local administration of the respective antagonists significantly reduced
formalin-induced pain behavior, which was accompanied by a reduction of c-Fos expression at both
the superficial and deep DH laminae. NA is also involved in the mediation of pro-nociception from
the DReN. The reduction of NA release in the DReN by genetic manipulation of DReN-NA afferents
significantly attenuated pain behavior in the formalin test while increasing local extracellular levels
of NA (Martins and Tavares 2017).

Precarious Network. The triad RVM-CVLM-DReN should be complemented by the DH, with
which exist strong connections. The operation of this extended, intricate, and non-linear network is
at risk of falling into instability. It must therefore be kept in a stable balance. Under unfavourable
conditions, it can easily tip into a pathological condition.

7.10.4. Dorsal Raphé Nucleus (DRN)

The DRN is an important nucleus in pain modulation and has been described as the “pain
inhibitory nucleus’ in the brain (Zhang et al. 2024). It is located in the ventro-medial part of the midbrain
PAG (Figs. 1, 3) and has a fan-shaped structure that is symmetrically distributed around the midline.
The DRN is involved in various functions, such as sleep—awake, feeding, and emotion, and analgesia.
It receives diverse projections from HYP, midbrain, and pons, and projects to diverse regions such as
cerebral cortex, limbic forebrain, THAL, and the midbrain. Its vast fiber connections provide a
morphological basis for its pain modulating function. In ascending projections, the DRN directly
modulates the responses of pain-sensitive neurons in the THAL. It can also be involved in analgesia
effects induced by the hypothalamic arcuate nucleus (HYP ARC). Its descending projections, directly
or via the NRM, modulate the responses caused by noxious stimulation of the spinal DH neurons.
Neurophysiologic and neuropharmacologic data suggest that 5-HT neurons and ENK neurons in the
DRN inhibit pain, and GABA neurons do the opposite. The activation of DRN neurons in mice prevents
the establishment of chronic neuropathic pain (CNP) symptoms. Chemogenetic or optogenetic
inhibition neurons in the DRN are sufficient to establish pain phenotypes, including long-lasting tactile
allodynia. The DRN contains various cell types, mainly including the most abundant 5-HT neurons, as
well as GABA neurons, DA neurons, glutamatergic neurons, and peptidergic neurons. The specific
neuron types in the DRN involved in pain modulation are still incompletely known (Wang and Nakai
1994; Zhang et al. 2024).

7.10.5. Sub-Nucleus Reticularis Dorsalis (SRD)

Some neurons in the DH are strongly inhibited when a nociceptive stimulus is applied to any
part of the body, distinct from their excitatory receptive fields. This phenomenon was termed “diffuse
noxious inhibitory control” (DNIC). DNIC influences can be triggered only by conditioning stimuli
which are nociceptive, i.e., by activity of group III or group III/IV afferents and is mediated by the
SRD in the dorsal medulla, which receives NA input from the LC, and is able to modulate nociceptive
transmission via direct projections to the DH/spV. DNIC is a powerful analgesic mechanism that can
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block transmission of nociceptive information by completely inhibiting WDR neurons in the spV and
deep DH. In human acute pain studies, the SRD was activated by noxious thermal stimuli, and
received signals from the PAG during and after noxious thermal stimulation (Bouhassira et al. 1990;
Mills et al. 2021; Villanueva and Le Bars 1995).
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7.10.6. Acupuncture Against Visceral Pain

During visceral pain, acupuncture can exert analgesic effects involving brain nuclei mainly
including the ACC, PVN, AMY, LC, RVM and NTS. Important connections involved are ACC-AMY,
AMY-IC, claustrum-ACC, PBN-AMY, BNST-PVN, PVN-ventral lateral septum, LC-RVM. Signals
generated by acupuncture can modulate the central structures and interconnected neural circuits of
multiple brain regions, including the cerebral cortex, THAL, HYP and medulla oblongata. This
analgesic process also involves the participation of various neurotransmitters/neuromodulators
and/or receptors, such as 5-HT, ENK, and glutamate (Dou et al. 2023).

7.11. Cerebellum

The cerebellum has a role in pain processing and/or modulation, possibly due to its extensive
connections with the PFC and brainstem regions involved in descending pain control (Ong et al.
2019).

In rats, electrical stimulation of the cerebellar lateral nucleus modulated the encoding of noxious
stimuli in intra-laminar parafasicular neurons in the THAL. In squirrel monkeys, electrical
stimulation of the intermediate portion of the anterior cerebellar lobe could raise nociceptive
thresholds to tail shock. In rats, morphine micro-injection into the anterior cerebellum entailed acute
analgesia, and electrical stimulation or chemical stimulation (by a non-specific glutamate receptor
agonist) of the cerebellar cortex increased neural responses to a noxious visceral stimulus in and
around the termination sites of nociceptive afferents in the spinal cord. Chemical stimulation of the
rat cerebellar cortex also increased visceral nociceptive reflexes, whereas such stimulation of the
fastigial nucleus decreased these reflexes. This may suggest that the cerebellum may engage the pain-
modulating circuitry in the brainstem, including the PAG and RVM (Moulton et al. 2010).

7.12. Nucleus Tractus Solitarii (NTS)

In anesthetized rats, electrical and chemical stimulation in the NTS affected the spinal
nociceptive transmission in laminae I-VI in the L3-L5 segments. The spinal neurons responded to
mechanical (low and/or high intensities) and thermal stimuli (42-52 degrees C). Electrical stimulation
in the NTS either ipsilateral or contralateral to the spinal unit inhibited neuronal responses to noxious
thermal stimuli. Stimulation in the area ventral to the NTS produced a greater inhibition of these
units than did NTS stimulation. Micro-injection of 50 nmol of glutamate into the NTS ipsilateral to
the spinal unit also inhibited neuronal responses to thermal stimuli in most units. Vagal afferent
stimulation had varied effects on spinal nociceptive transmission (Ren et al. 1990).

In anesthetized cats, DH neurons and lamina X neurons in the lumbar spinal cord were
extracellularly recorded. The nociceptive responses of these cells evoked by peripheral nerve
stimulation were significantly inhibited by stimulation of the NTS at low intensity without any
noticeable cardio-vascular reaction. Stronger inhibition was induced when the stimulation site was
within or in the immediate vicinity of the NTS. There was no significant difference in the efficacy of
the NTS stimulation-produced inhibition of nociceptive response between DH neurons and lamina
X neurons (Du and Zhou 1990).

7.13. Spinal Dorsal Horn (DH)

The DH is the location of the first synapse in pain pathways, and as such, offers a very efficient
target for the regulation of nociceptive transmission by both local segmental and supraspinal
mechanisms.

Anti-nociceptive and Pro-nociceptive Modulation of nociceptive DH neurons is exerted by
overlapping midbrain, pontine and medullary regions, the involved anatomical connections and
neurotransmitter actions being complex (De Felice and Ossipov 2016; D’Mello and Dickenson 2008;
Gebhart 2004; Heinricher et al. 2009; Jennings et al. 2014; Lima and Almeida 2002; Martins and
Tavares 2017; Mason 2001, 2005; Ren and Dubner 2007; Saadé and Jabbur 2008; Scholz and Woolf
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2002; Tracey and Mantyh 2007; Vanegas and Schaible 2004; Wu et al. 2010; Yoshimura and Furue
2006). Important descending influences are mediated by catecholamine pathways including
descending DA fibers from the HYP and SN, NA fibers from the LC, and 5-HT fibers from the RVM.
Moreover, higher structures can exert modzulating effects from various structures and mechanisms.

It is likely that an imbalance between anti-nociceptive and pro-nociceptive effects contributes to
chronic pain states (De Felice and Ossipov 2016; Martins and Tavares 2017). For example, while
signals decending from the RVM to DH are usually anti-nociceptive, they can be the opposite. By use
of in vivo opto- and hemogenetic manipulations and trans-synaptic tracing of genetically identified DH
and RVM neurons to uncover an RVM-spinal cord-primary afferent circuit controlling pain thresholds,
it was found that RVM GABAergic neurons facilitated mechanical pain by inhibiting DH
ENK/GABAergic interneurons, which gated sensory inputs and controlled pain through temporally
coordinated ENK- and GABA-mediated PSI of somatosensory neurons. This revealed a descending
disynaptic inhibitory pathway that facilitates mechanical pain, is engaged during stress, and could be
targeted to establish higher pain thresholds (Frangois et al. 2017).

Feedback Loops. The final descending pathways to the spinal cord are integrated into feedback
loops including sensory inputs targeting various supraspinal structures. For example, PAG cells and
some neurons in the RVM and VLM receive sensory inputs, including nociceptive signals, and cells
in the DReN are reciprocally connected with spinal DH (Heinricher et al. 2009).

Thus, the DH processes nociceptive signals by complex interactions between the DH neuronal
circuits and modulatory actions from higher brain centers whose activity can be influenced by
emotion, motivation, anxiety, and other cognitive states that can ultimately exacerbate or mitigate
the overall pain experience associated with specific noxious stimuli. Descending modulatory
pathways comprise, among others, NA, 5-HT, GABAergic, and DA fibers (Puopolo 2019).

Stress-induced Analgesia (SIA). The descending PAG-RVM system forms the circuitry that
underlies the physiological phenomenon of SIA, which is mediated by parallel opioid and
cannabinoid neurotransmitter systems in the PAG. Opioids and cannabinoids are hypothesized to
activate descending analgesia through an indirect process of ‘GABA disinhibition’-suppression of
inhibitory GABAergic inputs onto output neurons which constitute the descending analgesic
pathway (Lau and Vaughan 2014).

Adrenergic Receptors. The spinal DH is an important site for the relay and modulation of
nociceptive transmission by the «,-adrenergic receptors. Both the a,,- and a, -adrenergic receptors

are expressed in the DH and the DRG neurons. Capsaicin treatment in neonatal rats or resiniferatoxin
treatment in adult rats removed TRPV1-expressing sensory neurons and induced a large decrease in

the a, , -, but not the a,_-, adrenergic receptor immunoreactivity in the DH. This suggests that the a -

247
adrenergic receptor is located primarily on the central terminals of primary afferent neurons, while
the a, . subtype is located primarily on the DH neurons. Peripheral nerve injury decreased the -,

but not «, -, adrenergic receptor immunoreactivity in the rat spinal cord ipsilateral to the injury side

(Pan et al. 2008).

8. Clinical Syndromes

Acute pain is often associated with various clinical syndromes, typically resulting from tissue
injury, inflammation, or dysfunction of the nervous system. Some important clinical syndromes
related to acute pain include:

Post-operative Pain. It occurs after surgical procedures due to tissue trauma and inflammation.
The treatment include the use of NSAIDs, opioids, local anesthetics, and multi-modal pain
management approaches.

Acute Neuropathic Pain. It is often caused by nerve injury or irritation (e.g., herpes
zoster/shingles, radiculopathy), and is characterized by burning, tingling, or electric shock-like
sensations. The treatment includes the use of anticonvulsants (gabapentin, pregabalin), or anti-
depressants (duloxetine for instance), as well as nerve blocks.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.0743.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 May 2025 d0i:10.20944/preprints202505.0743.v1

73 of 98

Acute Musculoskeletal Pain is common in conditions like fractures, sprains, muscle strains, and
acute arthritis. The management includes rest, local cooling, compression, elevation, the use of
NSAIDs, and physical therapy.

Acute Visceral Pain occurs in internal organs, such as acute pancreatitis, renal colic (kidney
stones), myocardial infarction (heart attack), and bowel obstruction. It presents as deep, cramping, or
colicky pain. The management requires targeted treatment like opioids, anti-spasmodics, or disease-
specific interventions.

Headache Syndromes include tension-type headache, migraine, and cluster headache. Acute
treatment may involve the use of NSAIDs, triptans, corticosteroids, or other drugs, depending on the
headache type.

There is substantial evidence indicating that acute pain involves pathophysiologically
significant processes in both the PNS and the CNS. These processes contribute to pain development,
pain transmission, and pain processing.

Post-operative Pain. Surgical tissue trauma may lead to peripheral sensitization of nociceptors
via release of inflammatory mediators (e.g., prostaglandins, bradykinin, and cytokines) that activate
nociceptors (Ekman and Koman 2005; O’Neill and Lirk 2022). This lowers the activation threshold of
peripheral nerve endings, resulting in hyperalgesia and allodynia. Tissue trauma leads to a release
of neuropeptides like SP, which further enhance inflammation and pain signaling (D’Amico et al.
2025). Persistent afferent input from surgical wounds triggers wind-up and long-term potentiation
(LTP) in the spinal DH (Smith et al. 2024; Wen et al. 2024). Important mechanisms include NMDA
receptor activation and decrease of activity of spinal inhibitory interneurons, both leading to
increased excitability of spinal neurons, as well as glial-cell activation (particularly microglia, and
astrocytes) which release pro-inflammatory cytokines such as TNF-a, IL-1p, and IL-6, further
amplifying pain signals. Supraspinal processing may also change (Jiang et al. 2020). In post-operative
pain, descending modulatory system involving PAG and RVM may become dysregulated, leading
to prolonged pain perception. Understanding these mechanisms supports the use of multi-modal
analgesia to target different pain pathways (O'Neill and Lirk 2022), including: NSAIDs (reduce
peripheral inflammation), opioids (modulate pain at spinal and supraspinal levels)) NMDA
antagonists like ketamine (prevent central sensitization), and gabapentinoids (reduce
hyperexcitability in spinal neurons). Vegetative symptoms include: Tachycardia, hypertension and
sweating (diaphoresis) due to activation of the sympathetic nervous system (SNS); Nausea and
Vomiting caused by activation of the area postrema (chemoreceptor trigger zone) and vagal afferents.

Acute Neuropathic Pain may also involve significant pathophysiological changes in pain-related
structural areas within the PNS and the CNS. Acute neuropathic pain often arises from nerve injury
or irritation, leading to abnormal excitability of primary afferent neurons. The pathophysiological
mechanisms in the PNS lead to ectopic activity and peripheral sensitization (Michaelis et al. 1998).
Spontaneous ectopic discharges of damaged or irritated sensory neurons lead to abnormal
hyperexcitability of peripheral nerves, causing spontaneous pain (e.g., burning, tingling, or electric
shock-like sensations). Up-regulation of Na* channel (increased expression of Nav1.7, Nav1.8, and
Nav1.9), and down-regulation of K* channel (K7 (KCNQ) channels) contribute to neuronal
hyperexcitability and sustained firing (Qian et al. 2024; Reid et al. 2022). Neurogenic inflammation
by release of cytokines (TNF-a, IL-1p3, IL-6), as well as by activation of immune cells (mast cells,
macrophages among others) enhances nerve sensitization and pain transmission in the PNS. In the
spinal cord, particularly in laminae L, II, and V of DH, NMDA receptor activation, wind-up of activity
(e.g., by repeated group IV-fiber stimulation), microglial and astrocyte activation (e.g., by BDNF up-
regulation), and disinhibition (loss of GABAergic and glycinergic inhibition) contribute to central
sensitization (Kim et al. 2013). Dysfunction in descending pain modulation from PAG and RVM may
lead to a dysbalance between pain inhibition via endogenous opioids and pain facilitation
(Monhemius et al. 2001). This dysfunction entails exaggerated pain perception. Treatment strategies
often target Na* channels in the PNS (e.g., application of carbamazepine), as well as Ca?* channels
(application of gabapentinoids) and some transmitters like 5-HT and NA [Serotonin-Noradrenaline
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Reuptake Inhibitors (SNRIs) like duloxetine, and venlafaxine] in the CNS. Vegetative symptoms
include: Hypothermia/Hyperthermia by dysregulated autonomic vasomotor function due to SNS
hyperactivity or failure, respectively; hyperhidrosis or anhidrosis due to imbalance in SNS control of
sweat glands.

Acute Musculoskeletal Pain arises from injury, inflammation, or mechanical stress affecting
muscles, joints, tendons, ligaments, and bones. Mechanical, thermal, and chemical stimuli activate
nociceptors via ion channels (Gregory et al. 2018; Savadipour et al. 2023; Wang et al. 2017) like TRPV1
(heat), ASICs (acidosis), and PIEZO2 (mechanical pressure). Comparable with acute neuropathic
pain, inflammatory processes, induced by release of SP, CGRP, and other mediators (cytokines,
prostaglandins and bradykinin), lower nociceptor activation thresholds, leading to peripheral
sensitization (Hoegh 2022; Puntillo et al. 2021). Muscle and joint-specific pain mechanisms involve:
increased lactate, acidosis, and ATP release (e.g., through muscle ischemia/hypoxia); activation of
nociceptors in the synovium and joint capsule (e.g., through cartilage degradation and synovial
inflammation); activation of periostal nociceptors, which contribute to severe pain in bone fractures.
Similar pathophysiological processes in the spinal cord and brain as mentioned above in relation to
acute neuropathic pain may also lead to central sensitization in acute musculo-skletal pain (Curatolo
2023). Treatment strategies include the application of NSAIDs, local anesthetics (e.g. lidocaine), and
muscle relaxants (e.g. tizanidine, and methocarbamol) as well as physical therapy and
neuromodulation techniques (e.g., transcutaneous electrical nerve stimulation — TENS). Vegetative
symptoms include: Localized vasodilation and edema caused by increased vascular permeability;
Pallor or flushing indicative of SNS dysregulation affecting cutaneous blood flow.

Acute Headache Syndromes often arise from activation and sensitization of the trigemino-
vascular system, which consists of the trigeminal nerve, trigeminal ganglion, and meningeal blood
vessels. The dura mater and large cranial blood vessels are innervated by trigeminal group III (Ad)
and group IV (C) fibers, which release CGRP, SP, and neurokinin A when activated (Edvinsson 2001).
In trigeminal autonomic cephalalgias (e.g., cluster headaches, and paroxysmal hemicrania),
activation of cranial autonomic pathways, particularly increased parasympathetic outflow from the
sphenopalatine ganglion, lead to lacrimation, conjunctival injection, and nasal congestion (Jiirgens
and May 2014). In migraine, brainstem dysfunction involves hyperexcitability of the trigeminal
nucleus caudalis in the medulla as well as 5-HT and NA dysregulations (Hawkins et al. 2018).
Migraine aura is linked to cortical spreading depression, a wave of neuronal depolarization followed
by inhibition that often affects the visual and sensory cortices. Treatment strategies of acute headache
syndromes include the application of NSAIDs, triptans (e.g., sumatriptan, and rizatriptan; inhibiting
5-HT1B/1D receptors), and CGRP antagonists (e.g., rimegepant) as well as neuromodulation (e.g.,
TMS), and vagus-nerve stimulation — VNS), and behavioral therapies. In general and particularly in
the case of headache syndromes, understanding the above mentioned vegetative symptoms and their
neurophysiological mechanisms can improve targeted multimodal pain management strategies for
different acute pain syndromes.

9. Concluding Remarks

The phenomena of nociception and acute pain are based on a complex network of structures and
functions. There are many layers of complexity, the first sub-cellular layer not even being touched
upon here. The next higher level consists of a multiplicity of macroscopic structures: nuclei, cerebral
areas etc., which have themselves complicated internal structures with diverse cell types of different
morphologies, functions and internal non-linear interactions. Third, neuronal nodes receive multiple
intputs from, and send multiple outputs to, other nodes, thus creating a huge network. Fourth, the
operation of this network is modulated and changed by many diverse neuromodulators, many of
which in addition work on more than one receptors. Fifth, multiple parallel effects may be exerted
on anyone structure, for example, the DH. In brief, the network is multi-functional, fluid and
dependent on many external influences, which is a general principle or “Bauplan” of the nervous
system.
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This review emphasized a systems-level approach, moving beyond the outdated notion of
isolated pain centers. Instead, pain is understood as a state emerging from the coordinated activity
of widely distributed brain networks, dynamically modulated by prior experience, emotional
context, attention, sleep-wake state, and more. The student of such a system finds himself/herself faced
with the impossibility to understand and penetrate it. He/she is confronted with the problems of
engineers who attempt getting to grips with complex physical systems. Therein lies the paradox. Pain
is one of the most studied yet least understood phenomena in neuroscience. “Engineers use neural
networks to control systems too complex for conventional engineering solutions. To examine the
behavior of individual hidden units would defeat the purpose of this approach because it would be
largely uninterpretable. Yet neurophysiologists spend their careers doing just that! Hidden units
contain bits and scraps of signals that yield only arcane hints about network function and no
information about how its individual units process signals. Most literature on single-unit recordings
attests to this grim fact” (Robinson 1992). Despite enormous technological advances, our tools may
still be insufficient to decode the emergent properties of this massive, self-organizing biological
network.

From a clinical perspective, this complexity implies that single-target interventions (e.g., COX
inhibitors, opioids, monoamine modulators) are unlikely to yield universally effective analgesia
without side effects. Understanding the interplay between ascending and descending pathways, the
role of emotion and cognition, and the plasticity of pain networks over time is crucial. Effective pain
management requires an approach that is multi-dimensional, personalized, and integrative,
combining pharmacology, psychological support, neurostimulation, physical therapy, and
education. The complexity and fluidity of the nociceptive system are not merely obstacles—they also
offer opportunities. The network's inherent plasticity and redundancy mean that new therapeutic
targets may be found in unexpected places.

In sum, the acute pain system is a masterwork of evolutionary design, one that protects,
motivates, and interacts with nearly every major brain function. Our growing appreciation for its
complexity must be met with multidisciplinary inquiry, technological innovation, and a deeper
empathy for the patient’s lived experience of pain.
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Abbreviations

5-HT: serotonin (5-hydroxytryptamin); ACC: anterior cingulate cortex; ACh: acetylcholine; alC:
anterior insular cortex; ALS: antero-lateral system; aMCC: anterior mid-cingulate cortex; AMY:
amygdala; ANS: autonomic nervous system; AP: area postrema, ASICs: acid-sensing ion channels;
ATP: adenosine triphosphate; AVP: arginine-vasopressin; BA: Brodmann area; BDNEF: brain-derived
neurotrophic factor; BFB: basal forebrain; BG: basal ganglia; BLA: baso-lateral amygdala; BNST: bed
nucleus of the stria terminalis; cAMP: cyclic adenosine monophosphate; CC: cingulate cortex; CC: central
cell; CCK: cholecystokinin; CeA: central nucleus of the amygdala; CF: climbing fiber; CFA: complete
Freund’s adjuvant; CGRP: calcitonin-gene-related peptide; CIP: congenital insensitivity to pain; CL:
central lateral nucleus (of thalamus); CMA: cingulate motor area; CNP : chronic neuropathic pain;
CNS: central nervous system; cNTS: caudal part of NTS; CPM: conditioned pain modulation; CRH:
corticotropin-releasing hormone; CSN: cortico-spinal neurons; CST: cortico-spinal tract; CVLM:
caudal ventro-lateral medulla; CVLMlat: lateral CVLM; DA: dopamine; dACC: dorsal anterior
cingulate cortex; DG: dentate gyrus; DH: dorsal horn; dIPAG: dorso-lateral peri-aqueductal gray;
dIPFC: dorso-lateral prefrontal cortex; DMH: dorso-medial hypothalamus; DMN: deep
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mesencepahlic nucleus; dmPFC: dorso-medial prefrontal cortex; DMX: dorsal motor nucleus of vagus
nerve; DP: dorsal peduncular cortex; dPCC: dorsal posterior cingulate cortex; DreN: dorsal reticular
nucleus; DRG: dorsal-root ganglion; DRN: dorsal raphé nucleus; EC: entorhinal cortex; EEG:
electroencephalogram; ENK: enkephalin; EPSC: excitatory postsynaptic current; fMRI: functional
magnetic resonance imaging; GABA: y-amino-butyric acid; GAL: galanin; GDNF: glia cell-derived
neurotrophic factor; GPe: globus pallidus externus; GPi: globus pallidus internus; GRP: gastrin-
releasing peptide; GS: gastrocnemius-soleus; Hb: Habenula; HIPP: hippocampus; HPA:
hypothalamic-pituitary-adrenal axis; HSAN: hereditary sensory and autonomic neuropathy; HTM:
high-threshold mechanical (sensory receptor); HYP: hypothalamus; HYP ARC: hypothalamic arcuate
nucleus; IC: insular cortex (insula); IC: islet cell; iCR: inhibitory calretinin cell; IL: infra-limbic
region of the prefrontal cortex (PFC); IL-1/IL-6: Interleukin 1 and 6; IML: inter-medio-lateral (cell
column in the spinal cord); IO: inferior olive; IPL: inferior parietal lobe; IPN: inter-peduncular
nucleus; ITC: intercalated cell mass of the amygdala; KF: Kolliker-Fuse nucleus; LA: lateral amygdala;
LC: Locus coeruleus; LDT: latero-dorsal tegmental nucleus; 1Hb: lateral habenula; IHYP: lateral
hypothalamus; IPAG: lateral peri-aqueductal gray; IPBN:lateral parabrachial nucleus; IPFC: lateral
prefrontal cortex; IPOA: lateral preoptic area; LRN: lateral reticular nucleus; LVC: large vertical cell;
M1: primary motor cortex; M2: secondary motor cortex; MCC: mid-cingulate cortex; MD: medio-dorsal
nucleus (of thalamus); MDD: major depressive disorder; MDvc: ventral caudal portion of the medio-
dorsal nucleus (of thalamus); MeA: medial amygdala division; MES: mesencephalon; MF: mossy
fiber; mHb: medial Habenula; mOFC: medial orbito-frontal cortex; MN: motoneuron; mPBN: medial
parabrachial nucleus; mPFC: medial prefrontal cortex; mPOA: medial preoptic area; MS: multiple
sclerosis; NA: noradrenaline; NaalR: noradrenergic al-adrenoceptor; NAc: nucleus accumbens;
NGEF: nerve growth factor; NO: nitric oxide; NP: non-peptidergic nociceptor; NPH: nucleus
prepositus hypoglossi; NPY: neuropeptide Y; NRM: nucleus raphé magnus; NRu: nucleus ruber; NS:
nociceptive-specific; NSAID: non-steroidal anti-inflammatory drug; NT: neurotensin; NTS: nucleus
tractus solitarii (or nucleus of the solitary tract); OFC: orbito-frontal cortex; OXT: oxytocin;, pACC:
posterior anterior cingulate cortex; PAG: peri-aqueductal gray; PBN: parabrachial nucleus; PBSt:
posterior biceps-semitendinosus; PC: Purkinje cell; PCC: posterior cingulate cortex; PD: Parkinson’s
disease; PET: positron emission tomography; Pf: parafascicular nucleus (of thalamus); PFC: prefrontal
cortex; PG: nucleus paragigantocellularis; pHYP: posterior hypothalamus; pIC: posterior insular
cortex; PL: pre-limbic region of the prefrontal cortex (PFC); PM: premotor cortex; pMCC: posterior
mid-cingulate cortex; PMd : dorsal premotor cortex; PMv: ventral premotor cortex; PN: projection
neuron; PNS: peripheral nervous system; POA: preoptic area; PPC: posterior parietal cortex; PPN:
pedunculo-pontine nucleus; PROS: prosencephalon; PSI: presynaptic inhibition; PVN:
paraventricular nucleus; PVT: paraventricular nucleus of the thalamus; PWL: paw-withdrawal
latency; rACC: rostral anterior cingulate cortex; RAIC: rostral agranular insular cortex; rCBF: regional
cerebral blood flow; RF: reticular formation; rmTN: rostro-medial tegmental nucleus; RN: raphé
nuclei; INTS: rostral part of NTS; ROS: reactive oxygen species; RRF: retro-rubral field; RSC: retro-
splenial cortex; RVL: rostral ventro-lateral medulla; rvIPFC: right ventro-lateral prefrontal cortex;
RVM: Rostral Ventro-medial Medulla; S1: primary somatosensory cortex; S2: secondary
somatosensory cortex; SACC: sub-genual anterior cingulate cortex; SC: spinal cord; SCI: spinal cord
injury; SCN: supra-chiasmatic nucleus; SIA: stress-induced analgesia; SIH: stress-induced
hyperalgesia; Sm: nucleus submedius (in the medial thalamus); SN: substantia nigra; SNc: substantia
nigra pars compacta; SNr: substantia nigra pars reticulata; SNS: sympathetic nervous system; SOC:
spino-olivo-cerebellar (pathway); SON: supraoptic nucleus; SP: substance P; SPC: spino-ponto-
cerebellar (pathway); SPT: spino-parabrachial tract; spV: spinal trigeminal nucleus; spVc: trigeminal
spinal subnucleus caudalis; SRD: sub-nucleus reticularis dorsalis; STN: subthalamic nucleus; STP:
short-term plasticity; STT: somatostatin; STTr: spino-thalamic tract; SVC: small vertical cell; SWS:
slow-wave sleep; TF: tail-flick; TFL: tail-flick latency; TFR: tail-flick reflex; THAL: thalamus, thalamic;
TMN: tubero-mamillary nucleus; TMS: transcranial magnetic stimulation; TNFa: tumor necrosis factor a;
TRP: transient receptor potential; Trpm8: transient receptor potential m8; TRPV1: vanilloid receptor
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type 1; TRPV2: vanilloid receptor type 2; TSNC: trigeminal sensory nuclear complex; VC: vaginal
cervix; VC: vertical cell; VTA: ventral tegmental area; VH: ventral horn; vHIPP: ventral hippocampus;
VL: ventral lateral nucleus (of thalamus); VLM: ventro-lateral medulla; VLMIat: lateral-most part of
the caudal VLM; vIOFC: ventro-lateral orbital cortex; vIPAG: ventro-lateral peri-aqueductal gray;
vIPFC: ventro-lateral prefrontal cortex; VM: ventro-medial nucleus of thalamus; vmHYP: ventro-
medial hypothalamus; vmPFC: ventro-medial prefrontal cortex; VMpo: posterior portion of the ventral
medial nucleus (of thalamus); Vo: trigeminal oral subnucleus; Vp: trigeminal principal nucleus; VP:
venral posterior nucleus (of thalamus); vPCC: ventral posterior cingulate cortex; VPI: ventro-posterior
inferior nucleus (of thalamus); VPL: ventral posterolateral nucleus (of thalamus); WDR: wide
dynamic range cell

References

Adamaszek M, D’ Agata F, Ferrucci R, Habas C, Keulen S, Kirkby KC, Leggio M, Marién P, Molinari M, Moulton
E, Orsi L, Van Overwalle F, Papadelis C, Priori A, Sacchetti L, Schutter D], Styliadis C, Verhoeven ] (2017)
Consensus Paper: Cerebellum and emotion. Cerebellum 16(2):552-576

Agostinelli L], Mix MR, Hefti MM, Scammell TE, Bassuk AG (2021) Input-output connections of LJA5
prodynorphin neurons. ] Comp Neurol 529(3):635-654

Akhter F, Haque T, Sato F, Kato T, Ohara H, Fujio T, Tsutsumi K, Uchino K, Sessler BJ, Yoshida A (2014)
Projections from the dorsal peduncular cortex to the trigeminal subnucleus caudalis (medullary dorsal
horn) and other lower brainstem areas in rats. Neuroscience 266:23-37

Allen HN, Bobnar HJ, Kolber BJ (2021) Left and right hemispheric lateralization of the amygdala in pain. Prog
Neurobiol 196:101891

Almeida TF, Roizenblatt S, Tufik S (2004) Afferent pain pathways: a neuroanatomical review. Brain Res 1000:40-
56

Amorim D, Viisanen H, Wei H, Almeida A, Pertovaara A, Pinto-Ribeiro F (2015) Galanin-mediated behavioural
hyperalgesia from the dorsomedial nucleus of the hypothalamus involves two independent descending
pronociceptive pathways. PLoS One 10(11):e0142919

Antunes GF, Pinheiro Campos AC, Varin de Assis D, Gouveia FV, Dias de Jesus Seno M, Pagano RL, Ruiz
Martinez RC (2022) Habenula activation patterns in a preclinical model of neuropathic pain accompanied
by depressive-like behaviour. PloS One 17(7):e0271295

Apkarian AV, Bushnell MC, Treede R-D, Zubieta J-K (2005) Human brain mechanisms of pain perception and
regulation in health and disease. Eur ] Pain 9(4):463-484

Arendt-Nielsen L, Graven-Nielsen T (2009) Muscle pain, including fibromyalgia. In: Binder MD, Hirokawa N,
Windhorst U (eds) Encyclopedia of neuroscience. Springer-Verlag, Berlin Heidelberg, pp 2505-2508

Arnsten AFT (2009) Stress signalling pathways that impair prefrontal cortex structure and function. Nat Rev
Neurosci 10(6):410-422

Arnsten AFT, Joyce MKP, Roberts AC (2023) The aversive lens: Stress effects on the prefrontal-cingulate cortical
pathways that regulate emotion. Neurosci Biobehav Rev 145:105000

Aston-Jones G, Bloom FE (1981) Activity of norepinephrine-containing locus coeruleus neurons in behaving rats
anticipates fluctuations in the sleep-waking cycle. ] Neurosci 1(8):876-886

Aston-Jones G, Waterhouse B (2016) Locus coeruleus: from global projection system to adaptive regulation of
behavior. Brain Res 1645:75-78

Bajic D, Commons KG (2010) Visualizing acute pain-morphine interaction in descending monoamine nuclei with

Fos. Brain Res 1306:29-38

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.0743.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 May 2025 d0i:10.20944/preprints202505.0743.v1

78 of 98

Baker PM, Mathis V, Lecourtier L, Simmons SC, Nugent FS, Hill S, Mizumori SJY (2022) Lateral habenula beyond
avoidance: Roles in stress, memory, and decision-making with implications for psychiatric disorders. Front
Syst Neurosci 16:826475

Baker PM, Mizumori SJY (2017) Control of behavioral flexibility by the lateral habenula. Pharmacol Biochem
Behav 162:62-68

Bali A, Singh N, Singh Jaggi A (2014) Neuropeptides as therapeutical targets to combat stress-associated
behavioral and neuroendocrinoloical effects. CNS&Neurological Disorders — Drug Targets 13:347-368

Baliki MN, Apkarian AV (2015) Nociception, pain, negative moods, and behavior selection. Neuron 87(3):474-
491

Bandler R, Shipley MT (1994) Columnar organization in the midbrain periaqueductal gray: modules for
emotional expression? Trends Neurosci 7(9):379-389

Banks PJM, Peper CE, Marinus ], Beek PJ, van Hilten JJ (2013) Motor consequences of experimentally induced
limb pain: a systematic review. Eur ] Pain 17(2):145-157

Bannister K, Dickenson AH (2016) What do monoamines do in pain modulation? Curr Opin Support Palliat Care
10:143-148

Barcel6 AC, Filippini B, Pazo JH (2012) The striatum and pain modulation. Cell Mol Neurobiol 32(1):1-12

Bari BA, Chokshi V, Schmidt K (2019) Locus coeruleus-norepinephrine: basic functions and insights into
Parkinson’s disease. Neural Regen Res 15(6):1006-1013

Bartfai T (2001) Telling the brain about pain. Nature 410:425-427

Basbaum AI, Bautista DM, Scherrer G, Julius D (2009) Cellular and molecular mechanisms of pain. Cell 139:267-284

Baumann O, Borra R], Bower JM, Cullen KE, Habas C, Ivry RB, Leggio M, Mattingley JB, Molinari M, Moulton EA,
Paulin MG, Pavlova MA, Schmahmann JD, Sokolov AA (2015) Consensus paper: the role of the cerebellum
in perceptual processes. Cerebellum 14(2):197-220

Becerra L, Navratilova E, Porreca F, Borsook D (2013) Analogous responses in the nucleus accumbens and cingulate
cortex to pain onset (aversion) and offset (relief) in rats and humans. ] Neurophysiol 110:1221-1226

Belforte JE, Pazo JH (2005) Striatal inhibition of nociceptive responses evoked in trigeminal sensory neurons by
tooth pulp stimulation. ] Neurophysiol 93(3):1730-1741

Benarroch EE (2006) Pain-autonomic interactions. Neurol Sci 27 Suppl 2:5130-123

Benarroch EE (2020) Physiology and pathophysiology of the autonomic nervous system. Continuum 26(1):12-24

Benke D (2022) GABAB receptors and pain. Curr Top Behav Neurosci 52:213-239

Berger JV, Knaepen L, Janssen SPM, Jaken RJP, Marcus MAE, Joosten EAJ, Deumens R (2011) Cellular and
molecular insights into neuropathy-induced pain hypersensitivity for mechanism-based treatment
approaches. Brain Res Rev 67:282-310

Berridge CW, Waterhouse BD (2003) The locus coeruleus-NA system: modulation of behavioral state and state-
dependent cognitive processes. Brain Res Brain Res Rev 42(1):33-84

Bielefeldt K (2009) Visceral pain. In: Binder MD, Hirokawa N, Windhorst U (eds) Encyclopedia of neuroscience.
Springer-Verlag, Berlin Heidelberg, pp 4262-4273

Binshtok AM, Wang H, Zimmermann K, Amaya F, Vardeh D, Shi L, Brenner GJ, Ji RR, Bean BP, Woolf CJ, Samad
TA (2008) Nociceptors are interleukin-1beta sensors. ] Neurosci 28:14062-14073

Bjorklund M, Radovanovic S, Ljubisavljevic M, Windhorst U, Johansson H (2004) Muscle stretch-induced
modulation of noxiously activated dorsal horn neurons of feline spinal cord. Neurosci Res 2004
Feb;48(2):175-184

Boadas-Vaello P, Homs J, Reina F, Carrera A, Verdu E (2017) Neuroplasticity of supraspinal structures associated

with pathological pain. Anat Rec 300:1481-1501

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.0743.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 May 2025 d0i:10.20944/preprints202505.0743.v1

79 of 98

Boccella S, Marabese I, Guida F, Luongo L, Maione S, Palazzo E (2020) The modulation of pain by metabotropic
glutamate receptors 7 and 8 in the dorsal striatum. Curr Neuropharmacol 18(1):34-50

Bokiniec P, Zampieri N, Lewin GR, Poulet JFA (2018) The neural circuits of thermal perception. Curr Opin
Neurobiol 52:98-106

Borsook D (2012) Neurological diseases and pain. Brain 135:320-344

Boscan P, Pickering AE, Paton JFR (2002) Nucleus of the solitary tract: an integrating station for nociceptive and
cardiorespiratory afferents. Exp Physiol 87(2):259-266

Bostan AC, Strick PL (2018) The basal ganglia and the cerebellum nodes in an integrated network. Nat Rev Neurosci
19:338-350

Bouchet CA, Ingram SL (2020) Cannabinoids in the descending pain modulatory circuit: Role in inflammation.
Pharmacol Ther 209:107495

Bouhassira D, Bing Z, Le Bars D (1990) Studies of the brain structures involved in diffuse noxious inhibitory
controls: the mesencephalon. ] Neurophysiol 64(6):1712-1723

Boulos L-J, Darcq E, Kieffer BL (2017) Translating the habenula -- from rodents to humans. Biol Psychiatry 81(4):296-
305

Bowker RM, Reddy VK, Fung SJ, Chan JY, Barnes CD (1987) Serotonergic and non-serotonergic raphe neurons
projecting to the feline lumbar and cervical spinal cord: a quantitative horseradish peroxidase-
immunocytochemical study. Neurosci Lett 1987 75(1):31-37

Braz J, Solorzano C, Wang X, Basbaum AI (2014) Transmitting pain and itch messages: a contemporary view of the
spinal cord circuits that generate gate control. Neuron 82(3):522-536

Brockway DF, Crowley NA (2020) Turning the tides on neuropsychiatric diseases: The role of peptides in the
prefrontal cortex. Front Behav Neurosci 14:588400

Brodal A (1981) Neurological anatomy. In relation to clinical medicine, 3 edn. Oxford University Press, New
York

Brodal P (2017) A neurobiologist’s attempt to understand persistent pain. Scand J Pain 15:140-147

Browne TJ, Hughes DI, Dayas CV, Callister R], Graham BA (2020) Projection neuron axon collaterals in the dorsal
horn: placing a new player in spinal cord pain proccessing.  Front Physiol 11:560802. doi:
10.3389/fphys.2020.560802

Bruinstroop E, Cano G, Vanderhorst VGJM, Cavalcante JC, Wirth J, Sena-Esteves M, Saper CB (2012) Spinal
projections of the A5, A6 (locus coeruleus), and A7 noradrenergic cell groups in rats. ] Comp Neurol
520(9):1985-2001

Bushnell MC, Ceko M, Low LA (2013) Cognitive and emotional control of pain and its disruption in chronic pain.
Nat Rev Neurosci 14:502-511

Butler RK, Finn DP (2009) Stress-induced analgesia. Prog Neurobiol 88:184-202

Cao L, DeLeo JA (2009) Immune system and pain. In: Binder MD, Hirokawa N, Windhorst U (Eds) Encyclopedia
of neuroscience. Springer-Verlag, Berlin Heidelberg, pp 1919-1922

Caputi FF, Rullo L, Stamatakos S, Candeletti S, Romualdi P (2019) Modulation of the negative affective
dimension of pain: focus on selected neuropeptidergic system contributions. Int ] Mol Sci 20, 4010;
doi:10.3390/ijms20164010

Carlton SM (2014) Nociceptive primary afferents: they have a mind of their own. ] Physiol (Lond) 592:3403-3411

Cathenaut L, Schlichter R, Hugel S (2023) Short-term plasticity in the spinal nociceptive system. Pain
164(11):2411-2424

Cevikbas F, Lerner EA (2020) Physiology and pathophysiology of itch. Physiol Rev  100(3):945-982

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.0743.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 May 2025 d0i:10.20944/preprints202505.0743.v1

80 of 98

Charles K-A, Molpeceres Sierra E, Bouali-Benazzouz R, Tibar H, Oudaha K, Naudet F, Duveau A, Fossat P,
Benazzouz A (2025) Interplay between subthalamic nucleus and spinal cord controls parkinsonian
nociceptive disorders. Brain 148(1):313-330

Chen LM (2018) Cortical representation of pain and touch: evidence from combined functional neuroimaging and
electrophysiology in non-human primates. Neurosci Bull Neurosci Bull 34(1):165-177

Chen Q, Roeder Z, Li M-H, Zhang Y, Ingram SL, Heinricher MM (2017) Optogenetic evidence for a direct circuit
linking nociceptive transmission through the parabrachial complex with pain-modulating neurons of the
rostral ventromedial medulla (RVM). eNeuro 4(3):ENEURO.0202-17.2017

Chen T, Koga K, Descalzi G, Qiu S, Wang ], Zhang L-S, Zhang Z-J, He X-B, Qin X, Xu F-Q, Hu J, Wei F, Huganir
RL, Li Y-Q, Zhuo M (2014) Postsynaptic potentiation of corticospinal projecting neurons in the anterior
cingulate cortex after nerve injury. Mol Pain 10:33

Chen X, Tang S-J (2024) Neural circuitry polarization in the spinal dorsal horn (SDH): A novel form of
dysregulated circuitry plasticity during pain pathogenesis. Cells 13(5):398

Chen Y, Song Y, Wang H, Zhang Y, Hu X, Wang K, Lu Y, Zhang Z, Li S, Li A, Bao L, Xu F, Li C, Zhang X (2022)
Distinct neural networks derived from galanin-containing nociceptors and neurotensin-expressing
pruriceptors. Proc Natl Acad Sci USA  119(33):2118501119

Chen Q-Y, Zhuo M (2023) Glutamate acts as a key neurotransmitter for itch in the mammalian spinal cord. Mol
Pain 19:17448069231152101

Chiang C, Aston-Jones G (1993) Response of locus coeruleus neurons to foot shock stimulation is mediated by
neurons in the rostral ventral medulla. Neuroscience 53(3):705-715

Chiang MC, Bowen A, Schier LA, Tupone D, Uddin O, Heinricher MM (2019) Parabrachial complex: A hub for pain
and aversion. ] Neurosci 39(42):8225-8230

Chiang MC, Nguyen EK, Canto-Bustos M, Papale AE, Oswald A-MM, Ross SE (2020) Divergent neural pathways
emanating from the lateral parabrachial nucleus mediate distinct components of the pain response. Neuron
106(6):927-939.e5

Chudler EH, Dong WK (1995) The role of the basal ganglia in nociception and pain. Pain 60(1):3-38

Chudler EH, Sugiyama K, Dong WK (1993) Nociceptive responses in the neostriatum and globus pallidus of the
anesthetized rat. | Neurophysiol 69(6):1890-1903

Cid-Jofré V, Moreno M, Reyes-Parada M, Renard GM (2021) Role of oxytocin and vasopressin in
neuropsychiatric disorders: therapeutic potential of agonists and antagonists. Int ] Mol Sci 22(21):12077

Clarke RW, Harris J (2004) The organization of motor responses to noxious stimuli. Brain Res Rev 46:163-172

Cobos A, Lima D, Almeida A, Tavares I (2003) Brain afferents to the lateral caudal ventrolateral medulla: a
retrograde and anterograde tracing study in the rat. Neuroscience 120(2):485-498

Coghill RC (2020) The distributed nociceptive system: A framework for understanding pain. Trends Neurosci
43(10):780-794

Coghill RC, McHaffie JG, Yen Y-F (2003) Neural correlates of interindividual differences in the subjective experience
of pain. Proc Natl Acad Sci USA 100:8538-8542

Coizet V, Dommett EJ, Klop EM, Redgrave P, Overton PG (2010) The parabrachial nucleus is a critical link in the
transmission of short latency nociceptive information to midbrain dopaminergic neurons. Neuroscience
2168(1):263-272

Colloca L, Ludman T, Bouhassira D, Baron R, Dickenson AH, Yarnitsky D, Freeman R, Truini A, Attal N,
Finnerup NB, Eccleston C, Kalso E, Bennett DL, Dworkin RH, Raja SN (2017) Neuropathic pain. Nat Rev
Dis Primers 3:17002

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.0743.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 May 2025 d0i:10.20944/preprints202505.0743.v1

81 of 98

Comitato A, Bardoni R (2021) Presynaptic inhibition of pain and touch in the spinal cord: From Receptors to
Circuits. Int ] Mol Sci 22(1):414

Cordero-Erausquin M, Inquimbert P, Schlichter R, Hugel S (2016) Neuronal networks and nociceptive processing
in the dorsal horn of the spinal cord. Neuroscience 338:230-247

Cortes-Altamirano JL, Olmos-Herndndez A, Jaime HB, Carrillo-Mora P, Bandala C, Reyes-Long S, Alfaro-
Rodriguez A (2018) Review: 5—HT1, 5-HT2, 5—HT3 and 5—HT7 receptors and their role in the modulation of pain
response in the central nervous system. Curr Neuropharmacol 16(2):210-221

Condés-Lara M, Martinez-Lorenzana G, Espinosa de Los Monteros-Zuniga A, Lopez-Cérdoba G, Cérdova-
Quiroga A, Flores-Bojorquez SA, Gonzélez-Hernandez A (2024) Hypothalamic paraventricular stimulation
inhibits nociceptive wide dynamic range trigeminocervical complex cells via oxytocinergic transmission. .J
Neurosci 44(17):e1501232024.

Costigan M, Scholz ], Woolf CJ (2009) Neuropathic pain: a maladaptive response of the nervous system to damage.
Annu Rev Neurosci 32:1-32

Craig AD (2002) How do we feel? Interoception: the sense of the physiological condition of the body. Nat Rev
Neurosci 3:655-666

Craig AD (2003) Pain mechanisms: labeled lines versus convergence in central processing. Annu Rev Neurosci 26:1-
30

Cui C-X, Liu H-Y, Yue N, Du Y-R, Che L-M, Yu J-S (2023) Research progress on the mechanism of chronic
neuropathic pain. IBRO Neurosci Rep 14:80-85

Curatolo M (2023) Is central sensitization relevant in acute low back pain? Eur ] Pain 27(4):457-458

Dai D, Li W, Chen A, Gao X-F, Xiong L (2022) Lateral habenula and its potential roles in pain and related behaviors.
ACS Chem Neurosci 13(8):1108-1118

D’Amico F, Kelleher E, D’Andria Ursoleo ], Yavorovskiy AG, Turi S, Zaffaroni S, Agosta VT, Ajello S, Landoni G
(2025) The effect of Neurokinin-1 receptor antagonists on postoperative pain: A meta-analysis of randomized
controlled trials. ] Clin Anesth 102:111772

Da Silva JT, Seminowicz DA (2019) Neuroimaging of pain in animal models: a review of recent literature. Pain Rep
4(4): €732

Davis OC, Dickie AC, Mustapa MB, Boyle KA, Browne TJ, Gradwell MA, Smith KM, Polgar E, Bell AM, Kdkai
E, Watanabe M, Wildner H, Zeilhofer HU, Ginty DD, Callister R], Graham BA, Todd AJ, Hughes DI (2023)
Calretinin-expressing islet cells are a source of pre- and post-synaptic inhibition of non-peptidergic
nociceptor input to the mouse spinal cord. Sci Rep 13:11561

De Felice M, Ossipov MH (2016) Cortical and subcortical modulation of pain. Pain Manag 6(2):111-120

Delbono O, Wang Z-M, Messi ML (2022) Brainstem noradrenergic neurons: Identifying a hub at the intersection
of cognition, motility, and skeletal muscle regulation. Acta Physiol (Oxf) 236(3):e13887

DeLong MR, Wichmann T (2007) Circuits and circuit disorders of the basal ganglia. Arch Neurol 64:20-24

De Preter CC, Heinricher MM (2024) The 'in’s” and ‘out’s’ of descending pain modulation from the rostral
ventromedial medulla. Trends Neurosci 47:447-460

Dibaj P, Safavi-Abbasi E, Asadollahi E (2024) In vivo spectrally unmixed multi-photon imaging of longitudinal
axon-glia changes in injured spinal white matter. Neurosci Lett 841:137959

Dibaj P, Windhorst U (2024a) Motor-control notions in health and disease (what controls motor control). Preprints,
https://doi.org/10.20944/preprints202403.1799.v1

Dibaj P, Windhorst U (2024b) Muscle fatigue in health and disease.  Preprints,
https://doi.org/10.20944/preprints202409.1515.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.0743.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 May 2025 d0i:10.20944/preprints202505.0743.v1

82 of 98

Dib-Hajj SD, Waxman SG (2019) Sodium channels in human pain disorders: Genetics and pharmacogenomics.
Annu Rev Neurosci 42:87-106

Djouhri L, Lawson SN (2004) A -fiber nociceptive primary afferent neurons: a review of incidence and properties
in relation to other afferent A-fiber neurons in mammals. Brain Res Rev 46:131-145

D'Mello R, Dickenson AH (2008) Spinal cord mechanisms of pain. Br ] Anaesth 101:8-16

Doan L, Manders T, Wang J (2015) Neuroplasticity underlying the comorbidity of pain and depression. Neural Plast
2015:504691

Dostrovsky JO (2000) Role of thalamus in pain. Prog Brain Res 129:245-257

Dou Z, SuN, Zhou Z, Mi A, Xu L, Zhou ], Sun S, Liu Y, Hao M, Li Z (2023) Modulation of visceral pain by brain
nuclei and brain circuits and the role of acupuncture: a narrative review. Front Neurosci 17:1243232

Drissi I, Woods WA, Woods CG (2020) Understanding the genetic basis of congenital insensitivity to pain. Br
Med Bull 133(1):65-78

Du H-J, Zhou S-Y (1990) Involvement of solitary tract nucleus in control of nociceptive transmission in cat spinal
cord neurons. Pain 40(3):323-331

Duan B, Cheng L, Ma Q (2017) Spinal circuits transmitting mechanical pain and itch. Neurosci Bull 34(1):186-193

Dubin AE, Patapoutian A (2010) Nociceptors: the sensors of the pain pathway. ] Clin Invest 120:3760-3772

Dum RP, Levinthal DJ, Strick PL (2016) Motor, cognitive, and affective areas of the cerebral cortex influence the
adrenal medulla. Proc Natl Acad Sci U S A 113(35):9922-9927

Edvinsson L (2001) Sensory nerves in man and their role in primary headaches. Cephalalgia 21(7):761-764

Ekman EF, Koman LA (2005) Acute pain following musculoskeletal injuries and orthopaedic surgery: machanisms
and management. Instr Course Lect 54:21-33

Eliava M, Melchior M, Knobloch-Bollmann HS, Wahis ], da Silva Gouveia M, Tang Y, Ciobanu AC, Triana del
Rio R, Roth LC, Althammer F, Chavant V, Goumon Y, Gruber T, Petit-Demouliere N, Busnelli M, Chini B,
Tan LL, Mitre M, Froemke RC, Chao MV, Giese G, Sprengel R, Kuner R, Poisbeau P, Seeburg PH, Stoop R,
Charlet A, Grinevich V (2016) A new population of parvocellular oxytocin neurons controlling
magnocellular neuron activity and inflammatory pain processing. Neuron 89(6):1291-1304

Emery EC, Wood JN (2019) Somatosensation a la mode: plasticity and polymodality in sensory neurons. Curr
Opin Physiol 11:29-34

Evrard HC (2019) The organization of the primate insular cortex. Front Neuroanat13:43

Fasick V, Spengler RN, Samankan S, Nader ND, Ignatowski TA (2015) The hippocampus and TNF: Common links
between chronic pain and depression. Neurosci Biobehav Rev 53:139-159

Fillingim RB (2017) Individual differences in pain: Understanding the mosaic that makes pain personal. Pain
158(Suppl 1):511-518

Finnerup NB, Kuner R, Jensen TS (2021) Neuropathic pain: from mechanisms to treatment. Physiol Rev 101(1):259-
301

Fong H, Zheng ], Kurrasch D (2023) The structural and functional complexity of the integrative hypothalamus.
Science 382(6669):388-394

Foo H, Mason P (2003a) Discharge of raphe magnus ON and OFF cells is predictive of the motor facilitation
evoked by repeated laser stimulation. ] Neurosci 23(5):1933-1940

Foo H, Mason P (2003b) Brainstem modulation of pain during sleep and waking.Sleep Med Rev 7(2):145-154

Fore S, Palumbo F, Pelgrims R, Yaksi E (2018) Information processing in the vertebrate habenula. Semin Cell Dev
Biol 8:130-139

Foote SL, Bloom FE, Aston-Jones G (1983) Nucleus locus ceruleus: new evidence of anatomical and physiological

specificity. Physiol Rev 63(3):844-914

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.0743.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 May 2025 d0i:10.20944/preprints202505.0743.v1

83 of 98

Francois A, Low SA, Sypek EI, Christensen AJ, Sotoudeh C, Beier KT, Ramakrishnan C, Ritola KD, Sharif-Naeini
R, Deisseroth K, Delp SL, Malenka RC, Luo L, Hantman AW, Scherrer G (2017) Brainstem-spinal cord
inhibitory circuit for mechanical pain modulation by GABA and enkephalins. Neuron 93(4):822-839.e6

Frias B, Merighi A (2016) Capsaicin, nociception and pain. Molecules 21(6):797

Gamal-Eltrabily M, Espinosa de Los Monteros-Zufiga A, Manzano-Garcia A, Martinez-Lorenzana G, Condés-
Lara M, Gonzalez-Hernandez A (2020) The rostral agranular insular cortex, a Nnw site of oxytocin to
induce antinociception. ] Neurosci 40(29):5669-5680

Gamal-Eltrabily M, Marquez-Morales C, Martinez-Lorenzana G, Gonzalez-Hernandez A, Condés-Lara M (2018)
Peptidergic nature of nociception-related projections from the hypothalamic paraventricular nucleus to the
dorsal horn of the spinal cord. Neurosci Lett 685:124-130

Gamal-Eltrabily M, Marquez-Morales C, Martinez-Lorenzana G, Gonzalez-Hernandez A, Condés-Lara M (2021)
Cortical modulation of nociception. Neuroscience 15:458:256-270

Gamboa-Esteves FO, McWilliams PN, Batten TFC (2004) Substance P (NK1) and somatostatin (sst2A) receptor
immunoreactivity in NTS-projecting rat dorsal horn neurones activated by nociceptive afferent input. J
Chem Neuroanat 27(4):251-266

Gamboa-Esteves FO, Tavares I, Almeida A, Batten TF, McWilliam PN, Lima D (2001) Projection sites of
superficial and deep spinal dorsal horn cells in the nucleus tractus solitarii of the rat. Brain Res 921(1-2):195-
205

Gan Z, Gangadharan V, Liu S, Korber C, Tan LL, Li H, Oswald M]J, Kang J, Martin-Cortecero J, Mannich D, Groh
A, Kuner T, Wieland S, Kuner R (2022) Layer-specific pain relief pathways originating from primary motor
cortex. Science 378(6626):1336-1343

Gao DM, Hoffman D, Benabid AL (1996) Simultaneous recording of spontaneous activities and nociceptive
responses from neurons in the pars compacta of substantia nigra and in the lateral habenula. Eur ] Neurosci
8(7):1474-1478

Gao DM, Jeaugey L, Pollak P, Benabid AL (1990) Intensity-dependent nociceptive responses from presumed
dopaminergic neurons of the substantia nigra, pars compacta in the rat and their modification by lateral
habenula inputs. Brain Res 529(1-2):315-319

Garcia AD, Buffalo EA (2020) Anatomy and function of the primate entorhinal cortex. Annu Rev Vis Sci 6:411-
432

Garcia-Boll E, Martinez-Lorenzana G, Condés-Lara M, Gonzalez-Herandez A (2018) Oxytocin inhibits the rat
medullary dorsal horn Sp5c¢/C1 nociceptive transmission through OT but not V receptors.
Neuropharmacology 129:109-117

Gasparini S, Howland JM, Thatcher AJ, Geering JC (2020) Central afferents to the nucleus of the solitary tract in
rats and mice. ] Comp Neurol 528(16):2708-2728

Gatto G, Smith KM, Ross SE, Goulding M (2019) Neuronal diversity in the somatosensory system: bridging the
gap between cell type and function. Curr Opin Neurobiol 56:167-174

Gear RW, Levine JD (2011) Nucleus accumbens facilitates nociception. Exp Neurol 229(2):502-506

Gebhart GF (2004) Descending modulation of pain. Neurosci Biobehav Rev 27:729-737

Gebhart GF (2009) Pain. In: Binder MD, Hirokawa N, Windhorst U (eds) Encyclopedia of neuroscience. Springer-
Verlag, Berlin Heidelberg, pp 3063-3065

Gelnar PA, Krauss BR, Sheehe PR, Szeverenyi NM , Apkarian AV (1999) A comparative fMRI study of cortical
representations for thermal painful, vibrotactile, and motor performance tasks. Neuroimage 10(4):460-482

Geuter S, Koban L, Wager TD (2017) The cognitive neuroscience of placebo effects: Concepts, predictions, and
physiology. Annu Rev Neurosci 40:167-188

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.0743.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 May 2025 d0i:10.20944/preprints202505.0743.v1

84 of 98

Godinez-Chaparro B, Martinez-Lorenzana G, Rodriguez-Jiménez R, Manzano-Garcia A, Rojas-Piloni G, Condés-
Lara M, Gonzdlez-Hernandez A (2016) The potential role of serotonergic mechanisms in the spinal
oxytocin-induced antinociception. Neuropeptides 60:51-60

Goodwin G, McMahon SB (2021) The physiological function of different voltage-gated sodium channels in pain.
Nat Rev Neurosci 22:263-274

Grafe LA, Bhatnagar S (2018) Orexins and stress. Front Neuroendocrinol 51:132-145

Graham BA, Brichta AM, Callister R] (2007) Moving from an averaged to specific view of spinal cord pain
processing circuits. ] Neurophysiol 98:1057-1063

Graven-Nielsen T, Mense S (2001) The peripheral apparatus of muscle pain: evidence from animal and human
studies. Clin J Pain 2001 Mar;17(1):2-10

Gregory NS, Gautam M, Benson CJ, Sluka KA (2018) Acid sensing ion channel 1a (ASIC1a) mediates activity-
induced pain by modulation of heteromeric ASIC channel kinetics. Neuroscience 386:166-174

Grillner S, Robertson B (2016) The basal ganglia over 500 million years. Curr Biol 226(20):R1088-R1100

Groenewegen HJ (2003) The basal ganglia and motor control. Neural Plast 10:107-120

Gouveia FV, Baker PM, Mameli M, Germann ] (2022) Editorial: The habenula and its role in neuropsychiatric
symptoms. Front Behav Neurosci 16:929507

Gouveia FV, Ibrahim GM (2022) Habenula as a neural substrate for aggressive behavior. Front Psychiatry 13:
817302

Gu X, Zhang YZ, O'Malley JJ, De Preter CC, Penzo M, Hoon MA (2023) Neurons in the caudal ventrolateral
medulla mediate descending pain control. Nat Neurosci 26(4):594-605

Gwak YS, Claire E. Hulsebosch CE, Joong Woo Leem JW (2017) Neuronal-glial interactions maintain chronic
neuropathic pain after spinal cord Injury. Neural Plastic Volume 2017, Article ID 2480689.
doi.org/10.1155/2017/2480689

Haber SN (2016) Corticostriatal circuitry. Dialogues Clin Neurosci 18(1):7-21

Haring M, Zeisel A, Hochgerner H, Rinwal P, Jakobsson JET, Lonnerberg P, La Manno G, Sharmal N, Borgius
L, Kiehn O, Lagerstrom MC, Linnarsson S, Ernfors P (2018) Neuronal atlas of the dorsal horn defines its
architecture and links sensory input to transcriptional cell types. Nat Neurosci 21(6):869-880

Hamani C, Saint-Cyr JA, Fraser ], Kaplitt M, Lozano AM (2004) The subthalamic nucleus in the context of
movement disorders. Brain 127(Pt 1):4-20

Hammond C, Shibazaki T, Rouzaire-Dubois B (1983) Branched output neurons of the rat subthalamic nucleus:
electrophysiological study of the synaptic effects on identified cells in the two main target nuclei, the
entopeduncular nucleus and the substantia nigra. Neuroscience 9(3):511-520

Han Y, Yuan K, Zheng Y, Lu L (2020) Orexin receptor antagonists as emerging treatments for psychiatric
disorders. Neurosci Bull 36(4):432-448

Haque T, Akhter F, Kato T, Sato F, Takeda R, Higashiyama K, Moritani M, Bae Y-C, Sessle B], Yoshida A (2012)
Somatotopic direct projections from orofacial areas of secondary somatosensory cortex to trigeminal
sensory nuclear complex in rats. Neuroscience 219:214-233

Harding EK, Fung SW, Bonin RP (2020) Insights into spinal dorsal horn circuit function and dysfunction using
optical approaches. Front Neural Circuits 14:31

Harris HN, Peng YB (2020) Evidence and explanation for the involvement of the nucleus accumbens in pain
processing. Neural Regen Res 15:597-605

Hawkins JL, Moore NJ, Miley D, Durham PL (2018) Secondary traumatic stress increases expression of proteins

implicated in peripheral and central sensitization of trigeminal neurons. Brain Res 1687:162-172

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.0743.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 May 2025 d0i:10.20944/preprints202505.0743.v1

85 of 98

Heinricher MM, Cheng ZF, Fields HL (1987) Evidence for two classes of nociceptive modulating neurons in the
periaqueductal gray. ] Neurosci 7(1):271-278

Heinricher MM, Tavares I, Leith JL, Lumb BM (2009) Descending control of nociception: Specificity, recruitment
and plasticity. Brain Res Rev 60:214-225

Helmer LML, Weijenberg RAF, de Vries R, Achterberg WP, Lautenbacher S, Sampson EL, Lobbezoo F (2020)
Crying out in pain-A systematic review into the validity of vocalization as an indicator for pain. Eur J Pain
24(9):1703-1715

Henderson LA, Keay KA (2018) Imaging acute and chronic pain in the human brainstem and spinal cord.
Neuroscientist 24(1):84-96

Herrero M-T, Barcia C, Navarro JM (2002) Functional anatomy of thalamus and basal ganglia. Childs Nerv Syst
18(8):386-404

Hikosaka O (2010) The habenula: from stress evasion to value-based decision-making. Nat Rev Neurosci 11(7):503-
153

Hoegh M (2022) Pain Science in practice (part 3): peripheral sensitization. ] Orthop Sports Phys Ther 52(6):303-306

Hokfelt T, Barde S, Xu Z-QD, Kuteeva E, Riiegg J, Le Maitre E, Risling M, Kehr J, Ihnatko R, Theodorsson E,
Palkovits M, Deakin W, Bagdy G, Juhasz G, Prud homme HJ, Mechawar N, Diaz-Heijtz R, Ogren SO (2018)
Neuropeptide and small transmitter coexistence: Fundamental studies and relevance to mental illness. Front
Neural Circuits 12:106

Holden JE, Naleway E (2001) Microinjection of carbachol in the lateral hypothalamus produces opposing actions
on nociception mediated by alpha(1)- and alpha(2)-adrenoceptors. Brain Res 911(1):27-36

Holden JE, Naleway Farah E, Jeong Y (2005) Stimulation of the lateral hypothalamus produces antinociception
mediated by 5-HT1A, 5-HT1B and 5-HT3 receptors in the rat spinal cord dorsal horn. Neuroscience
135(4):1255-1268

Holt MK (2022) The ins and outs of the caudal nucleus of the solitary tract: An overview of cellular populations and
anatomical connections. ] Neuroendocrinol 34(6):e13132

Holt MK, Rinaman L (2022) The role of nucleus of the solitary tract glucagon-like peptide-1 and prolactin-releasing
peptide neurons in stress: anatomy, physiology and cellular interactions. Br ] Pharmacol 179(4): 642-658.

HuH, CuiY, Yang Y (2020) Circuits and functions of the lateral habenula in health and in disease. Nat Rev Neurosci
21(5):277-295

Hucho T, Levine JD (2007) Signaling pathways in sensitization: toward a nociceptor cell biology. Neuron 55:365-
376

Hultborn H, Illert M, Santini M (1976) Convergence on interneurones mediating the reciprocal Ia inhibition of
motoneurones. II. Effects from segmental flexor reflex pathways. Acta Physiol Scand 96(3):351-367

Huma Z, Ireland K, Maxwell DL (2015) The spino-bulbar-cerebellar pathway: Activation of neurons projecting
to the lateral reticular nucleus in the rat in response to noxious mechanical stimuli. Neurosci Lett 591:197-
201

Humphries MD, Prescott TJ (2010) The ventral basal ganglia, a selection mechanism at the crossroads of space,
strategy, and reward. Prog Neurobiol 90:385-417

Hunt SP, Mantyh PW (2001) The molecular dynamics of pain control. Nat Rev Neurosci 2:83-91

Iovino M, Giagulli VA, Licchelli B, Iovino E, Guastamacchia E, Triggiani V (2016) Synaptic inputs of neural afferent
pathways to vasopressin- and oxytocin-secreting neurons of supraoptic and paraventricular hypothalamic
nuclei. Endocr Metab Immune Disord Drug Targets 16(4):276-287

Jacobson LH, Hoyer D, de Lecea L (2022) Hypocretins (orexins): The ultimate translational neuropeptides. ] Intern
Med 291(5):533-556

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.0743.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 May 2025 d0i:10.20944/preprints202505.0743.v1

86 of 98

Janig W (2014) [Neurobiology of visceral pain] Schmerz 28(3):233-251 (in German)

Jean A (1991) The nucleus tractus solitarius: neuroanatomic, neurochemical and functional aspects. Arch Int
Physiol Biochim Biophys 99(5):A3-52 (in French)

Jennings EM, Okine BN, Roche M, Finn DP (2014) Stress-induced hyperalgesia. Prog Neurobiol 121:1-18

Jensen TS, Finnerup NB (2009) Central pain. In: Binder MD, Hirokawa N, Windhorst U (eds) Encyclopedia of
neuroscience. Springer-Verlag, Berlin Heidelberg, pp 647-650

JiR-R, Donnelly CR, Nedergaard M (2019) Astrocytes in chronic pain and itch. 20:667-685

Ji'Y, Onwukwe C, Smith J, Laub H, Posa L, Keller A, Masri R, Cramer N (2023) Noradrenergic input from nucleus
of the solitary tract regulates parabrachial activity in mice. eNeuro 10(5):ENEURO.0412-22.2023

Jia T, Wang Y-D, Chen ], Zhang X, Cao J-L, Xiao C, Zhou C (2022) A nigro-subthalamo-parabrachial pathway
modulates pain-like behaviors. Nat Commun 13(1):7756

Johansson H, Djupsjobacka M, Sjolander P (1993) Influences on the gamma-muscle spindle system from muscle
afferents stimulated by KCI and lactic acid. Neurosci Res 6(1):49-57

Jiang M, Sun Y, Lei Y, Hu F, Xia Z, Liu Y, Ma Z, Gu X (2020) GPR30 receptor promotes anxiety-induced
postoperative hyperalgesia by upregulating GABA-a4310 subunits in periaqueductal gray in female rats.
BMC Anesthesiol 20(1):93

Jiirgens TP, May A (2014) Role of sphenopalatine ganglion stimulation in cluster headache. Curr Pain Headache
Rep 18(7):433

Jiirgens U (2002) Neural pathways underlying vocal control. Neurosci Biobehav Rev  26(2):235-258

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

Jurek B, Neumann ID (2018) The oxytocin receptor: From intracellular signaling to behavior. Physiol Rev
98(3):1805-1908

Kalezic I, Bugaychenko LA, Kostyukov Al, PilyavskiiAl, Ljubisavljevid M, Windhorst U, Johansson H (2004)
Fatigue-related depression of the feline monosynaptic gastrocnemius-soleus reflex. ] Physiol 556(Pt 1):283-296

Kang X, Tang H, Liu Y, Yuan Y, Wang M (2021) Research progress on the mechanism of orexin in pain regulation
in different brain regions. Open Life Sci 16(1):46-52

Kanashiro A , Hiroji Hiroki C, Morais da Fonseca D, Birbrair A, Gomes Ferreira R, Shimizu Bassi G, Fonseca MD,
Kusuda R, Martelossi Cebinelli GC, Pinho da Silva K, Wagner Wanderley C, Menezes GC, Alves-Fiho JC,
Oliveira AG, Cunha TM, Sampaio Pupo A, Ulloa L, Queiroz Cunha F (2020) The role of neutrophils in
neuro-immune modulation. Pharmacol Res 151: 104580. doi:10.1016/j.phrs.2019.104580

Kawai Y (2018) Differential ascending projections from the male rat caudal nucleus of the tractus solitarius: An
interface between local microcircuits and global macrocircuits. Front Neuroanat 24:12:63

Kawasaki M, Sakai A, Ueta Y (2024) Pain modulation by oxytocin. Peptides 179:171263

Kelly EA, Fudge JL (2018) The neuroanatomic complexity of the CRF and DA systems and their interface: What we
still don't know. Neurosci Biobehav Rev 90:247-259

Khalilzadeh E, Vafaei Saiah G (2017) The possible mechanisms of analgesia produced by microinjection of
morphine into the lateral habenula in the acute model of trigeminal pain in rats. Res Pharm Sci 12(3):241-
248

Khan A, Khan S, Kim YS (2019) Insight into pain modulation: nociceptors sensitization and therapeutic targets.
Curr Drug Targets 20(7):775-788

Kim K, Mishina M, Kokubo R, Nakajima T, Moromoto D, Isu T, Kobayashi S, Teramoto A (2013) Ketamine for acute
neuropathic pain in patients with spinal cord injury. J Clin Neurosci 20(6):804-807

King M, Carnahan H (2019) Revisiting the brain activity associated with innocuous and noxious cold exposure.

Neurosci Biobehav Rev 104:197-208

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.0743.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 May 2025 d0i:10.20944/preprints202505.0743.v1

87 of 98

Klein MO, Battagello DS, Cardoso AR, Hauser AR, Bittencourt JC, Correa RG (2019) Dopamine: Functions,
signaling, and association with neurological diseases. Cell Mol Neurobiol 39(1):31-59

Kniffki KD, Schomburg ED, Steffens H (1981) Synaptic effects from chemically activated fine muscle afferents upon
alpha-motoneurones in decerebrate and spinal cats. Brain Res 206(2):361-370

Kobayashi M, Nakaya Y, Kobayashi S (2024) Functional roles of descending projections from the cerebral cortex
to the trigeminal spinal subnucleus caudalis in orofacial nociceptive information processing. J Oral Biosci
66(2):304-307

Koch SC, Acton D, Goulding M (2018) Spinal circuits for touch, pain and itch. Annu Rev Physiol 80:189-217

Koshimizu T-a, Tsujimoto G (2009) New topics in vasopressin receptors and approach to novel drugs: vasopressin
and pain perception. ] Pharmacol Sci 109(1):33-37

Kostyukov Al, Bugaychenko LA, Kalezic I, Pilyavskii Al, Windhorst U, Djupsjobacka M (2005) Effects in feline
gastrocnemius-soleus motoneurones induced by muscle fatigue. Exp Brain Res 163(3):284-294

Koutsikou S, Apps R, Lumb BM (2017) Top-down control of spinal sensorimotor circuits essential for survival. |
Physiol (Lond) 595(13):4151-4158

Kumamoto E (2019) Cellular mechanisms for antinociception produced by oxytocin and orexins in the rat spinal
lamina II - comparison with those of other endogenous pain modulators. Pharmaceuticals (Basel)12(3):136

Kummer KK, Mitri¢ M, Kalpachidou T, Kress M (2020) The medial prefrontal cortex as a central hub for mental
comorbidities associated with chronic pain. Int ] Mol Sci 21(10):3440

Kuner R, Flor H (2016) Structural plasticity and reorganisation in chronic pain. Nat Rev Neurosci 18:20-30

Kuner R, Kuner T (2021) Cellular circuits in the brain and their modulation in acute and chronic pain. Physiol Rev
101(1):213-258

Kunz M, Bir K-J, Karmann AJ, Wagner G, Lautenbacher S (2023) Facial expressions of pain: the role of the
serotonergic system. Psychopharmacology (Berl) 240(12):2597-2605

Kunz M, Meixner D, Lautenbacher S (2019) Facial muscle movements encoding pain-a systematic review. Pain
60(3):535-549

Kvetnansky R, Sabban EL, Palkovits M (2009) Catecholaminergic systems in stress: structural and molecular genetic
approaches. Physiol Rev 89:535-606

Kwiat GC, Basbaum AI (1992) The origin of brainstem noradrenergic and serotonergic projections to the spinal cord
dorsal horn in the rat. Somatosensory & motor research 9.2:157-173

Kwiat GC, Liu H, Williamson AM, Basbaum AI (1993) GABAergic regulation of noradrenergic spinal projection
neurons of the A5 cell group in the rat: an electron microscopic analysis. ] Comp Neurol 330(4):557-570

Labrakakis C (2023) The role of the insular cortex in pain. Int ] Mol Sci 24(6):5736

Lamotte G, Shouman K, Benarroch EE (2021) Stress and central autonomic network. Auton Neurosci 235:102870

Lau BK, Vaughan CW (2014) Descending modulation of pain: the GABA disinhibition hypothesis of analgesia.
Curr Opin Neurobiol 29:159-164

Laurin J, Pertici V, Doucet E, Marqueste T, Decherchi P (2015) Group III and IV muscle afferents: role on central
motor drive and clinical implications. Neuroscience 290:543-551

Lavenex P, Amaral DG (2000) Hippocampal-neocortical interaction: a hierarchy of associativity. Hippocampus
10(4):420-430

Lay M, Dong X (2020) Neural mechanisms of itch. Annu Rev Neurosci 43:187-205

Lee SM, Jang HB, Fan Y, Lee B, Kim SC, Bills KB, Steffensen SC, Kim HY (2022) Nociceptive stimuli activate the
hypothalamus-habenula circuit to inhibit the meso-limbic reward system and cocaine seeking-behaviors. J

Neurosci  42(49):9180-9192

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.0743.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 May 2025 d0i:10.20944/preprints202505.0743.v1

88 of 98

Lefevre A, Benusiglio D, Tang Y, Krabicher Q, Charlet A, Grinevich V (2021) Oxytocinergic feedback circuitries: An
anatomical basis for neuromodulation of social behaviors. Front Neural Circuits 15:688234

Legrain V, Iannetti GD, Plaghki L, Mouraux A (2010) The pain matrix reloaded: A salience detection system for the
body. Prog Neurobiol 93:111-124

Leite-Almeida H, Valle-Fernandes A, Almeida A (2006) Brain projections from the medullary dorsal reticular
nucleus: an anterograde and retrograde tracing study in the rat. Neuroscience 140(2):577-595

Leknes S, Tracey I (2008) A common neurobiology for pain and pleasure. Nat Rev Neurosci 9:314-320

Lewin GR, Lu Y, Park TJ (2004) A plethora of painful molecules. Curr Opin Neurobiol 14:443-449

Li C Liu S, Lu X, Tao F (2019) Role of descending dopaminergic pathways in pain modulation. Curr
Neuropharmacol 17(12):1176-1182

LiS, Cao X, LiY, Tang Y, Cheng S, Zhang D (2024) Enhancing ventrolateral prefrontal cortex activation mitigates
social pain and modifies subsequent social attitudes: Insights from TMS and fMRI. Neuroimage 292:120620

Liang D, Labrakakis C (2024) Multiple posterior insula projections to the brainstem descending pain modulatory
system. Int ] Mol Sci 25(17):9185

Lim LE (1994) Psychogenic pain. Singapore Med ] 35(5):519-522

Lima D, Almeida A (2002) The medullary dorsal reticular nucleus as a pronociceptive centre of the pain control
system. Prog Neurobiol 66:81-108

Lindvall O, Bjorklund A, Skagerberg G (1983) Dopamine-containing neurons in the spinal cord: anatomy and
some functional aspects. Ann Neurol 14(3):255-260

Lischka A, Lassuthova P, Cakar A, Record CJ, Van Lent J, Baets J, Dohrn MF, Senderek J, Lampert A, Bennett DL,
Wood JN, Timmerman V, Hornemann T, Auer-Grumbach M, Parman Y, Hiibner CA, Elbracht M, Eggermann
K, Woods CG, Cox J], Reilly MM, Kurth I (2022) Genetic pain loss disorders. Nat Rev Dis Primers 8(1):41

Liu Y, Latremoliere A, Li X, Zhang Z, Chen M, Wang X, Fang C, Zhu ], Alexandre C, Gao Z, Chen B, Ding X,
Zhou J-Y, Zhang Y, Chen C, Wang KH, Woolf CJ, He Z (2018) Touch and tactile neuropathic pain sensitivity
are set by corticospinal projections. Nature 561(7724):547-550

Livneh Y, Andermann (2021) Cellular activity in insular cortex across seconds to hours: Sensations and predictions
of bodily states. Neuron 109(22):3576-3593

Loeser JD, Treede RD (2008) The Kyoto protocol of IASP basic pain terminology. Pain 137:473-477

Lu C, Yang T, Zhao H, Zhang M, Meng F, Fu H, Xie Y, Xu H (2016) Insular cortex is critical for the perception,
modulation, and chronification of pain. Neurosci Bull 32(2):191-201

Lubejko ST, Livrizzi G, Buczynski SA, Patel ], Yung JC, Yaksh TL, Banghart MR (2024) Inputs to the locus
coeruleus from the periaqueductal gray and rostroventral medulla shape opioid-mediated descending pain
modulation. Sci Adv 10(17):eadj9581

Luiz AP, MacDonald DI, Santana-Varela S, Millet Q, Sikander S, Wood JN, Emery EC (2019) Cold sensing by
Na_ 1.8-positive and Na,,1.8-negative sensory neurons. Proc Natl Acad Sci U S A 116(9):3811-3816

Lumb BM (2002) Inescapable and escapable pain is represented in distinct hypothalamic-midbrain circuits: specific
roles for Adelta- and C-nociceptors. Exp Physiol 87(2):281-286

Luo ], Feng ], Liu S, Walters ET, Hu H (2015) Molecular and cellular mechanisms that initiate pain and itch. Cell
Mol Life Sci 72:3201-3223

Lyubashina OA, Sivachenko IB, Sokolov AY (2019) Differential responses of neurons in the rat caudal
ventrolateral medulla to visceral and somatic noxious stimuli and their alterations in colitis. Brain Res Bull
152:299-310

Ma S, Hangya B, Leonard CS, Wisden W, Gundlach AL (2018) Dual-transmitter systems regulating arousal,

attention, learning and memory. Neurosci Biobehav Rev 85:21-33

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.0743.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 May 2025 d0i:10.20944/preprints202505.0743.v1

89 of 98

Maeda H, Mogenson GJ (1982) Effects of peripheral stimulation on the activity of neurons in the ventral
tegmental area, substantia nigra and midbrain reticular formation of rats.Brain Res Bull 8(1):7-14

Maisky VA, Pilyavskii Al, Kalezic I, Ljubisavljevic M, Kostyukov AI, Windhorst U, Johansson H (2002) NADPH-
diaphorase activity and c-fos expression in medullary neurons after fatiguing stimulation of hindlimb
muscles in the rat. Auton Neurosci 101(1-2):1-12

Makovac E, Venezia A, Hohenschurz-Schmidt D, Dipasquale O, Jackson JB, Medina S, O’Daly O, Williams SCR,
McMahon SB, Howard MA (2021) The association between pain-induced autonomic reactivity and
descending pain control is mediated by the periaqueductal grey. ] Physiol 599(23):5243-5260

Maletic V, Raison CL (2009). Neurobiology of depression, fibromyalgia and neuropathic pain. Front Biosci
(Landmark Ed) 14(14):5291-338

Marangoni S, Beatty ], Steagall PV (2023) An ethogram of acute pain behaviors in cats based on expert consensus.
PL0S One 18(9):0292224.

Martins I, Tavares I (2017) Reticular formation and pain: The past and the future. Front Neuroanat 2017 Jul 5:11:51

Maruyama K (2021) Senso-immunology: crosstalk between nociceptive and immune systems. FEBS ]. doi:
10.1111/febs.15846

Mason P (2001) Contributions of the medullary raphe and ventromedial reticular region to pain modulation and
other homeostatic functions. Annu Rev Neurosci 24:737-777

Mason P (2005) Deconstructing endogenous pain modulation. ] Neurophysiol 94:1659-1663

Mavani GP, DeVita MV, Michelis MF (2015) A review of the nonpressor and nonantidiuretic actions of the hormone
vasopressin. Front Med (Lausanne) 2:19

McGrawth PA, Williams T (2009) Pain in children. In: Binder MD, Hirokawa N, Windhorst U (eds) Encyclopedia
of neuroscience. Springer-Verlag, Berlin Heidelberg, pp 3071-3074

McMahon SB, La Russa F, Bennett DLH (2015) Crosstalk between the nociceptive and immune systems in host
defence and disease. Nat Rev Neurosci 16:389-402

Mense S (1993) Nociception from skeletal muscle in relation to clinical muscle pain. Pain 54:241-289

Mense S (2003) The pathogenesis of muscle pain. Curr Pain Headache Rep 7(6):419-425

Mense S (2008) Muscle pain: mechanisms and clinical significance Dtsch Arztebl Int. 105(12): 214-219.

Merighi A (2018) The histology, physiology, neurochemistry and circuitry of the substantia gelatinosa Rolandi
(lamina II) in mammalian spinal cord. Prog Neurobiol 169:91-134

Metzger M, Bueno D, Lima LB (2017) The lateral habenula and the serotonergic system. Pharmacol Biochem Behav
162:22-28

Michaelis M, Vogel C, Blenk KH, Arnarson A, Janig W (1998) Inflammatory mediators sensitize acutely axotomized
nerve fibers to mechanical stimulation in the rat. ] Neurosci 18:7581-7587

Millan MJ (2002) Descending control of pain. Prog Neurobiol 66(6):355-474

Mills EP, Keay KA, Henderson LA (2021) Brainstem pain-modulation circuitry and its plasticity in neuropathic
pain: Insights from human brain imaging investigations. Front Pain Res (Lausanne) 2:705345

Miranda OC, Hegediis K, Kis G, Antal M (2023) Synaptic targets of glycinergic neurons in laminae I-III of the
spinal dorsal horn. Int ] Mol Sci 24(8):6943

Mitsi V, Zachariou V (2016) Modulation of pain, nociception, and analgesia by the brain reward center.
Neuroscience 338:81-92

Mogil JS (2020) Qualitative sex differences in pain processing: emerging evidence of a biased literature. Nat Rev
Neurosci 21:353-365

Monhemius R, Green DL, Roberts MH, Azami ] (2001) Periaquaeductal grey mediated inhibition of response to

noxious stimulation is dynamically activated in a rat model of neuropathic pain. Neurosci Lett 298(1):70-74

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.0743.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 May 2025 d0i:10.20944/preprints202505.0743.v1

90 of 98

Morales M, Margolis EB (2017) Ventral tegmental area: cellular heterogeneity, connectivity and behaviour. Nat Rev
Neurosci 18:8573

Morgan MM, Whittier KL, Hegarty DM, Aicher SA (2008) Periaqueductal gray neurons project to spinally
projecting GABAergic neurons in the rostral ventromedial medulla. Pain 140(2):376-386

Moriya S, Yamashita A, Masukawa D, Sakaguchi J, Ikoma Y, Sameshima Y, Kambe Y, Yamanaka A, Kuwaki T
(2022) Involvement of A5/A7 noradrenergic neurons and B2 serotonergic neurons in nociceptive
processing: a fiber photometry study. Neural Regen Res 17(4):881-886

Moriya S, Yamashita A, Nishi R, Ikoma Y, Yamanaka A, Kuwaki T (2019) Acute nociceptive stimuli rapidly induce
the activity of serotonin and noradrenalin neurons in the brain stem of awake mice. IBRO Rep 7:1-9

Motzkin JC, Hiser ], Carroll J, Wolf R, Baskaya MK, Koenigs M, Atlas LY (2023) Human ventromedial prefrontal
cortex lesions enhance the effect of expectations on pain perception. Cortex 166:188-206

Moulton EA, Schmahmann JD, Becerra L, Borsook D (2010) The cerebellum and pain: Passive integrator or active
participator? Brain Res Rev 65:14-27

Myers B, Scheimann JR, Franco-Villanueva A, Herman JP (2017) Ascending mechanisms of stress integration:
implications for brainstem regulation of neuroendocrine and behavioral stress responses. Neurosci Biobehav
Rev 74(Pt B): 366-375

Nadrigny F, Le Meur K, Schomburg ED, Safavi-Abbasi S, Dibaj P (2017) Two-photon laser-scanning microscopy for
single and repetitive imaging of dorsal and lateral spinal white matter in vivo. Physiol Res 66(3):531-537

Nagai M, Kishi K, Kato S (2007) Insular cortex and neuropsychiatric disorders: a review of recent literature. Eur
Psychiatry 22(6):387-394

Nahorski MS, Chen Y-C, Woods CG (2015) New Mendelian disorders of painlessness. Trends Neurosci 38:712-724

Navratilova E, Qu C, Ji G, Neugebauer V, Guerrero M, Rosen H, Roberts E, Porreca F (2024) Opposing effects on
descending control of nociception by p and i opioid receptors in the anterior cingulate cortex. Anesthesiology
40(2):272-283

Nelson AB, Kreitzer AC (2014) Reassessing models of basal ganglia function and dysfunction. Annu Rev
Neurosci 37:117-135

Nencini S, Ivanusic JJ (2016) The physiology of bone pain. How much do we really know? Front Physiol 7:157. doi:
10.3389/fphys.2016.00157

Neugebauer V (2015) Amygdala pain mechanisms. Handb Exp Pharmacol 227:261-284

Neugebauer V, Galhardo V, Maione S, Mackey SC (2009) Forebrain pain mechanisms. Brain Res Rev 60:226-242

Neugebauer V, Mazzitelli M, Cragg B, Ji G, Navratilova E, Porreca F (2020) Amygdala, neuropeptides, and chronic
pain-related affective behaviors. Neuropharmacology 170:108052

Nguyen E, Grajales-Reyes ]G, Gereau 4" RW, Ross SE (2023) Cell type-specific dissection of sensory pathways
involved in descending modulation. Trends Neurosci 46(7):539-550

Nicol GD, Vasko MR (2007) Unraveling the story of NGF-mediated sensitization of nociceptive sensory neurons:
ON or OFF the Trks? Mol Interv 7:26-41

Nieuwenhuys R, Voogd ], van Huijzen C (1978) The human central nervous system. A synopsis and atlas. Springer,
Berlin Heidelberg New York

Oare I, Barborica A, Mindruta IR (2023) Cingulate cortex: anatomy, structural and functional connectivity. J Clin
Neurophysiol 40(6):482-490

Ogawa SK, Watabe-Uchida M (2018) Organization of dopamine and serotonin system: Anatomical and functional
mapping of monosynaptic inputs using rabies virus. Pharmacol Biochem Behav 174:9-22

O'Neill A, Lirk P (2022) Multimodal analgesia. Anesthesiol Clin 40(3):455-468

Ong WY, Stohler CS, Herr DR (2019) Role of the prefrontal cortex in pain processing. Mol Neurobiol 56:1137-1166

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.0743.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 May 2025 d0i:10.20944/preprints202505.0743.v1

91 of 98

Ossipov MH, Dussor GO, Porreca F (2010) Central moduation of pain. ] Clin Invest 120(11):3779-3787

Ossipov MH, Morimura K, Porreca F (2014) Descending pain modulation and chronification of pain. Curr Opin
Support Palliat Care 8(2):143-151

Pagliusi M, Gomes FV (2023) The role of the rostral ventromedial medulla in stress responses. Brain Sci 13(5):776

Pan B, Castro-Lopes JM, Coimbra A (1999) Central afferent pathways conveying nociceptive input to the
hypothalamic paraventricular nucleus as revealed by a combination of retrograde labeling and c-fos
activation. ] Comp Neurol 1999 413(1):129-145

Pan H, Wu Z, Zhou H, Chen S, Zhang H, Li D (2008) Modulation of pain transmission by G-protein-coupled
receptors. Pharmacol Ther 117(1):141-161

Panneton WM, Gan Q, Ariel M (2015) Injections of algesic solutions into muscle activate the lateral reticular
formation: A nociceptive relay of the spinoreticulothalamic tract. PLoS One 2015 Jul 8;10(7):e0130939

Paulus MP, Stein MB (2006) An insular view of anxiety. Biol Psychiatry 60:383-387

Pautrat A, Rolland M, Barthelemy M, Baunez C, Sinniger V, Piallat B, Savasta M, Overton PG, David O, Coizet V
(2018) Revealing a novel nociceptive network that links the subthalamic nucleus to pain processing. Elife
7:e36607

Pay S, Barasi S (1982) A study of the connections of nociceptive substantia nigra neurones. Pain 12(1):75-89

Peng B, Jiao Y, Zhang Y, Li S, Chen S, Xu S, Gao P, Fan Y, Yu W (2023) Bulbospinal nociceptive ON and OFF cells
related neural circuits and transmitters. Front Pharmacol 14:1159753

Peng K, Steele SC, Becerra L, Borsook D (2018) Brodmann area 10: Collating, integrating and high level processing
of nociception and pain. Prog Neurobiol 161:1-22

Pertovaara A (2006) NA pain modulation. Prog Neurobiol 80:53-83

Pertovaara A (2013) The NA pain regulation system: a potential target for pain therapy. Eur | Pharmacol 716(1-3):2-
7

Petrides M (2005) Lateral prefrontal cortex: architectonic an functional organization. Phil Trans R Soc B 360:781-795

Peyron R, Quesada C, Fauchon C (2019) Cingulate-mediated approaches to treating chronic pain. Handb Clin
Neurol 166:317-326

Pezet S, McMahon SB (2006) Neurotrophins: mediators and modulators of pain. Annu Rev Neurosci 29:507-538

Pilyavskii Al, Maznychenko AV, Maisky VA, Kostyukov Al, Hellstrom F, Windhorst U (2005) Capsaicin-
induced effects on c-fos expression and NADPH-diaphorase activity in the feline spinal cord. Eur J
Pharmacol 521(1-3):70-78

Pinho-Ribeiro FA, Verri WA, Chiu IM (2017) Nociceptor sensory neuron-immune interactions in pain and
inflammation. Trends Immunol 38(1):5-19

Pinto-Ribeiro F, Ansah OB, Almeido A, Pertovaara A (2011) Response properties of nociceptive neurons in the
caudal ventrolateral medulla (CVLM) in monoarthritic and healthy control rats: modulation of responses
by the paraventricular nucleus of the hypothalamus (PVN). Brain Res Bull 86(1-2):82-90

Ploner M, Gross ], Timmermann L, Schnitzler A (2002) Cortical representation of first and second pain sensation in
humans. Proc Natl Acad Sci USA 99:12444-12448

Ploski JE, Vaidya VA (2021) The neurocircuitry of posttraumatic stress disorder and major depression: Insights into
overlapping and distinct circuit dysfunction — A tribute to Ron Duman. Biol Psychiatry 90(2):109-117

Poe GR, Foote S, Eschenko O, Johansen JP, Bouret S, Aston-Jones G, Harley CW, Manahan-Vaughan D,
Weinshenker D, Valentino R, Berridge C, Chandler DJ, Waterhouse B, Sara SJ (2020) Locus coeruleus: a new
look at the blue spot. Nat Rev Neurosci 21(11):644-659

Poisbeau P, Grinevich V, Charlet A (2018) Oxytocin signaling in pain: Cellular, circuit, system, and behavioral
levels. Curr Top Behav Neurosci 35:193-211

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.0743.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 May 2025 d0i:10.20944/preprints202505.0743.v1

92 of 98

Porreca F, Ossipov MH, Gebhart GF (2002) Chronic pain and medullary descending facilitation. Trends Neurosci
25:319-325

Prescott SA (2015) Synaptic inhibition and disinhibition in the spinal dorsal horn. Prog Mol Biol Trans Sci 131:359-383

Presto P, Mazzitelli M, Junell R, Griffin Z, Neugebauer V (2022) Sex differences in pain along the neuraxis.
Neuropharmacology 210:109030

Price TJ, Ray PR (2019) Recent advances toward understanding the mysteries of the acute to chronic pain transition.
Curr Opin Physiol 11:42-50

Puntillo F, Giglio M, Paladini A, Perchiazzi G, Viswanath O, Urits I, Sabba C, Varrassi G, Brienza N (2021)
Pathophysiology of musculoskeletal pain: a narrative review. Ther Adv Musculoskelet Dis
13:1759720X21995067

Puopolo M (2019) The hypothalamic-spinal dopaminergic system: a target for pain modulation. Neural Regen Res
14(6):925-930

Qian K, Zhou J, Xiong ], Wang Q, Chen L, Zhuang T, Jin ], Zhang G, Hao C, Huang L, Chen Y (2024) Discovery of
anovel Kv7.2/7.3 channels agonist for the treatment of neuropathic pain. Eur ] Med Chem 280:116953

Queme LF, Jankowski MP (2019) Sex differences and mechanisms of muscle pain. Curr Opin Physiol 11:1-6

Quevedo JN (2009) Presynaptic inhibition. In: Binder MD, Hirokawa N, Windhorst U (eds) Encyclopedia of
neuroscience. Springer-Verlag, Berlin Heidelberg, pp 3266-3270

Reichling DB, Levine JD (2009) Critical role of nociceptor plasticity in chronic pain. Trends Neurosci 32:611-618

Reid AR, Coté PD, McDougall JJ (2022) Long-term blockade of nociceptive Navl.7 channels is analgesic in rat
models of knee arthritis. Biomolecules 12(11):1571

Ren K, Dubner R (2007) Pain facilitation and activity-dependent plasticity in pain modulatory circuitry: role of
BNDF-TrkB signaling and NMDA receptors. Mol Neurobiol 35:224-235

Ren K, Randich A, Gebhart GF (1990) Modulation of spinal nociceptive transmission from nuclei tractus solitarii:
a relay for effects of vagal afferent stimulation. ] Neurophysiol 63(5):971-986

Ren S, Wang S, Lv S, Gao J, Mao Y, Liu Y, Xie Q, Zhang T, Zhao L, Shi ] (2024) The nociceptive inputs of the
paraventricular hypothalamic nucleus in formalin stimulated mice. Neurosci Lett 841:137948

Revand R, Singh SK, Muthu MS (2023) Subthreshold doses of inflammatory mediators potentiate one another to
elicit reflex cardiorespiratory responses in anesthetized rats. Cardiovasc Hematol Agents Med Chem 2023
Apr7

Rezaee L, Karimi-Haghighi S, Fazli-Tabaei S, Haghparast A (2018) Effects of intrathecal administration of orexin-
1 receptor antagonist on antinociceptive responses induced by chemical stimulation of lateral
hypothalamus in an animal model of tonic nociception. Neuropeptides 69:19-25

Robinson DA (1992) Implications of neural networks for how we think about brain function. Behav Brain Sci 15:644-
655

Rocha I, Gonzalez-Garcia M, Carillo-Franco L, Dawid-Milner MS, Lépez-Gonzalez MV (2024) Influence of
brainstem’s area A5 on sympathetic outflow and cardiorespiratory dynamics. Biology (Basel) 13(3):161

Roelofs K (2017) Freeze for action: neurobiological mechanisms in animal and human freezing. Phil Trans R Soc B
372:20160206

Ross JA, van Bockstaele EJ (2020) The locus coeruleus-norepinephrine system in stress and arousal: Unraveling
historical, current, and future perspectives. Front Psychiatry 11:601519

Ross SE (2011) Pain and itch: insights into the neural circuits of aversive somatosensation in health and
disease.Curr Opin Neurobiol 21(6):880-887

Rossi A, Mazzocchio R, Decchi B (2003) Effect of chemically activated fine muscle afferents on spinal recurrent

inhibition in humans. Clin Neurophysiol 114(2):279-287

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.0743.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 May 2025 d0i:10.20944/preprints202505.0743.v1

93 of 98

Roth RH, Ding JB (2024) Cortico-basal ganglia plasticity in motor learning. Neuron 112(15):2486-2502

Roy N, Parhar I (2022) Habenula orphan G-protein coupled receptors in the pathophysiology of fear and anxiety.
Neurosci Biobehav Rev 132:870-883

Saab CY, Waxman SG, Hains BC (2008) Alarm or curse? The pain of neuroinflammation. Brain Res Rev 58:226-235

Saab CY, Willis WD (2003) The cerebellum: organization, functions and its role in nociception. Brain Res Rev 42:85-
95

Saadé NE, Jabbur SJ (2008) Nociceptive behavior in animal models for peripheral neuropathy: Spinal and
supraspinal mechanisms. Prog Neurobiol 86:22-47

Saman Y, Arshad Q, Dutia M, Rea P (2020) Stress and the vestibular system. Int Rev Neurobiol 2020;152:221-236

Sandkiihler ] (2009) Models and mechanisms of hyperalgesia and allodynia. Physiol Rev 89:707-758

Sandri A, Cecchini MP, Riello M, Zanini A, Nocini R, Fiorio M, Tinazzi M (2021) Pain, smell, and taste in adults: a
narrative review of multisensory perception and interaction. Pain Ther 10(1):245-268

Sandrini G, Serrao M, Rossi P, Romaniello A, Cruccu G, Willer JC (2005) The lower limb flexion reflex in humans.
Prog Neurobiol 77:353-395

Sartori SB, Singewald N (2019) Novel pharmacological targets in drug development for the treatment of anxiety
and anxiety-related disorders. Pharmacology&Therapeutics 204:107402

Sato A, Sato Y, Schmidt RF (1997) The impact of somatosensory input on autonomic functions. Rev Physiol
Biochem Pharmacol 130:1-328

Sato F, Akhter F, Haque T, Kato T, Takeda R, Nagase Y, Sessle BJ, Yoshida A (2013) Projections from the insular
cortex to pain-receptive trigeminal caudal subnucleus (medullary dorsal horn) and other lower brainstem
areas in rats. Neuroscience 233:9-27

Savadipour A, Palmer D, Ely EV, Collins KH, Garcia-Castorena JM, Harissa Z, Kim YS, Oestrich A, Qu F, Rashidi
N, Guilak F (2023) The role of PIEZO ion channels in the musculoskeletal system. Am J Physiol Cell Physiol
324(3):C728-C740

Sawchenko PE, Swanson LW (1982) Immunohistochemical identification of neurons in the paraventricular
nucleus of the hypothalamus that project to the medulla or to the spinal cord in the rat. ] Comp Neurol
;205(3):260-272.

Schaible H-G (2009) Joint pain. In: Binder MD, Hirokawa N, Windhorst U (eds) Encyclopedia of neuroscience.
Springer-Verlag, Berlin Heidelberg, pp 2072-2076

Schmidt RF, Struppler A (1983) Der Schmerz. Ursachen, Diagnose, Therapie. Piper Verlag, Miinchen - Ziirich

Scholz J, Woolf CJ (2002) Can we conquer pain? Nature Neurosci Suppl 5:1062-1067

Schomburg ED, Dibaj P, Steffens H (2011a) Differentiation between Ad and C fibre evoked nociceptive reflexes by
TTX resistance and opioid sensitivity in the cat. Neurosci Res 69(3):241-245

Schomburg ED, Dibaj P, Steffens H (2011b) Role of L-DOPA in spinal nociceptive reflex activity: higher sensitivity
of Ad versus C fibre-evoked nociceptive reflexes to L-DOPA. Physiol Res 60(4):701-703

Schomburg ED, Kalezic I, Dibaj P, Steffens H (2013) Reflex transmission to lumbar a-motoneurones in the mouse
similar and different to those in the cat. Neurosci Res 76:133-140

Schomburg ED, Steffens H, Dibaj P, Sears TA (2012) Major contribution of Ad-fibres to increased reflex transmission
in the feline spinal cord during acute muscle inflammation.Neurosci Res 72(2):155-162

Schomburg ED, Steffens H, Pilyavskii Al, Maisky VA, Briick W, Dibaj P, Sears TA (2015) Long lasting activity of
nociceptive muscular afferents facilitates bilateral flexion pattern in the feline spinal cord. Neurosci Res 95:51-
58

Schouenborg J (2002) Modular organisation and spinal somatosensory imprinting, Brain Res Rev 40:80-91

Schouenborg J (2003) Somatosensory imprinting in spinal reflex modules. ] Rehabil Med Suppl. 41:73-80

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.0743.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 May 2025 d0i:10.20944/preprints202505.0743.v1

94 of 98

Seminowicz DA, Moayedi M (2017) The dorsolateral prefrontal cortex in acute and chronic pain. ] Pain
18(9):1027-1035

Seminowicz DA, Remeniuk B, Krimmel SR, Smith MT, Barrett FS, Wulff AB, Furman AJ, Geuter S, Lindquist
MA, Irwin MR, Finan PH (2019) Pain-related nucleus accumbens function: modulation by reward and sleep
disruption. Pain 160(5):1196-1207

Seymour B (2019) Pain: a precision signal for reinforcement learning and control. Neuron 101:1029-1041

Sliz D, Hayley S (2012) Major depressive disorder and alterations in insular cortical activity: A review of current
functional magnetic imaging research. Front Hum Neurosci 6: 323

Smith N, Juresic S, Lor K, Schmidt C, Howrigon AB, Olatoye O (2024) Intravenous magnesium sulfate as an
adjunct to intravenous ketamine for acute pain: a case serious. ] Pain Palliat Care Pharmacother 13:1-8

Sprenger C, Finsterbusch J, Biichel C (2015) Spinal cord-midbrain functional connectivity is related to perceived
pain intensity: a combined spino-cortical FMRI study. ] Neurosci 35(10):4248-4257

Spuz C, Tomaszycki ML, Borszcz GS (2014) N-methyl-D-aspartate receptor agonism and antagonism within the
amygdaloid central nucleus suppresses pain affect: differential contribution of the ventrolateral
periaqueductal gray. J Pain 15(12):1305-1318

Starr CJ, Sawaki L, Wittenberg GF, Burdette JH, Oshiro Y, Quevedo AS, McHaffie JG, Coghill RC (2011) The
contribution of the putamen to sensory aspects of pain: insights from structural connectivity and brain
lesions. Brain 134(Pt 7):1987-2004

Strand LI, Gundrosen KF, Kiifner Lein R, Laekeman M, Lobbezoo F, Defrin R, Husebo BS (2019) Body
movements as pain indicators in older people with cognitive impairment: A systematic review. Eur ] Pain
23(4):669-685

Sugimura YK, Takahashi Y, Watabe AM, Kato F (2016) Synaptic and network consequences of monosynaptic
nociceptive inputs of parabrachial nucleus origin in the central amygdala. ] Neurophysiol 115(6):2721-2739

Svensson P, Minoshima S, Beydoun A, Morrow TJ, Casey KL (1997) Cerebral processing of acute skin and muscle
pain in humans. | Neurophysiol 78(1):450-460

Takayanagi Y, Onaka T (2021) Roles of oxytocin in stress responses, allostasis and resilience. Int ] Mol Sci
23(1):150

Tan S, Faull RLM, Curtis MA (2023) The tracts, cytoarchitecture, and neurochemistry of the spinal cord. Anat
Rec (Hoboken) 306(4):777-819

Tanaka M, Torok N, Téth F, Szabé A, Vécsei L (2021) Co-players in chronic pain: neuroinflammation and the
tryptophan-kynurenine metabolic pathway. Biomedicines 9(8):897

Taniguchi W, Nakatsuka T, Miyazaki N, Yamada H, Takeda D, Fujita T, Kumamoto E, Yoshida M (2011) In vivo
patch-clamp analysis of dopaminergic antinociceptive actions on substantia gelatinosa neurons in the
spinal cord. Pain 152(1):95-105

Tang J-S, Qu C-L, Huo F-Q (2009) The thalamic nucleus submedius and ventrolateral orbital cortex are involved
in nociceptive modulation: a novel pain modulation pathway. Prog Neurobiol 89(4):383-389

Taub DG, Jiang Q, Pietrafesa F, Su ], Carroll A, Greene C, Blanchard MR, Jain A, El-Rifai M, Callen A, Yager K,
Chung C, He Z, Chen C, Woolf CJ (2024) The secondary somatosensory cortex gates mechanical and heat
sensitivity. Nat Commun 2024 Feb 12;15(1):1289

Tavares I, Costa-Pereira JT, Martins I (2021) Monoaminergic and opioidergic modulation of brainstem circuits:
New insights into the clinical challenges of pain treatment? Front Pain Res (Lausanne) 2:696515

Tavares I, Lima D (2002) The caudal ventrolateral medulla as an important inhibitory modulator of pain

transmission in the spinal cord. ] Pain 3(5):337-346

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.0743.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 May 2025 d0i:10.20944/preprints202505.0743.v1

95 of 98

Tavares I, Lima D (2007) From neuroanatomy to gene therapy: searching for new ways to manipulate the
supraspinal endogenous pain modulatory system. ] Anat 211:261-268

Tavares I, Lima D, Coimbra A (1997) The pontine A5 noradrenergic cells which project to the spinal cord dorsal
horn are reciprocally connected with the caudal ventrolateral medulla in the rat. Eur | Neurosci 9(11):2452-
2461

Tewari A, Jog R, Jog MS (2016) The striatum and subthalamic nucleus as independent and collaborative
structures in motor control. Front Syst Neurosci 10:17. doi: 10.3389/fnsys.2016.00017

Thomaidou MA, Peerdeman KJ, Koppeschaar MI, Evers AWM, Veldhuijzen DS (2021) How negative experience
influences the brain: A comprehensive review of the neurobiological underpinnings of nocebo
hyperalgesia. Front Neurosci 15:652552

Thompson JM, Neugebauer V (2019) Cortico-limbic pain mechanisms. Neurosci Lett 702:15-23

Timmers I, Quaedflieg CWEM, Hsu C, Heathcote LC, Rovnaghi CR, Simons LE (2019) The interaction between
stress and chronic pain through the lens of threat learning. Neurosci Biobehav Rev 107:641-655

Todd AJ (2010) Neuronal circuitry for pain processing in the dorsal horn. Nat Rev Neurosci 11(12):823-836

Todd AJ (2017) Identifying functional populations among the interneurons in laminae I-III of the spinal dorsal
horn. Mol Pain 1744806917693003

Todd A]J, Spike RC (1993) The localization of classical transmitters and neuropeptides withinh neurons in
laminae I-III of the mammalian spinal dorsal horn. Prog Neurobiol 41:609-645

Toledo F, Carson F (2022) Neurobiological features of posttraumatic stress disorder (PTSD) and their role in
understanding adaptive behavior and stress resilience. Int ] Environ Res Public Health 19(16):10258

Toney GM, Mifflin SW (2000) Sensory modalities conveyed in the hindlimb somatic afferent input to nucleus
tractus solitarius. ] Appl Physiol (1985) 88(6):2062-2073

Tracey I (2011) Can neuroimaging studies identify pain endophenotypes in humans? Nat Rev Neurol 7:173-181

Tracey I, Mantyh PW (2007) The cerebral signature for pain perception and its modulation. Neuron 55:377-391

Tracy LM, Georgiou-Karistianis N, Gibson S], Giummarra MJ (2015) Oxytocin and the modulation of pain
experience: Implications for chronic pain management. Neurosci Biobehav Rev 55:53-67

Tremblay R, Lee S, Rudy B (2016) GABAergic interneurons in the neocortex: From cellular properties to circuits.
Neuron 91(2):260-292

Urban MO, Gebhart GF (1999) Supraspinal contributions to hyperalgesia. Proc Natl Acad Sci 96:7687-7692

Valentino R]J, Van Bockstaele E (2015) Endogenous opioids: The downside of opposing stress. Neurobiol Stress
1:23-32

Van den Pol AN (1999) Hypothalamic hypocretin (orexin): robust innervation of the spinal cord. ] Neurosci
19(8):3171-3182

Vander Weele CM, Siciliano CA, Tye KM (2019) Dopamine tunes prefrontal outputs to orchestrate aversive
processing. Brain Res 1713:16-31

Vanegas H, Schaible H-G (2004) Descending control of persistent pain: inhibitory or facilitatory? Brain Res Rev
46:295-309

Vangeel L, Benoit M, Miron Y, Miller PE, De Clercq K, Chaltin P, Verfaillie C, Vriens ], Voets T (2020) Functional
expression and pharmacological modulation of TRPM3 in human sensory neurons. Br ] Pharmacol
177(12):2683-2695

Vazquez-Ledn P, Miranda-Paez A, Chavez-Reyes ], Allende G, Barragan-Iglesias P, Marichal-Cancino BA (2021)
The periaqueductal gray and its extended participation in drug addiction phenomena. Neurosci Bull

37(10):1493-1509

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.0743.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 May 2025 d0i:10.20944/preprints202505.0743.v1

96 of 98

Verriotis M, Chang P, Fitzgerald M, Fabrizi L (2016) The development of the nociceptive brain. Neuroscience
338:207-219

Villanueva L, Le Bars D (1995) The activation of bulbo-spinal controls by peripheral nociceptive inputs: diffuse
noxious inhibitory controls. Biol Res 28(1):113-125

Villemure C, Schweinhardt P (2010) Supraspinal pain processing: distinct roles of emotion and attention.
Neuroscientist 16:276-284

Vincent K, Tracey I (2010) Sex hormones and pain: the evidence from functional imaging. Curr Pain Headache
Rep 14:396-403

Vogt BA (2005) Pain and emotion interactions in subregions of the cingulate gyrus. Nat Rev Neurosci 6(7):533-
544

Vogt BA (2016) Midcingulate cortex: Structure, connections, homologies, functions and diseases. ] Chem
Neuroanat 74:28-46

Vogt BA (2019) Cingulate cortex in the three limbic subsystems. Handb Clin Neurol 166:39-51

Wager TD, Atlas LY, Lindquist MA, Roy M, Woo C-W, Kross E (2013) An fMRI-based neurologic signature of
physical pain. N Engl ] Med 368(15):1388-1397

Wagner KM, Roeder Z, Desrocher K, Buhler AV, Heinricher MM, Cleary DR (2013) The dorsomedial
hypothalamus mediates stress-induced hyperalgesia and is the source of the pronociceptive peptide
cholecystokinin in the rostral ventromedial medulla. Neuroscience 238:29-38

Wallace DM, Magnuson DJ, Gray TS (1992) Organization of amygdaloid projections to brainstem dopaminergic,
noradrenergic, and adrenergic cell groups in the rat. Brain Res Bull 28(3):447-454

Wang H, Ehnert C, Brenner GJ, Woolf CJ (2006) Bradykinin and peripheral sensitization. Biol Chem 387:11-14

Wang J, Li Z-H, Feng B, Zhang T, Zhang H, Li H, Chen T, Cui J, Zang W-.D, Li Y-Q (2015) Corticotrigeminal
projections from the insular cortex to the trigeminal caudal subnucleus regulate orofacial pain after nerve
injury via extracellular signal-regulated kinase activation in insular cortex neurons. Front Cell Neurosci
9:493

Wang M, Tutt JO, Dorricott NO, Parker KL, Russo AF, Sowers LP (2022) Involvement of the cerebellum in
migraine. Front Syst Neurosci 16: 984406

Wang QP, Nakai Y (1994) The dorsal raphe: an important nucleus in pain modulation. Brain Res Bull 34(6):575-
785

Wang S, Lim J, Joseph J, Wang S, Wei F, Ro JY, Chung M (2017) Spontaneous and bite-evoked muscle pain are
mediated by a common nociceptive pathway with differential contribution by TRPV1. J Pain 18(11):1333-
1345

Wang X-Q, Mokhtari T, Zeng Y-X, Yue L-P, Hu L (2021) The distinct functions of dopaminergic receptors on
pain modulation: A narrative review. Neural Plast 2021:6682275

Waterhouse BD, Predale HK, Plummer NW, Jensen P, Chandler DJ (2022) Probing the structure and function of
locus coeruleus projections to CNS motor centers. Front Neural Circuits 16: 895481

Wei H-H, Yuan X-S, Chen Z-K, Chen P-P, Xiang Z, Qu W-M, Li R-X, Zhou G-M, Huang Z-L (2021) Presynaptic
inputs to vasopressin neurons in the hypothalamic supraoptic nucleus and paraventricular nucleus in mice.
Exp Neurol 343:113784

Welman FHSM, Smit AE, Jongen JLM, Tibboel D, van der Geest JN, Holstege JC (2018) Pain experience is
somatotopically organized and overlaps with pain anticipation in the human cerebellum. Cerebellum

17(4):447-460

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.0743.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 May 2025 d0i:10.20944/preprints202505.0743.v1

97 of 98

Wen Z, Wu Z, Huang S, Chou T, Cheng H, Lo Y, Jean Y, Sung C (2024) Local magnesium sulfate administration
ameliorates nociception, peripheral inflammation, and spinal sensitization in a rat model of incisional pain.
Neuroscience 547:98-107

Wercberger R, Basbaum Al (2019) Spinal cord projection neurons: a superficial, and also deep analysis. Curr
Opin Physiol 11:109-1153

West SJ, Bannister K, Dickenson AH, Bennett DL (2015) Circuitry and plasticity of the dorsal horn — toward a
better understanding of neuropathic pain. Neuroscience 300:254-275

Westlund KN, Craig AD (1996) Association of spinal lamina I projections with brainstem catecholamine neurons
in the monkey. Exp Brain Res 110(2):151-162

Wichmann T, DeLong MR (2016) Deep brain stimulation for movement disorders of basal ganglia origin:
Restoring function or functionality? Neurotherapeutics 13(2):264-283

Wiech K, Edwards R, Moseley GL, Berna C, Ploner M, Tracey I (2014) Dissociable neural mechanisms underlying
the modulation of pain and anxiety? An FMRI pilot study. PLoS One 9(12):e110654

Willis WD (1996) Temperature perception and pain. In Greger R, Windhorst U (eds) Comprehensive human
physiology. From cellular mechanisms to integration, vol 1. Springer-Verlag, Berlin Heidelberg New York,
pp 677-696

Willis WD, Westlund KN (1997) Neuroanatomy of the pain system and of the pathways that modulate pain. J
Clin Neurophysiol 14(1):2-31

Windhorst U (2021) Spinal cord circuits: models and reality. Neurophysiology 53(3-6):142-222

Windhorst U, Dibaj P (2023) Plastic spinal motor circuits in health and disease. | Integr Neurosci 22(6):167

Windhorst U, Kirmayer D, Soibelman F, Misri A, Rose R (1997a) Effects of neurochemically excited group III-IV muscle
afferents on motoneuron afterhyperpolarization. Neurosci. 76, 915-929

Windhorst U, Meyer-Lohmann ], Kirmayer D, Zochodne D (1997b) Renshaw cell responses to intra-arterial injection of muscle
metabolites into cat calf muscles. Neurosci Res 27(3):235-247

Witter MP (2009) Hippocampal formation. In: Binder MDD, Hirokawa N, Windhorst U (eds) Encyclopedia of neuroscience.
Springer-Verlag, Berlin Heidelberg, pp 1840-1845

Witter MP, Doan TP, Jacobsen B, Nilssen ES, Ohara S (2017) Architecture of the entorhinal cortex. A review of entorhinal
anatomy in rodents with some comparative notes. Front Syst Neurosci 11:46

Woolf CJ, Ma Q (2007) Nociceptors--noxious stimulus detectors. Neuron 2007 Aug 2;55(3):353-364

Woulfe JM, Flumerfelt BA, Hrycyshyn AW (1990) Efferent connections of the Al noradrenergic cell group: a
DBH immunohistochemical and PHA-L anterograde tracing study. Exp Neurol 109(3):308-322

Wu S-X, Wang W, Li H, Wang Y-Y, Feng Y-P, Li Y-Q (2010) The synaptic connectivity that underlies the noxious transmission
and modulation within the superficial dorsal horn of the spinal cord. Prog Neurobiol 91:38-54

Xu A, Larsen B, Baller EB, Scott JC, Sharma V, Adebimpe A, Basbaum Al, Dworkin RH, Edwards RR, Woolf CJ,
Eickhoff SB, Eickhoff CR, Satterwaite TD (2020) Convergent neural representations of experimentally-
induced acute pain in healthy volunteers: A large-scale fMRI meta-analysis. Neurosci Biobehav Rev
112:300-323

Yang H, de Jong JW, Cerniauskas I, Peck R, Lim BK, Gong H, Fields HL, Lammel S (2021) Pain modulates dopamine neurons
via a spinal-parabrachial-mesencephalic circuit. Nat Neurosci 24(10):1402-1413

Yang S, Chang MC (2019) Chronic pain: Structural and functional changes in brain structures and associated negative affective
states. Int | Mol Sci 20(13): 3130

Ye D-W, Liu C, Liu T-T, Tian X-B, Xiang H-B (2014) Motor cortex-periaqueductal gray-spinal cord neuronal circuitry may
involve in modulation of nociception: a virally mediated transsynaptic tracing study in spinally transected transgenic

mouse model. PLoS One 9(2):¢89486

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.0743.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 May 2025 d0i:10.20944/preprints202505.0743.v1

98 of 98

Yen C-T, Lu P-L (2013) Thalamus and pain. Acta Anaethesiologica Taiwanica 51:73-80

Yetnikoff L, Lavezzi HN, Reichard RA, Zahm DS (2014) An update on the connections of the ventral mesencephalic
dopaminergic complex. Neuroscience 282:23-48

Yin J-B, Liang S-H, Li F, Zhao W-J, Bai Y, Sun Y, Wu Z-Y, Ding T, Sun Y, Liu H-X, Lu Y-C, Zhang T, Huang J,
ChenT, LiH, Chen Z-F, CaoJ, RenR, Peng Y-N, Yang J, Zang W-D, Li X, Dong Y-L, Li Y-Q (2020) tdmPFC-
vIPAG projection neurons contribute to pain threshold maintenance and antianxiety behaviors. J Clin
Invest 130(12):6555-6570

Yoshii T (2021) The role of the thalamus in post-traumatic stress disorder. Int | Mol Sci 22(4):1730

Yoshimura M, Furue H (2006) Mechanisms for the anti-nociceptive actions of the descending NA and serotonergic systems in
the spinal cord. | Pharmacol Sci 101:107-117

You H-J, Lei ], Pertovaara A (2022) Thalamus: The '‘promoter’ of endogenous modulation of pain and potential
therapeutic target in pathological pain. Neurosci Biobehav Rev 139:104745

Zeilhofer HU, Wildner H, Yévenes GE (2012) Fast synaptic inhibition in spinal sensory processing and pain control.
Physiol Rev 92:193-235

Zhang G, CuiM, JiR, Zou S, Song L, Fan B, Yang L, WangD, Hu S, Zhang X, Fang T, Yu X, Yang J-X, Chaudhury
D, LiuH, Hu A, Ding H-L, Cao J-L, Zhang H (2023) Neural and molecular investigation into the paraventricular
thalamic-nucleus accumbens circuit for pain sensation and non-opioid analgesia. Pharmacol Res 191:106776

Zhang H, Li L, Zhang X, Ru G, Zang W (2024) Role of the Dorsal Raphe Nucleus in Pain Processing. Brain Sci
14(10):982

Zhang L, Zhang Y, Zhao Z-Q (2005) Anterior cingulate cortex contributes to the descending facilitatory
modulation of pain via dorsal reticular nucleus. Eur ] Neurosci 22(5):1141-1148

Zheng H Lim JY, Kim Y, Jung ST, Hwang SW (2021) The role of oxytocin, vasopressin, and their receptors at
nociceptors in peripheral pain modulation. Front Neuroendocrinol 100942

Zheng H, Lim JY, Seong JY, Hwang SW (2020) The role of corticotropin-releasing hormone at peripheral
nociceptors: Implications for pain modulation. Biomedicines 8(12):623

Zimmermann AL, Kovatsis EM, Pozsgai RY, Tasnim A, Zhang Q, Ginty DD (2019) Distinct modes of presynaptic
inhibition of cutaneous afferents and their functions in behavior. Neuron 102(2):420-434.e8

Zouikr I, Bartholomeusz MD, Hodgson DM (2016) Early life programming of pain: focus on neuroimmune to
endocrine communication. ] Transl Med 14:123

Zhou K, Zhu L, Hou G, Chen X, Chen B, Yang C, Zhu Y (2021) The contribution of thalamic nuclei in salience
processing. Front Behav Neurosci 15:634618

Zhu J-N, Yung W-H, Chow BK-C, Chan Y-S, Wang J-J (2006) The cerebellar-hypothalamic circuits: potential
pathways underlying cerebellar involvement in somatic-visceral integration. Brain Res Rev 52(1):93-106

Zhuo M, Gebhart GF (1997) Biphasic modulation of spinal nociceptive transmission from the medullary raphe
nuclei in the rat. ] Neurophysiol 78(2):746-758

Zyuzin ], Jendzjowsky N (2022) Neuroanatomical and neurophysiological evidence of pulmonary nociceptor
and carotid chemoreceptor convergence in the nucleus tractus solitarius and nucleus ambiguus. ]

Neurophysiol 127(6):1511-1518

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of
the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or

products referred to in the content.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.0743.v1
http://creativecommons.org/licenses/by/4.0/

