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Abstract: The human body is constantly under the influence of numerous pathological factors: both external and internal. These
factors can be potentially harmful and are perceived as such with a specialized nervous system subunit: the nociceptive system. The
functional unit of the nociceptive system is the nociceptor. Recent studies have shown that nociceptors play a crucial role in
maintaining of defensive homeostasis (responsive, immune, behavioral). Nociceptors respond to potentially harmful stimuli within
viscera, bones, muscles, skin and specialized sensory organs. They function as complex predictors of harm through formation of pain
stimulus. Their function and structures vary within different tissues. This variability reflects the anatomical and pathological
peculiarities of varying tissues. Nociceptors play a significant role in adaptive, protective and behavioral reactions. Their functional
capabilities and vast spread throughout the body make them the main units of the body’s defense system, allowing us to interact with
the inner and outer environments.
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Synopsis
Current literature data shows a high variety of nociceptors and their important functions throughout different tissues.
Nociceptors play an important role in defensive homeostasis, interaction with the environment and many pathological
processes.

Introduction
Pain plays an important role in the body’s defense system. It provides the body with the ability to respond to potentially
harmful signals and is crucial for survival and interaction with the surrounding environment.1 Nociceptive neurons are
one of the key components of the somatosensory system, making it possible to perceive mechanical, chemical and
thermal exteroceptive stimuli. Their function is to provide nociception: the phenomenon of nerve fiber activation in
response to outer stimuli. Normally, they react to potentially harmful stimuli, however certain pathologies of the
nociceptive system can create pathological pain without significant stimuli.2

Nociceptors are involved in a variety of important processes within our body. They are involved in perception of
unpleasant and often pathological sensations, which are the triggers for sufficient response, both voluntary and
involuntary. Pain is a complex sensation which can be associated with both high threshold stimuli or pathological
stimuli. Nociceptors and specifically designated nervous tissue receptors, which subserve exteroception of noxious and
pathological stimuli. In order to further understand their importance, we highlight the current understanding of
anatomical, histological, clinical and pathological role and function of nociceptors.2–5
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In this short essay, we revisit the nature and tissue specific characteristics of nociceptive receptors and signals in order
to provide a better understanding of the pain perception mechanism and their distortion in such pathological conditions as
neuropathic disorders, hypersensitivity, and chronic pain syndrome.

The Nociceptive System
Nociceptors are primary afferent pseudounipolar neurons specifically tuned to perceive stimuli arising either from actual
or potential tissue damage. These neurons belong to the group of high-threshold mechanoreceptors.6 Two types of
nociceptive fibers are recognized depending on their diameter and axonal conduction velocity. Type-Aδ fiber (myelinated
fibers of 2–5μm in diameter with conduction velocity of up to 30m/s) nociceptors participate in the transmission of
intense short-term mechanical stimuli, known as “primary pain”.7 Nociceptors with type-Aδ fibers are further subdivided
based on the type of signal they perceive. Type I Aδ fibers have a high temperature threshold (>50°C) and are responsible
for conducting primarily mechanical signals. Type II Aδ fibers have higher mechanical and lower temperature thresholds
and are mainly responsible for conducting thermal signals.3

Type-C fiber (unmyelinated, less than 2μm in diameter with conduction velocity of under 2m/s) nociceptors transmit
diffuse signals of “secondary pain” (dull pain, prolonged burning sensation) and may be subdivided into two subgroups
based on neuropeptide expression.3 Receptors containing Substance P (belonging to the tachykinin neuropeptide family)
and calcitonin gene-related peptide (CGRP) are known as peptidergic nociceptors. Neurons that do not express the above
substances are called non-peptidergic nociceptors. Peptidergic neurons innervate the basal layer of the epidermis and
internal organs and are mainly responsible for conducting thermal stimuli, while non-peptidergic neurons perceive
impulses from a more superficial layer of the epidermis and perceive mechanical stimuli.3

Due to the wide dynamic signal range of myelinic nociceptors, they can also function as low-threshold mechan-
oreceptors (LTMR). Proper identification and differentiation of Aδ-LTMR and Type-Aδ nociceptors is critical in under-
standing such pain conditions as allodynia (pain occurring in response to stimuli that normally does not cause it) and
hyperalgesia (abnormally high sensitivity of the body to pain stimuli). Trauma involving the peripheral nervous system
can lead to a decrease in the mechanical thresholds in myelinated nociceptors and subsequent pain perception
deformation.4–8

The Nociceptive Signal
Cellular bodies of nociceptors are located in the dorsal root ganglion and transmit information about potentially harmful
mechanical, chemical and thermal stimuli to the second neuron located in the posterior column of the spinal cord. Fibers
from second neurons cross over and ascend as part of the spinothalamic and spinoreticulothalamic pathways, ending in
the ventrobasal and medial nuclei of the thalamus, from which they project onto the somatosensory cortex.9 Signal
transmission in the nociceptive system is controlled at the level of the spinal cord, the thalamus and the cortex (lemniscus
afferents), as well as descending influences from higher centers (a group of grey matter cells of the periaqueductal region
of the midbrain).4 Such regulation affects the level at which pain is perceived.

Visceral nociceptors can transmit signals to the central nervous system via the spinal cord and also via the vagus
nerve.10 Cells whose axons pass through the spinal pathways often form collaterals to the vegetative ganglion cells, thus
affecting autonomic function.5 These close interconnections with elements of the autonomic nervous system explain the
different sensations caused by activation of visceral and cutaneous nociceptors (Figure 1).

Nociceptive Signal Reception
While Aδ fibers are surrounded by myelin sheaths synthesized by the Schwann cells, type-C fibers are organized into
Remak bundles - several axons surrounded by projections of a single Schwann cell.11 Previously it was thought that when
C-fibers pass through the basal membrane into the epidermis, they lose any myelin sheath and come into direct contact
with keratinocytes. However, studies have shown the existence of a new type of the Schwann cells, organized into a mesh
network at the subepidermal border of the skin (just below the basal membrane).8 These cells are in close contact with C
fibers, forming a structure surrounded by a thick layer of collagen fibrils, oriented in the direction of the glioneuronal
complex and differing in composition from the surrounding collagen. The radial projections of Schwann cells are able to
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penetrate, together with unmyelinated fibers, into the epidermal layer and convert mechanical stimuli into electrical
signals, leading to the emergence of an action potential (Figure 2). In view of such functional and anatomical peculiarities
of this complex, it may be recognized as an independent organ of nociceptive reception.

The intraepidermal relationships between C-fibers, Schwann cells and keratinocytes (which are also able to influence
nociceptive signals) represent complex network of nerve microsomes (Figure 3).

Nociceptor Neurogenesis
Neural crest cells (arising at the junction of the neuroectoderm and ectoderm) end up within the developing dorsal root
ganglia and give rise to mitotically active progenitor cells, which further differentiate into nociceptive sensory neurons,
connected to specific somites.12 Before migration, neural crest cells have specific phenotypic differences, associated with
the migration pattern of these cells, which occurs in two distinctive stages. During the first stage neurogenesis, large
diameter neurons (proprioceptors and mechanoreceptors) are formed.13 The second stage of neurogenesis leads to the
formation of small diameter neurons (thermoreceptors and nociceptors).

Most sensory neuron differentiation is regulated by neurotrophins. The expression of tropomyosin receptor kinase A
(TrkA) or receptors with tyrosine kinase activity (RET) determines differentiation of nociceptors (Figure 4). It occurs due

Figure 1 Ascending pathways of Type-C (green) and Type-Aδ (red) nociceptive fibers.
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to the fact that nerve growth factors (NGFs) bind to TrkA, and the glial cell line-derived neurotrophic factor (GDNF)
interacts with RET.14 These factors contribute to the development of sensory channels in nociceptors that allow them to
react to stimuli.15 Further differentiation of nociceptive neurons involves axonal elongation controlled by NGFs and
GDNF. Depending on the expressed receptor, nociceptors will be subdivided into peptidergic, which respond to NGF, and
non-peptidergic, which respond to the GDNF.16

Figure 2 Radial projections of a Schwann cell surround the unmyelinated fibers and penetrate with them into the epidermal layer of the skin.

Figure 3 Mesh-like network of Schwann cells at the subepidermal border of the skin.
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Tissue Specific Variations of Nociceptors
Nociceptors have been shown to play a role in the complex mechanisms forming what the brain perceives as pain. This
includes inflammation, nervous signaling, specific molecular changes. Nociceptors produce neurogenic inflammation,
essentially acting as local immune modulators, coordinating the behavior of local immune cells.17 Interestingly, the
relationship between nociceptors and the immune system can also be seen in the reactivity of nociceptors to specific
immune modulators, such as interferons,18 TNF-α (tumor necrosis factor alpha), interleukin-1β19 and others. A disruption
of this normal association has been linked to neuropathic pain conditions.20 As noted earlier, the localization of different
types of nociceptors varies in organs and tissues. Further exploration into these variations provide valuable insight into
their role and main function.

Cutaneous Nociceptors
Given the fact that the skin is the most important mechanical barrier in the body, the skin sensory system is represented
primarily by Aδ nociceptors, which are responsible for primary pain reception.3 They are divided into two types: type 1
nociceptors have a low-threshold of sensitivity to mechanical stimuli, and type 2 nociceptors with low-threshold
sensitivity to temperature stimuli. The skin also contains two other types of nociceptors: peptidergic nociceptors,
which only respond to chemical stimuli (such as arachidonic acid, histamine, nerve growth factor (NGF), substance P
(SP), calcitonin gene-related peptide (CGRP), serotonin (5-HT), acetylcholine (ACh) and others) and polymodal
nociceptors with C-fibers responding to all high intensity stimuli.21

Several studies have shown an important role of cutaneous nociceptors in modification of immune response.22

According to Riol-Blanco et al, TRPV1+ neurons are often located close to dendritic cells and are required for the
activation of type-17 innate immune responses.21 It’s important to note that immune response involving nociceptive
system is triggered by both non-infectious factors (Imiquimod-induced dermatitis requires TRPV1+ neurons to produce
IL-23 by dendritic cells)21,22 and infectious and fungal agents.23

In addition to the physiological role of nociceptors, dysregulation in one or another part of the nociceptive system is
associated with pain syndromes (neuropathy, chronic pain, neurogenic inflammation24 and with conditions not accom-
panied by pain. For example, recently, skin irritation has been shown to be related with dysregulation of the nociceptive
system. Han et al described a subpopulation of nociceptors specifically linked to the itching sensation.25 These findings
may help develop new treatment targets for idiopathic pruritus and other similar diseases.

Visceral Nociceptors
The visceral nociceptive system is primarily represented by unmyelinated C-type slow fibers, including peptidergic
nociceptors responding to pH changes and inflammation.19,24 In hollow organs and in the capsule of parenchymatous
organs there is a special kind of mechanoreceptors responding to stretching and pressure changes in the mesenteric
vessels26,27 (for example, intestinal obstruction, biliary colic or hepatic congestion).28 A major portion of all nociceptors

Figure 4 Peptidergic and non-peptidergic nociceptor differentiation.
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in internal organs is represented by a specific type of nociceptors known as “sleeping” mechanoreceptors. Normally, they
do not respond to mechanical stimuli, but become active when inflammation and tissue damage are present.29

Biologically active substances (BAS) released in peritonitis stimulate peptidergic nociceptors and cause pain.
Similarly, nociceptors signal about other internal organ abnormalities accompanied by inflammation, swelling of the
abdomen (meteorism) or increased intra-abdominal pressure. This phenomenon implies the decrease of sensitivity
threshold during continuous damaging stimuli. It involves the abnormal sensibilization of nociceptors, which is
associated with hyperalgesia, chronic pain syndrome, allodynia, and pain syndrome in neurogenic inflammation.30

Interrelation of Cutaneous and Visceral
Finally, it is important to note that there is a notable relationship between cutaneous and visceral nociceptors and the so-
called phenomenon of “referred pain”. Fang in 2021 showed that inflammatory bowel diseases can cause hypersensitivity
in a corresponding dermatome.31 According to his study, this phenomenon reflects the fact that there is common
innervation of the skin and visceral organs coming from the bifurcation of the C-nociceptive neurons (Figure 5).

Research shows that irritation of C-type skin fibers leads to activation of cardiac sensory and sympathetic nerves,
which results in a cardioprotective effect, known as «NIC» (nociceptor-inducing conditioning)32,33 (Figure 6). The fact
that this method may use the application of capsaicin (along with direct skin incision and use of electric current) confirms
the crucial role of TRPV1 channels in the regulation of nociceptive afferentation.33

Figure 5 Interrelation between visceral and cutaneous nociceptive neurons.
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Bronchopulmonary Nociception
The bronchopulmonary airways are innervated by nociceptive vagal C-fibers, represented by two types of receptors: non-
nociceptive nociceptors and nociceptors associated with the Type 1 Vanilloid Channels (TRPV1).34 The latter are
associated with bronchopulmonary hyperreactivity seen in chronic bronchitis and asthma. In these conditions, the
nociceptive system is activated by subthreshold stimuli, and inflammation enhances (amplifies, exacerbates, intensifies)
hyperreactivity and produces a “pathological circle”34 resulting in associated clinical manifestations. Thus, the role of
TRPV1+ nociceptor hyperresponsiveness in the pathogenesis of bronchopulmonary diseases with an inflammatory
component has been recognized and may be considered a potential target for therapy.

The Musculoskeletal Nociceptive System
In bones, sensory nerve fibers are primarily represented by “sleeping” nociceptors; their cell bodies are located in the
dorsal root ganglia (DRG).35 The joints, ligaments, capsules, and menisci are innervated by a Aδ- and C-fibers, with
polymodal C-fibers predominating in the joint nociceptive system. The skeletal muscle sensory system is represented by
mechano- and heat-sensitive nociceptors, as well as peptidergic polymodal ones.

Figure 6 Nociceptor-inducing conditioning (NIC).
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An important feature of the musculoskeletal nociceptive system is a fairly high threshold of sensitivity to
mechanical stimuli (except for Aδ mechanosensors, which react to bone fracture and cause acute pain) and stretching,
along with a low threshold of sensitivity to changes in pH. For example, acidosis seen in bone cancer activates
“sleeping” nociceptors35 and causes pain that is difficult to treat with non-opioid analgesics.

Type I Transient Receptor Potential (TRPV1) Channels
The direct role of vanilloid channels (TRPV1) in the regulation of nociceptive endings cannot be overlooked. Vanilloid
receptors are TRP family members activated by vanilloids, such as capsaicin.36,37 Their activation triggers the flux of
cations, including Ca2+, which activates nociceptors and promotes pain sensitization (Figure 7). TRPV1 channels are
associated with neurogenic inflammation and chronic pain syndrome specifically through TRPV1+ nociceptors, there-
fore, these channels may be considered as a potential target of therapy. Recent reports imply a role of TRPV1 in
autoimmune and oncologic diseases,37–39 but this issue remains to be evaluated.

Nociceptive Perception Changes
Pathological and potentially pathological stimuli are transduced into electrical signals in nociceptors, which represent nerve
endings with branched main axons, innervating distinct regions in the dermatomes, organosomes and angiosomes.40 The
nociceptive signal is derived from afferent stimulation which leads to depolarization of peripheral terminals producing an
active potential. This provides attenuation of stimuli engagement, which leads to transduction of the action potential. Since
the action potential is ion dependent, a specific association is seen between Na, Ca, Cl and K ions and their role in creation
of the nociceptive signal.41 Sodium, Calcium and Chloride are responsible for depolarization, suggesting that opening of
ion channels permeable to Sodium, Chloride, and Calcium will cause sufficient effect for depolarization. On the other hand

Figure 7 TRPV1 channel.
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potassium channels when closed does not lead to depolarization, but amplifies existing fluctuations due to increased
resistance of the transmembrane electrohomeostasis.42

The electrochemical and physical aspects of nociceptive signal formation are what define the ability of the receptor to
play a role in both hyperalgesic and anti-hyperalgesic responses.43 Four critical functionalities of the nociceptor to
provide proper signal transduction include: threshold, relaxation, allodynia and hyperalgesia.44 A normal response of a
nociceptor it shows both threshold and relaxation behavior: it does not respond to weak stimulus under the threshold
value and has a relaxation period, in which it repolarizes and is inactive. During relaxation, stimuli can reactivate the
nociceptor at a lower threshold. Abnormal nociceptor behaviors are seen when the receptor experiences significantly
increased stimuli capable of causing damage.45 Abnormal stimuli cause eithey allodynia (receptor response to signals
lower than threshold) and hyperalgesia (exaggerated signal to overthreshold stimuli). These processes define that an
abnormally functioning nociceptor has no specific threshold value.46 These conditions are mediated by inflammatory
cytokines and cell to cell signaling, which initiate a local pathological response. Normally, an abnormally functioning
nociceptors has the capability to return to threshold-dependent functioning. Understanding of these mechanisms is what
can drive bioengineering of signal transduction.40

Conclusions and Outlook
Nociceptors perform various functions defining the defensive mechanisms and adaptive responses of the macroorganism.
Embryological and developmental aspects of nociception explain existing understanding of relationships between
nociceptors and other somite derivatives. Various subtypes of nociceptors are located in tissues depending on their
physiological roles. Such differentiation results from different input signals coming from different tissues and serves as
an adaptive function component. Interestingly, recent data has revealed a “non-classical” role of the nociceptive
system,23,24,39 which confirms the need for further evaluation of this family of heterogeneous receptors. The opportunity
to use the knowledge about the intimate relationship between nociceptive system activation and inflammatory neuro-
transmitters, substance P2 and TRPV1 vinyloid channels is of particular interest. The latter ones may be considered as a
target for therapy in chronic pain syndromes. Understanding of the mechanisms influencing pain perception and
transmission will aid in the development of new methods of targeted therapy for pathological types of pain. The
nociceptor is capable of adapting abnormal responses to accommodate overall reactivity to pathological stimuli: through
hyperalgesic and anti-hyperalgesic responses.
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