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ABSTRACT

Chronic pain is a major mental health burden with significant individual and societal impact. A major challenge in clinical

practice is the considerable variability in treatment responses, reflecting the complexity of associated biopsychosocial factors and

their neurobiological underpinnings. This narrative review presents an up-to-date overview of neural structures, circuits, and

neurochemical systems involved in pain perception and modulation, integrating foundational and recent findings from human

and animal studies. We outline current models of nociceptive processing and pain perception, emphasizing dynamic interac-
tions between ascending nociceptive input, descending modulation, and distributed cortical networks. Additionally, we describe
mechanisms at spinal, subcortical, and cortical levels, along with neuroplastic changes in chronic pain. Finally, we review key
neuromodulators, including opioids, monoamines, cannabinoids, and GABA. Together, these insights support the development

of personalized pain management strategies grounded in systems-level neurobiology.

1 | Introduction

Chronic pain is a leading cause of mental health burden, with
towering costs (Cohen et al. 2021). Patient response to treat-
ment varies widely, reflecting the complexity of the neurobio-
logical systems involved and underscoring the need for a more
mechanism-based treatment approach (Cohen et al. 2021;
Baron et al. 2023). Recent decades have seen considerable
progress in unravelling underlying mechanisms, owing to

advances in research methods such as viral-mediated gene de-
livery and optogenetic control of neuronal activity in rodents,
as well as improved human imaging techniques (Finnerup
et al. 2021; Kuner and Kuner 2021). In this review, findings
from human and animal studies are integrated into a broad
overview of current understanding of the neurobiology un-
derpinning pain perception and modulation, with a focus
on the latest developments. First, fundamental concepts will
be reviewed. Second, key neural structures and circuits will
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be discussed. Last, main neurochemical mediators will be
highlighted.

2 | Fundamental Pain Concepts: An Updated
Overview

2.1 | Nociception

Nociceptors are specialized sensory neurons that respond to
actual or potential tissue damage by converting intense me-
chanical, thermal, and chemical stimuli into electrical signals
transmitted to the dorsal horn of the spinal cord (Basbaum
et al. 2009). Within the dorsal horn, this nociceptive informa-
tion is processed by a complex network of interneurons before
being transmitted to the brain, with the output of the dorsal
horn reflecting a balance between inhibitory and excitatory ac-
tivity (Finnerup et al. 2021). Disruptions to this balance, such
as those caused by inflammation or nerve injury, can result in
increased pain sensitivity (hyperalgesia) and pain from nor-
mally non-painful stimuli (allodynia). Main underlying mech-
anisms include reduced inhibitory drive, enhanced synaptic
strength termed “long-term potentiation” (LTP), and altered
signaling causing a loss of separation between non-nociceptive
and nociceptive signals (Sandkiihler 2009; Kuner and Flor 2017;
Finnerup et al. 2021).

Nociceptive information is transmitted to the brain via multiple
ascending pathways such as the spinothalamic, spinoparabra-
chial, and spinoreticular tracts, involving complex neural net-
works integrated at various levels of the nervous system (see
Figure 1) (Kuner and Kuner 2021; Wang et al. 2022). This re-
sults in a parallel architecture distributing nociceptive informa-
tion across multiple subcortical regions in the medulla, pons,
and midbrain (Coghill 2020; Wang et al. 2022). A key relay is
the thalamus, a highly connected hub that not only transmits
but also filters and integrates sensory input through extensive
cortical and subcortical interactions (Shine et al. 2023). Classical
models distinguish three thalamocortical systems: a lateral
system for sensory-discriminative aspects of pain (mainly to
the somatosensory cortices); a medial system for affective-
motivational aspects (mainly to the cingulate cortex); and a pos-
terior system for pain intensity (mainly to the posterior insula).
Newer insights, however, indicate that thalamocortical path-
ways are more complex and interconnected than this traditional
tripartite model suggests, with pain perception often preserved
even in the presence of substantial lesions (Coghill 2020; Kuner
and Kuner 2021).

2.2 | Descending Modulation

Nociceptive processing is modulated by descending path-
ways, which can both inhibit and facilitate nociceptive sig-
nals, affecting pain perception and behavior (Millan 2002;
Finnerup et al. 2021; Bannister and Hughes 2023; De Preter
and Heinricher 2024). These pathways are central to many an-
algesic mechanisms such as opioid-induced analgesia (Corder
etal. 2018; Bagley and Ingram 2020). They are also influenced by
external factors and survival priorities, playing a key role in phe-
nomena like the placebo effect and stress-induced analgesia—a
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FIGURE1 | Nociception. Nociceptive information is transmitted to
the dorsal horn of the spinal cord. After spinal nociceptive processing
involving a complex network of interneurons, it is transmitted to the
brain via multiple ascending pathways, resulting in a parallel architec-
ture distributing nociceptive information through complex, diverse,
and highly interconnected routes. A key relay is the thalamus, a high-
ly connected hub that not only transmits but also filters and integrates
sensory input through extensive cortical and subcortical interactions.
Throughout these circuits, nociceptive processing is modulated by de-
scending pathways (not shown). RVM, rostral ventromedial medulla;
PB, parabrachial complex; PAG, periaqueductal gray; S1/S2, somatosen-
sory cortices; PFC, prefrontal cortex. Created in BioRender. van Strien,
W. (2025), https://BioRender.com/21yf1kj.

pain-reduction mechanism activated in stressful situations
(Millan 2002; Bravo et al. 2020; Bannister and Hughes 2023).
There are several distinct yet intertwined descending control
mechanisms, and it is likely that multiple of these systems
are dysfunctional in patients with nociplastic pain (see Box 1)
(Bannister and Hughes 2023; Kaplan et al. 2024). Main compo-
nents of these pathways include the periaqueductal gray (PAG),
rostral ventromedial medulla (RVM), medullary dorsal reticu-
lar nucleus (DRt), and locus coeruleus (LC) (Millan 2002; Mills
et al. 2018; Costa et al. 2023; De Preter and Heinricher 2024).
These structures connect with various higher brain regions
contributing to descending modulation (Ossipov et al. 2010;
Mills et al. 2018). Descending pathways also interact with non-
neuronal cells such as glial cells, with glial-neuron interactions
now recognized as significant contributors to (chronic neuro-
pathic) pain (Sandkiihler 2009; Kuner and Flor 2017; Malcangio
and Sideris-Lampretsas 2025).

2.3 | Pain Perception

Although sometimes conflated, it is important to differen-
tiate between nociception and pain, which can occur inde-
pendently. Nociception refers to the previously described
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BOX1 | Mechanistic categories of pain (Cohen et al. 2021)

Three mechanistic categories of pain are currently
distinguished:

- nociceptive pain, arising from actual or potential tissue
damage, as signaled by nociceptors.
e.g., trauma, osteoarthritis, inflammatory bowel disease.

neuropathic pain, arising from a lesion or disease of the
somatosensory nervous system.
e.g., peripheral neuropathy, radiculopathy, post-stroke

pain.

- nociplastic pain, arising from altered nociceptive
processing.
e.g., fibromyalgia, irritable bowel syndrome, low back
pain.

However, different pain mechanisms often occur simultane-
ously in the same individual, termed “mixed pain.”

BOX2 | Current definition of pain (Raja et al. 2020).

The International Association for the Study of Pain (IASP)
revised the definition of pain in 2020 and published it along
with the notes and etymology below.

Pain is “an unpleasant sensory and emotional experience as-
sociated with, or resembling that associated with, actual or
potential tissue damage.”

Notes

Pain is always a personal experience that is influenced to
varying degrees by biological, psychological, and social
factors.

Pain and nociception are different phenomena. Pain can-
not be inferred solely from activity in sensory neurons.

- Through their life experiences, individuals learn the
concept of pain.

A person’s report of an experience as pain should be
respected.

Although pain usually serves an adaptive role, it may
have adverse effects on function and social and psycho-
logical well-being.

Verbal description is only one of several behaviors to ex-
press pain; inability to communicate does not negate the
possibility that a human or a nonhuman animal experi-
ences pain.

Etymology:

Middle English, from Anglo-French peine (pain, suffering),
from Latin poena (penalty, punishment), in turn from Greek
poine (payment, penalty, recompense).

neurophysiological process signaling danger, which may or may
not lead to pain, while pain is not necessarily a result of noci-
ception, for instance in the case of phantom limb pain (Baliki
and Apkarian 2015; Cohen et al. 2021). Nociception often oper-
ates subconsciously, triggering automatic responses like posture
adjustment to protect against injury (Baliki and Apkarian 2015;
Gilam et al. 2020). Pain, on the other hand, is by definition a
conscious multidimensional experience (see Box 2) (Raja
et al. 2020). In other words, nociception is an input to the brain
while pain is an output of the brain.

Central to our understanding of pain perception is the biopsy-
chosocial model. This model emphasizes that pain perception is
highly subjective and shaped by many psychological and socio-
cultural factors (e.g., beliefs about bodily health, expectations in-
fluenced by placebo and nocebo effects, pain-related worrying),
leading to significant variability in pain perception between
individuals and across situations (Baliki and Apkarian 2015;
Gilam et al. 2020; Kuner and Kuner 2021).

2.4 | Painin the Brain

While earlier views suggested a consistent network of pain-
related brain activity dubbed the “pain matrix,” newer insights
indicate that there is no specific pain network. Pain perception
emerges from distributed and dynamic brain activity, with no
brain region exclusively dedicated to pain processing and unique
patterns underlying each individual experience (Baliki and
Apkarian 2015; Kuner and Kuner 2021; Kohoutova et al. 2022).
Generally speaking, there are regions primarily dealing with
sensory-discriminative aspects (such as the somatosensory cor-
tices), while others primarily handle emotional aspects (such as
the anterior cingulate cortex and anterior insula), but this dis-
tinction oversimplifies the highly interconnected networks in-
volved in pain processing (Basbaum et al. 2009; Wiech 2016).

2.5 | Pain and Reward

Pain serves an important evolutionary function in driving
survival behavior, with both pain and pain relief linked to ac-
tivity in brain reward circuits (Navratilova and Porreca 2014;
Navratilova et al. 2015). These reward circuits, particularly the
ventral tegmental area—nucleus accumbens pathway, enable a
complex interaction between pain and pleasure, processing both
aversive and rewarding signals (Leknes and Tracey 2008; Russo
and Nestler 2013; Borsook et al. 2016). Although important for
motivating adaptive behavior, these circuits also play a key role
in maladaptive affective-motivational changes in chronic pain
and substance use disorders (Elman and Borsook 2016).

2.6 | Chronic Pain as a Disease

Chronic pain is defined as pain that persists or recurs for more
than 3 months (Treede et al. 2019). It is a complex condition with
diverse causes and presentations, ranging from fluctuating lo-
calized pain to constant widespread pain (Baron et al. 2023). It
fundamentally differs from acute pain, involving distinct neu-
ral mechanisms and brain regions, with particular emphasis on
those related to affective processing (see Figure 2) (Baliki and
Apkarian 2015; Kuner and Flor 2017; Kuner and Kuner 2021).
Accordingly, since the 11th revision of the International
Classification of Diseases (ICD-11), effective from 2022, chronic
pain has been recognized as a disease in its own right (Treede
et al. 2019).

Neuroplastic brain changes in chronic pain overlap considerably
with those involved in depressive disorders, suggesting shared
mechanisms (Bravo et al. 2020; Serafini et al. 2020; Kuner and
Kuner 2021). Also, negative mood, reduced enjoyment from
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FIGURE 2 | Chronic pain. Chronic pain fundamentally differs
from acute pain, involving distinct neural mechanisms and brain re-
gions, with particular emphasis on those related to affective process-
ing. Chronic pain is a disease with notable similarities to depression.
Created in BioRender. van Strien, W. (2025), https://BioRender.com/
u0lcOfg.

daily activities, and cognitive impairment—common to both
depression and chronic pain—can lead to a vicious cycle of esca-
lating depression and worsening pain (Leknes and Tracey 2008;
Baliki and Apkarian 2015; Bravo et al. 2020). Chronic pain also
shares many features with addiction, especially regarding re-
ward circuitry (Elman and Borsook 2016). Furthermore, there
is a strong reciprocal relationship between chronic pain and
stress, with early-life or persistent stress contributing to chronic
pain, and chronic pain in turn affecting stress systems (Bravo
et al. 2020).

2.7 | Chronic Pain Mechanisms

The transition from acute to chronic pain involves extensive
neuroplastic changes at molecular, synaptic, and cellular levels,
resulting in altered function across systems, from nociceptors
to the brain (Basbaum et al. 2009; Kuner 2010). Together, these
changes contribute to pain hypersensitivity and are referred to as
peripheral and central sensitization, with myriad mechanisms
having been described to date, including molecular changes
affecting the function and localization of important molecules
such as ion channels and receptors, influencing action poten-
tial thresholds and discharge patterns; synaptic neuroplasticity
driven by N-methyl-D-aspartate (NMDA) receptor activation,
causing synaptic potentiation; other changes in synaptic connec-
tions driven by, for instance, altered neurotransmitter release;
and cellular changes including dendritic spine remodeling, axon
degeneration, and interactions with non-neuronal cells involved
in neuronal health and neuroinflammation such as immune and
glial cells (Basbaum et al. 2009; Sandkiihler 2009; Kuner 2010;
Kuner and Flor 2017; Finnerup et al. 2021; Malcangio and
Sideris-Lampretsas 2025).

Another important chronic pain mechanism involves imbal-
ances in descending modulation, along with altered inter-
actions between modulatory brainstem regions and higher
brain areas such as the anterior cingulate cortex (Millan 2002;
Mills et al. 2018). In chronic pain, dominant facilitatory path-
ways can shift the balance in spinal nociceptive processing to-
ward increased nociceptive signaling (Kuner 2010; Finnerup
et al. 2021). Additional functional and structural changes that
are not measurable with current techniques are likely.

2.8 | In Short

Nociceptors convert noxious stimuli into electrical signals that
are processed in the spinal cord dorsal horn by a complex net-
work of interneurons. Nociceptive information is transmitted to
the brain via multiple ascending pathways while being modu-
lated by several descending pathways, and reaches the cerebral
cortex through various parallel routes. There, pain perception
emerges from distributed and variable brain activity involv-
ing widespread regions, not necessarily related to nociceptive
input. Central to pain perception is the biopsychosocial model,
recognizing pain as an experience modulated by the interplay
of biological, psychological, and social factors. Unlike acute
pain, chronic pain is a disease in its own right, characterized
by extensive neuroplastic changes and considerable overlap with
depression.

3 | Neural Structures and Circuits
3.1 | PAG-RVM Pathway

The PAG-RVM pathway is a key descending pathway for pain
modulation, involving the periaqueductal gray (PAG) in the
midbrain and the rostral ventromedial medulla (RVM) in the
medulla oblongata (see Figure 3) (Millan 2002; Kuner and
Kuner 2021; De Preter and Heinricher 2024). The PAG is central
to circuitry coordinating defensive and pain-related behaviors,
receiving inputs from diverse regions such as the amygdala and
various cortical regions. It mainly sends projections to down-
stream targets, most importantly the RVM, which in turn mod-
ulates nociceptive processing in the dorsal horn.

RVM neurons are traditionally classified into three types: ON
cells facilitating nociceptive signaling, OFF cells inhibiting noci-
ceptive signaling, and NEUTRAL cells whose role in pain mod-
ulation remains to be elucidated (Sandkiihler 2009; De Preter
and Heinricher 2024). RVM projections to the spinal cord mostly
use the inhibitory neurotransmitters gamma-aminobutyric acid
(GABA) or glycine, with a smaller portion being serotonergic
(Ossipov et al. 2010). Although GABAergic neurons in the RVM
have previously been found to facilitate nociceptive signaling by
inhibiting dorsal horn interneurons that normally block noci-
ceptive input, recent insights suggest a more nuanced role for
these neurons, with both pronociceptive and antinociceptive
functions (Nguyen et al. 2023). The role of serotonergic RVM
neurons, located in the nucleus raphe magnus, is also under con-
sideration. Although previously classified as NEUTRAL cells,
they can have varying effects on pain, depending on activated
receptor subtypes and pain context (Bardoni 2019; Kuner and
Kuner 2021; Nguyen et al. 2023; De Preter and Heinricher 2024).
In chronic pain, changes in RVM function—including altered
ON- and OFF-cell activity shaped by sensory and top-down
inputs—contribute to the persistence of pain (De Preter and
Heinricher 2024).

3.2 | Caudal Medulla

The dorsal reticular nucleus (DRt) and caudal ventrolateral
medulla (VLM), adjacent to the RVM in the caudal medulla
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FIGURE3 | PAG-RVM pathway. The PAG-RVM pathway is a central
descending pathway for pain modulation, receiving inputs from various
cortical and subcortical regions, including the amygdala. The PAG in
the midbrain projects to the RVM in the medulla oblongata, which in
turn modulates spinal nociceptive processing. RVM neurons are tradi-
tionally classified into three types: ON cells facilitating nociceptive sig-
naling, OFF cells inhibiting nociceptive signaling, and NEUTRAL cells
whose role in pain modulation remains to be elucidated. PAG, periaque-
ductal gray; RVM, rostral ventromedial medulla. Created in BioRender.
van Strien, W. (2025), https://BioRender.com/unwdpgx.

oblongata, also play significant roles in nociception and de-
scending pain modulation (Heinricher et al. 2009; Martins
and Tavares 2017). The DRt is reciprocally connected with the
dorsal horn and communicates with the PAG, RVM, thalamus,
amygdala, and various cortical regions (Heinricher et al. 2009;
Kuner 2010; Ossipov et al. 2010). The VLM has recently been
shown to modulate spinal nociceptive processing through a
pathway involving the locus coeruleus (Gu et al. 2023). Together,
this medullary RVM-DRt-VLM triad is a crucial gateway be-
tween brain and spinal cord, integrating nociceptive process-
ing with arousal, motor, autonomic, and emotional functions
(Martins and Tavares 2017).

3.3 | Locus Coeruleus

The locus coeruleus (LC) is a small brainstem nucleus, serv-
ing as the center of the brain's noradrenergic neurotransmit-
ter system. Its far-reaching connections impact a wide range
of functions including arousal, cognition, and motivation (Poe
et al. 2020). It also plays a significant role in pain modulation,
integrating information from regions including the dorsal horn,
PAG, and brain areas involved in emotion and stress such as the

amygdala and insula (Kuner and Kuner 2021; Sudrez-Pereira
et al. 2022). A modular organization of the LC has been demon-
strated, with distinct projections exerting opposing effects
(Hirschberg et al. 2017). In acute pain, the LC can reduce pain
through noradrenergic descending modulation, inhibiting dor-
sal horn projection neurons directly or indirectly through the
activation of spinal inhibitory interneurons (Bravo et al. 2020;
Sudrez-Pereira et al. 2022). In chronic pain, however, the LC
may contribute to pain through various mechanisms including
direct spinal projections, indirect descending pathways involv-
ing the DR, and cortical projections (Bravo et al. 2020; Suarez-
Pereira et al. 2022). In particular, the LC-DRt pathway has been
shown to be a key driver of persistent pain (Martins et al. 2010,
2015). The LC is also implicated in chronic pain-related anxiety,
depression, and cognitive impairment (Bravo et al. 2020).

3.4 | Parabrachial Complex

The parabrachial complex (PB) in the pons links a wide range
of sensory information to appropriate physiological and behav-
ioral responses (Chiang et al. 2019; Palmiter 2024). It serves as a
primary gateway for danger signals to higher brain areas, with
neurons that express calcitonin gene-related peptide (CGRP)
acting as a general alarm system for various threats, including
nociceptive information arriving via the spinoparabrachial tract
(Campos et al. 2018; Palmiter 2018, 2024; Chiang et al. 2019).

In pain processing, the PB plays a central role in affective-
motivational pain dimensions, directly connecting with the
central nucleus of the amygdala (CeA) and the midbrain re-
ward system, and indirectly with the insula through a thalamic
relay (Chiang et al. 2019; Raver et al. 2020; Benarroch 2022).
CeA-projecting parabrachial neurons have been shown to play
a crucial role in aversive signaling and learning from painful
stimuli by the subsequent formation of a threat memory (Han
et al. 2015). Also, a recent study demonstrated that these neu-
rons contribute to increased pain sensitivity after injury, with
their inactivation alleviating injury-induced pain without affect-
ing baseline nociception (Torres-Rodriguez et al. 2023). The PB
also mediates escape responses to noxious stimuli through its
connections to the reticular formation, independent of higher
brain involvement (Barik et al. 2018). Additionally, it links
ascending nociceptive information with descending modula-
tory pathways through projections to both the PAG and RVM
(Chiang et al. 2019).

3.5 | Amygdala

The amygdala is a key limbic structure central to emotional
processing, particularly influencing stress, anxiety, and the
affective-motivational dimensions of pain (Bravo et al. 2020;
Kuner and Kuner 2021; Neugebauer et al. 2023). It consists of
two main structures critical for pain processing: the central
nucleus (CeA, or “nociceptive amygdala”) and the basolateral
amygdala (BLA) (Kuner 2010; Neugebauer et al. 2020). The CeA
can modulate pain bidirectionally, with CeA-mediated pain
modulation primarily acting through its direct projections to
the PAG, as well as through its interaction with the LC (Wilson
et al. 2019; Kuner and Kuner 2021). CeA-PAG projections play
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a significant role in stress-induced analgesia, enabling appro-
priate behavioral responses without pain interference in pain-
ful life-threatening situations (Kuner and Kuner 2021). Next to
the CeA, the BLA also critically shapes pain experiences, with
specific BLA neurons encoding negative emotional aspects of
pain (Corder et al. 2019). Silencing these neurons in mice is suf-
ficient to reduce pain-related affective-motivational behaviors
without affecting the detection of noxious stimuli, underscor-
ing the BLA's role in transforming nociception into an emo-
tional response necessary for adaptive pain behaviors (Corder
et al. 2019).

3.6 | Thalamus

The thalamus, located in the diencephalon, is a small but exten-
sively connected structure affecting a broad range of cognitive
and behavioral functions (Shine et al. 2023). Recent neuroimag-
ing advances have transformed our understanding of the thal-
amus from being just a relay station to an active coordinator of
brain dynamics, acting as a crucial hub that integrates multi-
modal information across cortical networks (Shine et al. 2023).
In pain processing, the thalamus is essential for transmitting,
filtering, and processing sensory information (Kuner 2010;
Kuner and Kuner 2021). It also receives substantial cortical
feedback, modulating both acute and chronic pain (Kuner and
Kuner 2021). A significant component of this modulatory func-
tion is the thalamic paraventricular nucleus (PVT), which is part
of a neural circuit with the CeA and PAG. This PVT-CeA-PAG
circuit has been implicated in neuropathic pain and persistent
pain conditions (Liang et al. 2020). Also, in a mouse model of
neuropathic pain, it was recently found that a PVT-BLA path-
way is important in chronic pain-induced anxiety, with its ma-
nipulation affecting both pain and anxiety (Tang et al. 2023).

3.7 | VTA-NAcc Reward Circuit

The ventral tegmental area (VTA) and nucleus accumbens
(NAcc) are central to the brain's reward system, which influ-
ences affective-motivational aspects of pain and has been linked
to chronic pain-related depression and addiction (Russo and
Nestler 2013; Bravo et al. 2020; Serafini et al. 2020). The VTA
and NAcc are intricately connected and receive inputs from var-
ious regions including the amygdala, PB, lateral habenula, ante-
rior cingulate cortex, and prefrontal cortex, influencing reward
and aversion responses (Russo and Nestler 2013; Navratilova
and Porreca 2014; Borsook et al. 2016; Benarroch 2022). In
chronic pain, changes in functional connectivity between the
prefrontal cortex and NAcc affect how pain and pain relief are
perceived and processed (Baliki and Apkarian 2015; Kuner and
Kuner 2021).

3.8 | Lateral Habenula

The lateral habenula (LHD), in the dorsal thalamus, is often re-
ferred to as the brain's “antireward center” as it processes neg-
ative reward signals such as punishment, disappointment, and
the omission of expected rewards. It integrates a broad range
of inputs, primarily from limbic and basal ganglia systems,

influencing motivational, cognitive, and motor processes (Hu
et al. 2020). The LHb appears to be involved in pain modula-
tion through its connections to the PAG and raphe nuclei and
is essential for comorbid depressive symptoms in chronic pain
(Tappe-Theodor and Kuner 2019; Kuner and Kuner 2021). In
chronic pain, the LHb becomes more active, affecting seroto-
nergic neurons that project to several cortical and limbic struc-
tures involved in cognitive and emotional functions, as well as
to the spinal cord via descending pathways, resulting in context-
dependent modulation of spinal nociceptive processing (Tappe-
Theodor and Kuner 2019; Zhou et al. 2019).

3.9 | Hippocampus

The hippocampus, known for its role in learning and memory,
has also been implicated in pain perception and modulation,
linking memory and the emotional value of stimuli poten-
tially through its connections to the VTA and NAcc (Russo
and Nestler 2013; Kuner and Kuner 2021). In chronic pain pa-
tients, the hippocampus displays changes similar to depression,
including reductions in volume and neuroplasticity as well as
altered connectivity with the prefrontal cortex, leading to cog-
nitive and emotional impairments (Bravo et al. 2020; Kuner and
Kuner 2021).

3.10 | Somatosensory Cortex

Both the primary (S1) and secondary (S2) somatosensory cor-
tices have long been ascribed fundamental roles in processing
pain-related information, with S1 primarily involved in pain
localization and S2 focusing on the intensity of painful stimuli
(Bushnell et al. 1999). However, newer insights suggest that this
is an oversimplification and that their role is more multifaceted,
with factors like emotions impacting S1 processing and S2 mod-
ulating depression and pain comorbidity (Tan and Kuner 2021).
Also, manipulating S1 activity can alter pain sensitivity, aversive
avoidance behaviors, and activity in other pain-related regions
such as the amygdala, anterior cingulate cortex, and insula (Tan
et al. 2019).

3.11 | Cingulate Cortex

The cingulate cortex, encircling the corpus callosum, can be di-
vided into four regions: anterior cingulate cortex (ACC), midcin-
gulate cortex (MCC), posterior cingulate cortex (PCC), and
retrosplenial cortex (RSC). This division, based on cytoarchi-
tecture and connectivity, differs from earlier models that identi-
fied the MCC as the dorsal ACC (dACC) (Vogt 2005; Shackman
et al. 2011). Particularly, the ACC and MCC have important roles
in pain processing.

The ACC is a central hub for sensory, emotional, and cognitive
processes, playing a crucial role in both the sensory and espe-
cially emotional dimensions of pain (Shackman et al. 2011; Tan
and Kuner 2021; Journée et al. 2023). Nociceptive information
reaches the ACC through pathways from the thalamus (via the
spinothalamic tract), amygdala (via the spinoparabrachial tract),
and pain-related cortical regions such as the somatosensory
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cortex and insula (Bliss et al. 2016). ACC neurons project to var-
ious subcortical and cortical regions, including the PAG, LC, hy-
pothalamus, amygdala, and prefrontal cortex, contributing to its
complex role in pain processing and emotional responses (Bliss
et al. 2016). ACC neurons also project directly to the dorsal horn,
influencing nociceptive processing independently of brainstem
pathways and likely contributing to central sensitization in
chronic pain (Bliss et al. 2016; Chen et al. 2018). Furthermore, the
ACC is implicated in anxio-depressive consequences of chronic
pain (Barthas et al. 2015; Journée et al. 2023). In chronic pain
patients, increased ACC activity is linked to increased pain per-
ception and negative emotional factors (Tan and Kuner 2021).

The MCC processes affective-motivational components of pain
and manages pain-related behaviors, connecting to motor cen-
ters responsible for emotional behavior (Shackman et al. 2011).
It integrates negative affect, pain, and cognitive control, with
consistent activation of a common region within the MCC
across these domains, challenging the traditional notion of a
strict cognitive versus affective division in the cingulate cortex
(Shackman et al. 2011). The MCC also mediates increased pain
sensitivity, particularly through its connection with the poste-
rior insula, contributing to sustained hypersensitivity through
facilitatory serotonergic projections to the spinal cord (Tan
et al. 2017).

3.12 | Insula

The insular cortex, or “insula,” located within the lateral sulcus,
is an integration hub connecting numerous cortical and subcor-
tical regions. It integrates sensory inputs from various external
and internal modalities, playing a role in a wide range of func-
tions including sensory, emotional, motivational, and cognitive
processes (Gogolla 2017; Benarroch 2019). In humans, the in-
sula is divided into anterior (AI) and posterior (PI) lobes. The PI
receives multimodal sensory inputs, processes them, and relays
them to the AI. The AI further processes this information and
interacts with areas involved in cognitive and emotional con-
trol. This allows the insula to act as an interface between bodily
sensations and emotions, contributing to perceptual awareness,
social behavior, and decision-making (Benarroch 2019).

In pain processing, nociceptive input flows from the PI to the
AT (Tan and Kuner 2021). The PI is particularly involved in
processing sensory aspects, such as its intensity, location, and
modality, and it consistently activates in response to noxious
stimuli (Tan and Kuner 2021). Although the PI is important for
the somatosensory component of pain, it does not have a critical
role in encoding anxio-depressive consequences of chronic pain
(Barthas et al. 2015). The AI on the other hand, interacts with
the prefrontal cortex and integrates emotional and affective pro-
cesses (Tan and Kuner 2021). Also, a recent study demonstrated
that while the PI mirrors the actual intensity of constant noci-
ceptive stimuli, the AI and amygdala are key in the transition
from nociception to pain perception, significantly affecting the
subjective experience of intensity (Gélébart et al. 2023). The
AT's importance in linking sensory experiences with emotional
responses is evident in conditions like ‘pain asymbolia,” where
patients with insular lesions can recognize pain but lack nega-
tive emotional reactions (Gogolla 2017). The Al is also important

for empathy, activating both when experiencing pain and when
observing pain in others (Gogolla 2017). Last, injury-triggered
long-term potentiation and plasticity in the insula are import-
ant factors in the development and maintenance of chronic pain
(Tan and Kuner 2021).

3.13 | Prefrontal Cortex

The prefrontal cortex (PFC) is involved in a wide range of func-
tions, including cognition, executive function, and emotion.
It also plays a crucial role in pain perception and modulation,
with changes in its activity and functional connectivity signifi-
cantly impacting pain and associated comorbidities (Shiers and
Price 2020; Tan and Kuner 2021). A recent study in healthy vol-
unteers showed intraindividual pain variability during repeated
noxious stimuli to be associated with dorsolateral PFC activity
and connectivity, possibly reflecting a PFC-mediated attentional
effect on pain perception (Crawford et al. 2023).

In chronic pain, emerging evidence suggests reduced PFC ac-
tivity in patients, potentially contributing to pain persistence,
possibly due to disrupted descending analgesic circuitry (Shiers
and Price 2020). Human neuroimaging studies highlight a key
PFC-PAG pathway enabling top-down control of pain modula-
tion, while reduced activity in this pathway in mice is linked
to persistent neuropathic pain (Tan and Kuner 2021). Building
on this, a recent study identified PFC neurons that exclusively
project to the PAG and change in chronic pain, with reduced
activity leading to increased pain due to impaired descending
inhibition (Bhattacherjee et al. 2023). In chronic pain patients,
there is also a loss of fiber track density and altered white mat-
ter connectivity from the PFC to other pain processing regions,
such as the insula and anterior cingulate cortex, suggesting dis-
rupted PFC output (Shiers and Price 2020). Chronic pain has
also been shown to cause changes in functional PFC connectiv-
ity correlating with pain intensity and duration, altering pain
perception and impacting pain-related anxiety and depression
(Bravo et al. 2020; Serafini et al. 2020). Interestingly, a recent
mouse study demonstrated that long-term fear memories are
stored in specific PFC neurons to shape subsequent pain per-
ception, and silencing these neurons can alleviate chronic pain
(Stegemann et al. 2023).

3.14 | Lesion Studies

Lesion studies reveal how damage to specific brain regions alters
nociceptive processing and pain perception, providing insights
into the contribution of distinct neural structures. Thalamic
strokes frequently result in central post-stroke pain, underscor-
ing the thalamus as a key relay for both sensory and affective
dimensions (Klit et al. 2009). Insular lesions can disrupt inten-
sity coding and, in some cases, produce pain asymbolia, where
nociceptive stimuli are detected but not experienced as unpleas-
ant (Gogolla 2017; Benarroch 2019). Damage to the anterior cin-
gulate cortex reduces the affective-motivational component of
pain while sparing sensory-discriminative aspects, highlighting
its role in emotional modulation (Shackman et al. 2011; Journée
et al. 2023). More recently, lesion-network mapping has shown
that distinct pain syndromes converge on shared networks
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rather than isolated sites, emphasizing the importance of con-
nectivity in pain perception (Rosner et al. 2023).

3.15 | Neuromodulation

Neuromodulation studies demonstrate how direct modulation
of neural circuits can influence pain, providing evidence for the
involvement of specific neural regions. Non-invasive methods
such as transcranial magnetic stimulation (TMS) and transcra-
nial direct current stimulation (tDCS) over motor and prefrontal
cortices implicate thalamo-cortical and frontolimbic networks
in pain modulation, though clinical effects remain modest
(O'Connell et al. 2018; Soliman et al. 2025). Transcutaneous
electrical nerve stimulation (TENS) is widely used and thought
to reduce nociceptive transmission via inhibitory circuits,
with evidence mixed but suggesting potential benefit (Johnson
et al. 2015; Knotkova et al. 2021; Soliman et al. 2025). Spinal cord
and dorsal root ganglion stimulation have the strongest clinical
evidence among neuromodulation techniques, providing benefit
across several pain syndromes, while deep brain stimulation of
the thalamus, ACC, and PAG remains experimental with vari-
able results (Knotkova et al. 2021). Together, these approaches
illustrate the distributed nature of pain circuits and suggest that
targeted interventions have the potential to reshape them.

3.16 | Psychedelics

Psychedelic compounds such as psilocybin and LSD have at-
tracted attention for their potential to modulate brain circuits rel-
evant to pain. Acting primarily through 5-HT2A receptors, they
appear to alter connectivity across thalamo-cortical and frontol-
imbic networks, loosening rigid predictive processing and influ-
encing sensory-affective integration involved in pain perception
(Castellanos et al. 2020; van Elk and Yaden 2022; Erritzoe
et al. 2024). Psychedelics have also been associated with neu-
roplastic changes that could support longer-term adjustments in
networks implicated in pain modulation, although mechanisms
remain incompletely understood (Siegel et al. 2024). Clinical ev-
idence is still preliminary, but early findings suggest potential
benefits in pain conditions (Goel et al. 2023).

3.17 | In Short

The PAG-RVM pathway, caudal medulla, and locus coeruleus
are central to descending pain modulation. The parabrachial
complex is a primary gateway for danger signals including no-
ciception and contributes to aversive learning and affective-
motivational aspects of pain. The amygdala critically shapes
emotional dimensions of pain. The thalamusis notjust a relay sta-
tion but a central hub integrating cortical and subcortical inputs.
The VTA-NAcc reward circuit links pain and reward processes.
The lateral habenula encodes aversive “antireward” signals rel-
evant to pain. The hippocampus is involved in memory-related
pain processing. The role of the somatosensory cortices extends
beyond localization and intensity coding to include emotional
influences. The cingulate cortex integrates sensory and emo-
tional aspects of pain and influences pain sensitivity through
extensive connections. The insula is an integration hub for

sensory, emotional, and cognitive processes. The prefrontal cor-
tex is critical for pain perception, with changes in its activity and
connectivity affecting pain and associated emotional states, es-
pecially in chronic pain. Lesion studies, neuromodulation, and
psychedelics highlight how specific brain circuits contribute to
pain perception and modulation, extending anatomical insights
toward therapeutic relevance.

4 | Neurochemical Mediators
4.1 | Opioid System

The opioid system includes four G protein—coupled receptors
found throughout the nervous system: the p-opioid receptor
(MOR), 6-opioid receptor (DOR), x-opioid receptor (KOR),
and nociceptin receptor (NOPR) (Corder et al. 2018; Che and
Roth 2023; Costa et al. 2023). These receptors interact with four
main endogenous agonists with differing receptor specificities:
B-endorphins (primarily on MOR, also on DOR), enkephalins
(on MOR and DOR), dynorphins (primarily on KOR), and no-
ciceptin (exclusively on NOPR) (Corder et al. 2018; Kuner and
Kuner 2021; Che and Roth 2023). In recent years, other atypical
opioid receptors have been discovered, such as the MRGPRXGs,
which are expressed in primates but not in mice or rats (Che and
Roth 2023). Adding complexity, opioid receptors exist as mul-
tiple isoforms and can form heteromers with other opioid and
non-opioid receptors, affecting ligand binding and signaling
(Costa et al. 2023; Gaborit and Massotte 2023; Varga et al. 2023).
Recent advances suggest a significant role for these isoforms
and heteromers, particularly in chronic pain and opioid therapy
(Costa et al. 2023; Gaborit and Massotte 2023).

Activation of opioid receptors typically suppresses neural func-
tion, impacting pain and reward pathways (Corder et al. 2018).
Most current opioid analgesics target MOR, providing pain
relief but also causing adverse effects such as constipation, re-
spiratory depression, and the potential for abuse (Traynor and
Moron 2023; Varga et al. 2023). Agonists targeting KOR, DOR,
and NOPR also have analgesic actions, while varying in their
side effects (Varga et al. 2023). Hence, there is an ongoing effort
to develop novel drugs targeting multiple receptors simultane-
ously to provide pain relief with fewer adverse effects (Varga
et al. 2023). Other innovative approaches include biased opioid
ligands favoring specific downstream signaling cascades and
comedication to finetune the effects of opioid agonists—al-
though without significant clinical breakthroughs yet (Corder
et al. 2018; Costa et al. 2023; Traynor and Moron 2023; Varga
et al. 2023).

Central to opioid analgesia are descending modulatory path-
ways involving the PAG and RVM, ultimately inhibiting spi-
nal nociceptive processing (Corder et al. 2018; Bagley and
Ingram 2020). Opioid-induced disinhibition of PAG neurons
projecting to the RVM activates descending pathways (Lau
et al. 2020; Winters et al. 2022). Opposing this PAG-RVM
pathway is a PAG-LC pathway, where opioids are now recog-
nized to suppress descending inhibition, counteracting opioid
analgesia (Kim et al. 2018). Another significant opioid path-
way involves the DRt, where endogenous opioids are released
by local interneurons and enkephalinergic fibers from other
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brain areas, with MOR activation in the DRt leading to pain
relief through inhibition of descending facilitatory neurons
(Costa et al. 2023). However, the exact roles and regulation
of different endogenous opioids in descending modulation,
especially in the context of chronic pain, are not yet fully un-
derstood (Bagley and Ingram 2020). Another important brain
region rich in opioid receptors is the amygdala, although the
precise role of amygdala opioid signaling in pain remains to
be uncovered (Neugebauer et al. 2023). It has been found,
however, that CeA activity is regulated by dynorphin, with
dynorphin inducing aversion and dysphoria, in contrast to
other endogenous opioids (Kuner and Kuner 2021). Also, MOR
agonists have been shown to relieve pain by disinhibiting CeA
neurons projecting to the PAG (Bagley and Ingram 2020). Last,
opioid receptors are also abundant in cortical areas, including
the cingulate cortex (Tan and Kuner 2021). Opioid signaling
in the cingulate cortex plays a critical role in pain modulation,
with opioid ACC circuits involved in bidirectional pain modu-
lation (Navratilova et al. 2023; Neugebauer et al. 2023).

Chronic pain is associated with increased endogenous opioid
levels, leading to chronic opioid signaling akin to long-term
opioid drug exposure (Ballantyne 2018; Costa et al. 2023).
Chronic opioid signaling can lead to changes in the endog-
enous opioid system, including altered receptor expression,
neuroinflammatory responses, and even a potential shift from
inhibitory to excitatory MOR signaling, leading to opioid anal-
gesic tolerance and opioid-induced hyperalgesia (see Figure 4)
(Ballantyne 2018; Corder et al. 2018; Costa et al. 2023). This
explains why long-term opioid therapy in chronic pain pa-
tients may not improve pain or pain-related function and has
been associated with more adverse effects compared to non-
opioid medications (Krebs et al. 2018). This is reflected in the
2022 Centers for Disease Control and Prevention (CDC) guide-
lines discouraging opioid drug initiation for common types of
(chronic) pain and advising careful weighing of benefits and
risks when prescribing opioids in exceptional cases (Dowell
et al. 2022).

A endogenous opioids neuroinflammation

inhibitory—excitatory

A receptor expression MOR signaling

FIGURE 4 | Chronic opioid signaling. Chronic opioid signaling can
lead to changes in endogenous opioids, altered receptor expression,
neuroinflammation, and a shift from inhibitory to excitatory MOR sig-
naling, leading to tolerance and opioid-induced hyperalgesia. MOR,
u-opioid receptor. Created in BioRender. van Strien, W. (2025), https://
BioRender.com/szjn7pr.

4.2 | Noradrenergic System

The noradrenergic system modulates pain through both de-
scending and ascending pathways, as well as peripheral effects.
Descending pathways, originating from the locus coeruleus and
other noradrenergic brainstem cell groups, have traditionally
been known to inhibit spinal nociceptive processing, directly via
actions on a,-adrenoceptors and indirectly via o,-adrenoceptor-
mediated activation of inhibitory interneurons (Millan 2002;
Bannister et al. 2009; Ossipov et al. 2010; Pertovaara 2013).
Current evidence, however, indicates that noradrenergic in-
fluence can be both inhibitory and facilitatory, particularly in
chronic pain (Kuner and Kuner 2021; Suarez-Pereira et al. 2022).
This could be related to neuroimmune interactions, with a,-
adrenoceptor-expressing astrocytes having been identified as
important regulators of noradrenergic signaling in the dorsal
horn (Kohro et al. 2020). Also, ascending noradrenergic path-
ways, projecting to areas such as the thalamus, amygdala, and
various cortical regions, are increasingly implicated in height-
ened pain, especially in chronic pain (Kuner and Kuner 2021).
Furthermore, noradrenergic pathways interact with a wide
range of neurochemical mediators including opioids, serotonin,
dopamine, and endocannabinoids, adding to their complexity
(Millan 2002).

Paradoxically, despite the potential for noradrenergic signal-
ing to increase pain, noradrenergic drugs like duloxetine and
amitriptyline are standard chronic pain treatments, under-
scoring the complexity of the underlying neural circuits with
potentially opposing effects (Kuner and Kuner 2021). In fact,
noradrenergic mechanisms significantly contribute to the an-
algesic effects of duloxetine and amitriptyline, which work
through both acute central a,-adrenoceptor mechanisms and
delayed peripheral {3,-adrenoceptor-mediated neuroimmune
processes (Kremer et al. 2018). Also, these noradrenergic
mechanisms appear to be more important for pain relief than
serotonergic mechanisms (Bannister et al. 2009; Kuner and
Kuner 2021).

4.3 | Serotonergic System

Descending serotonergic projections, mainly originating from
the brainstem dorsal raphe nucleus and nucleus raphe magnus
in the RVM, play a significant role in descending pain modula-
tion (Millan 2002; Kuner and Kuner 2021). These brain regions
send serotonergic fibers to the spinal cord, where they influ-
ence nociceptive processing through a variety of serotonin
receptors, particularly the 5-HT, receptor subtype (Bannister
et al. 2009; Sandkiihler 2009; Kuner and Kuner 2021). To date,
14 serotonin receptor subtypes have been identified, through
which serotonin is able to exert both inhibitory and facilita-
tory effects, depending on activated receptor subtypes and
pain context (Bannister et al. 2009; Bardoni 2019; Kuner and
Kuner 2021). Also, a recent study in a neuropathic pain model
demonstrated that a dysregulated spinal chloride transporter
transforms serotonin-mediated modulation from inhibitory to
facilitatory, confirming that serotonin circuits can have vari-
able effects based on local spinal conditions (Aby et al. 2022).
This complex action explains why pure serotonergic drugs like
selective serotonin reuptake inhibitors (SSRIs) have shown
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limited efficacy in chronic pain treatment (Bardoni 2019).
Serotonin receptors play a crucial role in mediating central
sensitization, with pain facilitation through 5-HT, receptors
being prevalent in neuropathic pain conditions (Bardoni 2019;
Kuner and Kuner 2021). Furthermore, newer findings high-
light a vast ascending network of serotonergic projections
from the dorsal raphe nucleus to various areas of the brain,
playing a role in emotional reactions to aversive stimuli and
offering new opportunities for research in chronic pain con-
ditions (Kuner and Kuner 2021). Compared to the complex
actions in the central nervous system, the action of serotonin
in peripheral tissue is relatively simple, with injury inducing
its release, activating, and sensitizing nociceptors (Bannister
et al. 2009).

4.4 | Dopaminergic System

The dopaminergic system is integral to both pain and plea-
sure, including supraspinal reward circuits as well as descend-
ing projections that modulate spinal nociceptive processing
(Millan 2002; Leknes and Tracey 2008). This system facili-
tates learning and motivates behavior (Navratilova et al. 2015).
Dopamine receptors are categorized into two types: D,-like re-
ceptors (D,, D, D), which typically reduce neuronal activity,
and D,-like receptors (D;, D,), which increase it (Millan 2002).
Key components of the dopaminergic system include the VTA
and the NAcc. Dopaminergic neurons in the VTA show var-
ied responses to painful stimuli, with some being inhibited
and others excited by acute noxious stimuli (Benarroch 2022).
Their exact roles are not fully understood due to the func-
tional heterogeneity of these neurons, their varied targets, dif-
ferential responses to painful stimuli, neuroplastic changes in
response to nerve injury, and effects on different brain areas in-
volved in emotion, reward processing, and motivation (Serafini
et al. 2020; Benarroch 2022). A key inhibitory influence on VTA
dopaminergic neurons comes from the lateral habenula when
encountering aversive stimuli (Benarroch 2022). In chronic
pain, rodent and human studies suggest a hypodopaminergic
state characterized by altered dopamine levels and metabolism,
with reduced dopaminergic transmission in the VTA-NAcc re-
ward circuit (Serafini et al. 2020; Benarroch 2022). Of particular
interest is pain in Parkinson's disease, which—while involving
complex, multi-level mechanisms—is closely linked to the do-
paminergic degeneration characteristic of the condition (Lei
et al. 2024).

4.5 | Cannabinoid System

The cannabinoid system regulates various biological pro-
cesses, including neurodevelopment, neurotransmitter re-
lease, synaptic plasticity, and cytokine release from microglia
(Cristino et al. 2020). It consists of cannabinoid receptors 1
and 2 (CB, and CB,), the two endocannabinoids anandamide
and 2-arachidonoylglycerol (2-AG), and related metabolic en-
zymes (Cristino et al. 2020). CB, receptors are important for
synaptic plasticity and various brain functions, impacting neu-
rotransmission, metabolism, and cell differentiation (Cristino
et al. 2020). CB, receptors mainly regulate immune responses,
particularly through their presence in microglia affecting

cytokine release, while also influencing neurogenesis, blood—
brain barrier permeability, and possibly neuronal excitability
(Cristino et al. 2020). Cannabinoids exhibit pain-relieving ef-
fects at multiple levels of the nervous system, directly inhibiting
spinal nociceptive processing as well as interacting with various
neurotransmitters and supraspinal pain modulatory pathways
(Millan 2002; Sirucek et al. 2023). Endocannabinoids are in-
volved in stress-induced analgesia through engagement of the
PAG, and injection of cannabinoids into the PAG relieves pain
(Sirucek et al. 2023). However, besides acting on CB, and CB,,
cannabinoids interact with a range of non-cannabinoid recep-
tors and ion channels, displaying a complex pharmacology that
poses challenges for effective and safe targeting, requiring in-
novative drug development strategies like biased signaling and
multitarget approaches to maximize therapeutic benefits while
minimizing (psychoactive) side effects (Cristino et al. 2020;
Morales and Jagerovic 2020). Despite this broad biological rel-
evance, recent recommendations advise against cannabinoid
treatment for neuropathic pain due to limited efficacy and toler-
ability (Soliman et al. 2025).

4.6 | GABAergic System

The GABAergic system exerts inhibitory control that is essential
for maintaining the balance between excitation and inhibition,
coordinating neural activity within and across brain networks
(Caputi et al. 2013). Altered GABAergic signaling has been
linked to changes in both the sensory and emotional dimen-
sions of pain, reflecting its role in integrating sensory, affective,
and descending control mechanisms (Kuner and Kuner 2021).
At the supraspinal level, GABAergic neurons exert complex, bi-
directional influences on pain modulation, while in the spinal
cord GABA provides critical inhibitory control of nociceptive
processing (Millan 2002; Kuner and Kuner 2021).

4.7 | Other Key Molecules

Other key molecules include other classical neurotransmitters
such as glutamate, glycine, and acetylcholine, which are all in-
volved in pain perception and modulation throughout the cen-
tral nervous system (Millan 2002; Sandkiihler 2009; Kuner and
Kuner 2021; Sirucek et al. 2023; Sullere et al. 2023). In addition,
there are many relevant neuropeptides involved, with their ac-
tions complimenting the classical neurotransmitters. Prominent
neuropeptides in pain perception and modulation include: cal-
citonin gene-related protein (CGRP), affecting nociceptor sensi-
tization, synaptic plasticity, and affective-motivational aspects;
substance P, with a central role in spinal nociceptive trans-
mission; oxytocin, modulating pain through interactions with
opioid and cannabinoid systems; orexin peptides, that interact
with endocannabinoid signaling and reward circuits; galanin,
interacting with descending opioid and monoaminergic path-
ways; neurotensin, with various supraspinal effects and pri-
marily inhibitory spinal effects; cholecystokinin (CKK), with
pronounced anti-opioid effects; and corticotrophin-releasing
factor (CRF), a key coordinator of stress responses, increasing
arousal and vigilance through its effects on the locus coeru-
leus (Millan 2002; Russo and Nestler 2013; Ballantyne 2018;
Neugebauer et al. 2020; Kuner and Kuner 2021). Also noteworthy
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is brain-derived neurotrophic factor (BDNF)-tyrosine kinase re-
ceptor B (TrkB) signaling, with varying influences on pain pro-
cessing and an important role in opioid-induced hyperalgesia
(Basbaum et al. 2009; Kuner 2010; Lim and Cengiz 2022).

4.8 | In Short

The opioid system includes four receptors (u, 8, x, and noci-
ceptin) and endogenous agonists, mainly providing pain relief
through descending modulatory pathways. Opioid drugs acting
on this system are potent analgesics but have significant adverse
effects, with chronic pain and opioid drugs posing risks of opioid
tolerance and opioid-induced hyperalgesia. Noradrenergic and
serotonergic systems modulate pain through diverse neural cir-
cuits and receptor subtypes, sometimes with opposing effects.
The dopaminergic system, involved in pain and pleasure, mod-
ulates pain via descending pathways and supraspinal reward
circuits, with chronic pain affecting dopamine transmission.
The cannabinoid system, essential for neurodevelopment and
neuroimmune responses, is involved in pain perception and
modulation but faces drug development challenges due to its
complex pharmacology. The GABAergic system provides key
inhibition at spinal and supraspinal levels, balancing excitation
and inhibition in pain modulation. Other key molecules include
classical neurotransmitters like glutamate, glycine, and acetyl-
choline, as well as neuropeptides such as CGRP, substance P,
oxytocin, orexin, galanin, neurotensin, CKK, and CRF, which
interact with various pathways related to pain perception and
modulation.

5 | Concluding Remarks

Pain neuroscience is rapidly advancing, with this review provid-
ing an updated overview of the neurobiology underpinning pain
perception and modulation. Several limitations are important
to note. First, much of our understanding of pain mechanisms
comes from rodent research. Although there are many com-
monalities between rodents and humans, genetic and functional
differences render animal models unable to fully capture the
complexity of human pain (Sadler et al. 2022; Baron et al. 2023).
Second, although chronic pain is most prevalent in women, pre-
clinical studies primarily involve male rodents, establishing a
bias in current knowledge (Mogil 2020). Last, a fundamental
limitation is that pain is by definition a multidimensional per-
sonal experience, and neurobiological findings may not always
translate to real-world individual pain perception and clinical
practice.

Currently, a major challenge in clinical practice is the high vari-
ability in pain treatment responses. Future work should priori-
tize the development of personalized pain treatments that build
on the systems-level neurobiology outlined in this review.
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