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Abstract. Allodynia is a painful condition in which normal
sensations, such as a light touch, light pressure or mild changes
in temperature, are experienced as extremely painful sensa-
tions. It results from disruptions in the body pain pathways and
begins with overactive nerve endings and ion channels, such
as transient receptor potential vanilloid 1, transient receptor
potential ankyrin 1 and voltage-gated sodium channels such
as Navl.8, which are markedly affected by inflammation
and glial cell activity. Over time, the nervous system itself
becomes hypersensitive with the pain centers of the brain,
including the anterior cingulate cortex and insula, influencing
not only the physical but also the emotional experience of pain.
Doctors use such instruments as sensory testing, nerve fiber
analysis and advanced imaging for a better understanding on
these changes. Medication providing temporary relief includes
gabapentinoids, serotonin-norepinephrine reuptake inhibitors
and tricyclic antidepressants, while some modified therapies
are aimed at specific ion channels and immune pathways with
promising results. Alongside the use of drugs, other methods
such as spinal cord stimulation, repetitive transcranial
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magnetic stimulation, transcutaneous electrical nerve stimula-
tion, cognitive behavioral therapy and mirror therapy aid in
retraining the nervous system. Due to the individuality of
the condition, the most effective treatment is a combination
of medication and behavioral and rehabilitative treatments to
restore the balance and to improve the quality of life of patients
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1. Introduction

The term ‘allodynia’ was introduced by Professor Paul Potter
and it is derived from the Greek words ‘allos’, which means
other and ‘odynia’ means pain. Allodynia is a health condition
where pain is brought about by an event that is not consid-
ered painful, such as a simple touch or light temperature. The
International Association for the Study Pain (IASP) identifies
allodynia as a type of pain, which is triggered by a stimulus
that does not normally cause pain. In the earlier period, it had
been confused with hyperalgesia. Hyperalgesia refers to a
heightened and excessive response to pain. As illustrated in
Fig. 1, advances in pain science have clarified that allodynia
and hyperalgesia are distinct phenomena with different under-
lying mechanisms, despite their clinical overlap (1). Allodynia
is mainly a deviant activation of low-threshold mechanorecep-
tors, particularly Af fibers, which transmit non-nociceptive
signals.
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Pain disorders and allodynia are considered as a serious
global health issue and ~20% of the population suffers from
these conditions. Of these, neuropathic pain is one of the main
causes of allodynia. It is estimated that 6.9 to 10% of the global
population suffers with neuropathic pain and out of these
cases, 15-50% have allodynia (2). Neuropathic pain generally
develops as a result of injury or a malfunction in the peripheral
nervous system and results in changes in pain signaling to and
from the muscles, as well as increased sensitivity (3).

Allodynia is commonly observed blearious neurological
and chronic pain disorders, which suggests that there are
major alterations in processing. One such condition, trigeminal
neuralgia, is a key example of a disorder commonly associ-
ated with stimulus-evoked allodynia. Trigeminal neuralgia
can be defined as episodic, severe facial pain distributed over
the trigeminal nerve distribution often of the great intensity,
precipitated by even light touch or minor temperature changes.
This connection highlights the more general relevance of
allodynia that it is able to occur not only in systemic neuropa-
thies, but also in localized nerve diseases, such as trigeminal
neuralgia associated with allodynia (4).

Several other conditions are also shown to have a strong
association with allodynia. For example, neuropathic
pain and touch-evoked pain responses are common with
the complication of diabetes and diabetic neuropathy (5).
Postherpetic neuralgia (PHN), which follows the reactiva-
tion of the varicella-zoster virus, may result in persistent
allodynia due to damage to the nerves (6). Phantom limb pain
in amputees, caused by neuroma formation and maladaptive
brain plasticity is another type of allodynia (7). In the case
of migraines, individuals often develop cutaneous allodynia
with minimal activity leading to pain such as brushing hair
or wearing glasses (8). Those with fibromyalgia often experi-
ence the presence of mechanical allodynia to light touch (9).
Complex regional pain syndrome (CRPS), which commonly
occurs following an injury or surgery is another condition
where allodynia is a critical factor and can result in prolonged
and heightened pain (10). Multiple sclerosis is an example of
a disease in which demyelination of central nervous system
fibers can lead to allodynia (11). Central post-stroke pain
and spinal cord injury additionally involve altered sensory
processing as one of the contributors to the development of
allodynia (12,13). Moreover, chemotherapy-induced peripheral
neuropathy (CIPN), which is caused by neurotoxic agents,
such as paclitaxel and oxaliplatin, often causes sensory distur-
bances such as allodynia owing to peripheral sensory neuron
damage (14).

Despite the high prevalence of allodynia in these and
other clinical conditions, it remains under study and is not yet
fully understood. This is mainly due to the complex, multi-
modal nature of the condition, and the range of mechanisms
involved in its development. A complete understanding of
allodynia requires a more in-depth understanding of both
peripheral and central sensitization processes and the role
of different sensory fibers, nociceptors, ion channels and
intracellular signaling pathways. Of particular interest are
transient receptor potential (TRP) channels of which transient
receptor potential vanilloid 1 (TRPV1) and transient receptor
potential ankyrin 1 (TRPAI) are crucial in nociceptor plas-
ticity and stress responses, as well as transcription factors,

such as activating transcription factor (ATF)3 (15). Advances
in two-photon calcium imaging and genetic approaches,
including subtype-specific neuronal labeling and ablation
studies, have revealed significant functional heterogeneity
among polymodal nociceptors and their roles in nociceptive
signal amplification (16).

Clinically, the correct diagnosis and management of
allodynia require differentiation between different types, e.g.,
mechanical static, mechanical dynamic and thermal allodynia,
which can be challenging. Specialized diagnostic tools, such
as quantitative sensory testing (QST), intraepidermal nerve
fiber density (IENFD) analysis, and neuroimaging techniques
such as functional magnetic resonance imaging (fMRI) and
positron emission tomography are key to determining the
exact nature of the condition (17).

The aim of the present review was to provide comprehen-
sive knowledge on allodynia that will include the classification
of the condition, the pathophysiology of the condition, the
molecular pathway, the diagnostic process and the treatment
methods, both the traditional and the new ones. The methods
of treatment are founded on long-established pharmacological
treatments, including gabapentinoids and serotonin-norepi-
nephrine reuptake inhibitors, (SNRIs) as well as topical
anesthetics and new targeted treatments such as sodium
channels (Navl.7, Navl.8), nerve growth factor (NGF) and
angiotensin II type 2 receptors. Besides the pharmacological
approaches, non-pharmacological protocols, which include
transcutaneous electrical nerve stimulation (TENS), mirror
therapy, repetitive transcranial magnetic stimulation (‘fTMS)
and cognitive behavioral therapy (CBT) have also been exam-
ined to identify their potential to regulate pain and also help
in rehabilitation. Another way to treat pain is by using spinal
cord stimulation (SCS).

A new mini-review on allodynia is required as it is a
complex disease, and it is difficult to diagnose and treat.
Despite immense progress being made in the understanding
of the condition, it does tend to be overlooked in the clinical
setting. Recent advances on molecular mechanisms, particu-
larly on peripheral and central sensitization, identify novel
targets of treatment that are yet to be completely explored. The
present review aimed to consolidate the most recent research,
therapeutic approaches and diagnostic techniques in order
to improve the outcomes of the patient, with in an aim to
improve the diagnosis and to develop personalized strategies
for treatment of allodynia.

2. Classification of allodynia

Allodynia is categorized according to the nature of the
stimulus that causes pain, with various sensory modalities and
types of stimuli as illustrated in Fig. 2. Dynamic mechanical
allodynia is defined as pain generated by light, and moving
stimuli such as brushing or mild stroking, and it is largely
mediated by myelinated Af fibers. This subtype is commonly
examined with soft brushes or cotton swabs (18). Static
mechanical (tactile) allodynia is caused by sustained pres-
sure or contact without movement and affects Ad fibers (19).
Thermal allodynia is characterized by pain reactions to modest
temperature changes, such as cold or heat, which are primarily
mediated by Ad and C fibers (20).
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Figure 1. Difference between allodynia and hyperalgesia. The diagram
aims to provide a sense of how pain perception can change following injury.
Under normal conditions, pain only begins when some stimulus surpasses a
threshold, as indicated by the pink curve. In hyperalgesia, which is indicated
by the light green curve, the same stimulus causes a stronger pain response
than normal. In allodynia, which is defined by the blue curve, touching
stimuli, which are normally gentle and non-painful, elicit pain at levels below
the normal threshold. Together, these altered responses illustrate the mecha-
nisms through which nerve signaling can become distorted to enact enlarged,
or misplaced, pain sensations in chronic pain states.

Cold allodynia is typically observed in conditions including
post-stroke pain and CIPN (21). Lastly, punctate allodynia is
a mechanical subtype triggered by pinprick or monofilament
stimulation that activates many nociceptive fibers (22). This
categorization (presented in Table I) helps medical profes-
sionals and researchers to discover the underlying neuropathic
processes and to choose an appropriate diagnostic and curative
methods.

3. Polymodal nociceptors

Allodynia is rooted in the function of nociceptors, particularly
polymodal types that respond to mechanical, thermal and
chemical stimuli. First described by Bessou and Perl (23)
in 19609, these neurons are primarily unmyelinated C fibers,
with a smaller subset of lightly myelinated Ad fibers. Both
contribute to pain signal transmission at different conduction
speeds, shaping the intensity and timing of pain perception.

Polymodal nociceptors have large activation thresholds
under normal physiological conditions and become sensi-
tive only in the presence of inflammation, tissue damage, or
chemical mediators. This sensitization reduces their activation
threshold and causes aberrant excitability, which contributes
to the development of allodynia and hyperalgesia. When
activated, polymodal nociceptors transmit action potentials
through the dorsal root ganglia (DRG) to the central nervous
system (CNS), where pain is perceived. Their peripheral
terminals release neuropeptides such as substance P and calci-
tonin gene-related peptide (CGRP), which promote neurogenic
inflammation and amplify local pain signaling.
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Figure 2. Schematic illustration of sensory modalities in allodynia. The
image illustrates how different types of sensations such as touch, pressure
and temperature travel from the body to the brain. Specialized nerve fibers
(AP, Ad and C-fibers) carry these signals through the spinal cord. Some
follow the lateral spinothalamic tract to the lateral thalamus, aiding in the
recognition and location of pain. Others follow the spino-parabrachial
tract to the limbic center, where emotional responses to pain are processed.
Together, these pathways explain not only how pain is perceived, but also the
emotional reaction to pain.

Under normal physiological conditions, these neurons
exhibit high activation thresholds; however, inflammation,
tissue injury, or chemical mediators lower these thresholds and
increase neuronal excitability, contributing to sensitization,
allodynia and hyperalgesia (24). C fibers conduct slow, dull,
and persistent pain signals (~0.6-1.1 m/sec), whereas Ad fibers
transmit faster, sharp pain (3-10 m/sec) (25).

Polymodal nociceptors adapt to various harmful stimuli
through the dynamic expression of specific ion channels,
TRPVI1 for heat, TRPA1 for chemical or oxidative stress, and
Piezo2 for mechanotransduction. These channels enable the
integration and encoding of diverse noxious signals (26).

Electrophysiological techniques such as microneurography
have allowed direct recordings from human nociceptors,
enabling the classification of polymodal subtypes based on
their stimulus responses. Among these, ‘silent’ nociceptors
that are normally unresponsive to mechanical input, become
active during inflammation and illustrating the system's
adaptability (27). These insights underscore the complexity
of nociceptor subtypes and their role in transforming environ-
mental stimuli into persistent pain.

Polymodal nociceptors are located in both superficial and
deep tissues ending in free nerve terminals. Their receptive
fields may be distinct or overlapping, reflecting their integrative
role in pain detection and amplification (24). This functional
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Table I. Classification of allodynia based on stimulus modality.

Type of allodynia Stimulus characteristic Fiber type involved =~ Common diagnostic tools ~ Associated conditions

Dynamic Light, moving stimuli Myelinated A Soft brush, cotton swab Neuropathic pain,

mechanical (e.g., brushing, stroking)  fibers fibromyalgia

allodynia

Static mechanical Steady pressure or touch A9 fibers Blunt probe, fingertip CRPS, PHN

allodynia without movement pressure

Punctate allodynia  Pinprick or Adand C Von Frey filaments Peripheral neuropathy,
monofilament nociceptive diabetic neuropathy
stimulation fibers

Thermal allodynia ~ Minor cold or heat Ad and C fibers Thermorollers, Post-stroke pain,

(cold/heat) changes temperature-controlled chemotherapy-induced

probes neuropathy

CRPS, complex regional pain syndrome; PHN, postherpetic neuralgia.

versatility enables them to contribute to both protective and
pathological pain states, particularly in chronic conditions
such as allodynia.

Recent research has identified zinc finger CCHC-type
containing 12 (Zcchcl2)-positive DRG neurons as key poly-
modal sensors involved in both thermal and mechanical pain.
The ablation of these neurons significantly reduces sensitivity
to both stimuli, underscoring their integrative role in nocicep-
tion (28). As primary detectors and amplifiers of peripheral
pain, polymodal nociceptors play a central role in the neuro-
biology of allodynia through their molecular adaptability and
broad sensory responsiveness.

4. Peripheral mechanisms of allodynia

A number of types of allodynia originate from peripheral
sensitization, marked by a lowered activation threshold and
increased responsiveness of nociceptors to external stimuli.
This heightened sensitivity often follows tissue injury or
inflammation, where the release of inflammatory mediators
alters nociceptor function.

Chemicals such as bradykinin, prostaglandins, ATP,
serotonin, histamine and pro-inflammatory cytokines such
as tumor necrosis factor-a (TNF-o) and interleukin (IL)-18
interact with ion channels on nociceptive terminals. Key chan-
nels involved in this process include voltage-gated sodium
channels (Navl.7 and Navl.8), calcium channels and TRP
channels, particularly TRPV1 and TRPA1, which collectively
enhance neuronal excitability and pain signaling.

Sensory neurons become hyperexcitable when ion chan-
nels are upregulated, phosphorylated, or have more efficient
membrane trafficking. During inflammation, the NGF binds
to its receptor, tropomyosin receptor kinase A (TrkA), on noci-
ceptors. This interaction triggers transcriptional upregulation
of pain-related ion channels, amplifying peripheral nociceptive
signaling (29).

Peripheral nerve injury can also lead to ectopic activity,
the spontaneous generation of action potentials in damaged
nerves or DRG neurons. This aberrant excitability arises

from abnormal ion channel redistribution and pathological
sprouting of AP fibers into the superficial dorsal horn. These
low-threshold fibers may inappropriately activate pain path-
ways in response to normally non-painful stimuli, contributing
to the development of allodynia (30).

Neuroimmune crosstalk arises when macrophages
infiltrate sites of nerve injury or inflammation, releasing
pro-inflammatory cytokines, such as TNF-a and IL-1p that
sustain nociceptor sensitivity. Simultaneously, oxidative stress
leads to the generation of reactive oxygen species, which
impair mitochondrial function and further increase nociceptor
excitability (31).

Mechanotransduction channels such as Piezo2, which
normally mediate light-touch sensation, have also been
implicated in mechanical allodynia. Sensitization or
upregulation of Piezo2 enhances neuronal responsiveness to
mechanical stimuli, and targeted deletion of Piezo2 in sensory
neurons significantly reduces mechanical hypersensitivity
in animal models, underscoring its role in pathological pain
processing (32).

Peripheral sensitization is not merely a temporary elec-
trical shift; it can cause long-term changes in nociceptor
phenotype and gene expression. ATF3, a stress-response
marker, is elevated in DRG neurons after nerve damage, which
might indicate neuronal reorganization and the shift to chronic
pain (33). Collectively, these molecular, electrophysiological
and immunological alterations contribute to the onset and
duration of allodynia by increasing nociceptor excitability at
the peripheral level.

5. Central sensitization and spinal mechanisms

Central sensitization is a key driver of chronic pain and
allodynia. It involves the increased excitability and synaptic
efficiency of neurons within the CNS, particularly in the
dorsal horn of the spinal cord. Sustained nociceptive input
from peripheral sensitization lowers the activation threshold
of these neurons, resulting in exaggerated responses to both
painful and non-painful stimuli (34).
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A defining feature of central sensitization is the abnormal
recruitment of low-threshold AP fibers into pain pathways.
These fibers, which normally transmit light touch, gain access
to nociceptive circuits due to structural and functional plas-
ticity. As a result, non-painful stimuli are misinterpreted as
painful, a phenomenon that characterizes mechanical allo-
dynia (35).

Central sensitization involves the activation of
N-methyl-D-aspartate (NMDA) receptors, the increase in
intracellular calcium levels, and the subsequent stimula-
tion of protein kinases such as protein kinase C (PKC)
and calcium/calmodulin-dependent protein kinase II
(CaMKII). These changes enhance synaptic transmission
and trigger long-term alterations in gene expression through
transcription factors like cCAMP response element-binding
protein. Additionally, reduced inhibitory signaling via
gamma-aminobutyric acid (GABA) and glycine receptors
leads to disinhibition and heightened excitability within
spinal circuits (36,37).

Chronic pain induces the activation of microglia and
astrocytes, which results in the release of pro-inflammatory
cytokines, such as IL-1p, TNF-a, various chemokines and
brain-derived neurotrophic factor (BDNF). These glial-derived
factors intensify excitatory neurotransmission and contribute
to the persistence of central sensitization (38).

In allodynia, wide dynamic range neurons in the spinal
cord typically involved in encoding stimulus intensity across
both noxious and non-noxious inputs become excessively
responsive. This pathological amplification of sensory input
leads to the misinterpretation of harmless stimuli as painful, a
defining feature of allodynia (39).

Supraspinal mechanisms play a crucial role in maintaining
the central sensitization. Functional and structural changes
in brain regions involved in pain processing and affective
modulation, including the anterior cingulate cortex (ACC),
insular cortex and thalamus, have been demonstrated in
individuals with chronic allodynia and neuropathic pain,
contributing to disrupted pain modulation and altered
emotional processing (40,41).

Moreover, long-term potentiation (LTP)-like activity in
these regions mirrors synaptic plasticity observed in learning
and memory, thereby reinforcing the chronicity of pain (42 ,43).
Together, these spinal and supraspinal adaptations constitute
the neurobiological foundation of central sensitization, high-
lighting the integrated roles of neuronal and glial mechanisms
in the development and persistence of allodynia.

6. LTP and structural plasticity in allodynia

LTP, a well-established mechanism of synaptic plasticity
involved in learning and memory, has also emerged as a
critical pathophysiological process in the development and
persistence of chronic pain and allodynia. In nociceptive
pathways, LTP refers to a sustained enhancement of synaptic
strength following the high-frequency or prolonged stimula-
tion of afferent nociceptors, particularly within the dorsal horn
of the spinal cord. This heightened synaptic efficacy lowers
the threshold for neuronal activation, thereby facilitating the
transmission of both noxious and non-noxious sensory input
as pain (44,45).
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In pain pathways, LTP is primarily mediated by glutama-
tergic neurotransmission through NMDA receptors, which
permit calcium influx into the postsynaptic neuron following
sufficient depolarization (46). The increase in intracellular
calcium activates second messenger systems, particularly PKC
and CaMKII, which phosphorylate subunits of AMPA and
NMDA receptors and modulate ion channel function. These
molecular events facilitate synaptic plasticity and increase the
excitability of dorsal horn neurons (47).

Glial activation, particularly in microglia and astrocytes,
plays a central role in both the initiation and persistence
of central sensitization. Upon activation, these glial cells
release pro-inflammatory mediators, such as IL-1f3, TNF-a
and BDNF. BDNF binds to tropomyosin receptor kinase B
receptors and disrupts inhibitory GABAergic transmission
by altering the neuronal chloride gradient. This shift converts
inhibitory signals into excitatory ones, a process known as
disinhibition (48).

Structural alterations often accompany the functional
changes associated with central sensitization. A fibers, which
typically transmit innocuous tactile input to laminae III-V
of the dorsal horn, may aberrantly sprout into lamina II, the
primary termination zone for nociceptive C fibers (49). This
maladaptive reorganization allows low-threshold stimuli, such
as light touch to engage pain pathways, thereby contributing
to the development of mechanical allodynia. Additionally,
supraspinal plasticity further amplifies and sustains chronic
pain (50).

LTP-like processes have been identified in higher-order
brain regions, such as the ACC and insula, where sustained
nociceptive input amplifies the emotional and affective dimen-
sions of pain. fMRI studies reveal that structural and functional
alterations in these regions are closely linked to chronic pain
and contribute to its persistence (51). These molecular, cellular
and structural changes illustrate how LTP, originally a mecha-
nism for learning and memory, becomes maladaptive in pain
circuits, leading to distorted pain perception even after the
initial injury or stimulus has resolved (52).

7. Differential diagnosis and clinical testing of allodynia

The diagnosis if allodynia requires an understanding of sensory
disturbances and a focused clinical evaluation to distinguish it
from conditions, such as hyperalgesia (exaggerated response
to painful stimuli), dysesthesia (unpleasant abnormal sensa-
tion) and paresthesia (abnormal but not necessarily unpleasant
sensation). Allodynia is pain caused by normally non-painful
stimuli and is classified by stimulus type: Dynamic mechan-
ical, static mechanical, thermal (heat or cold), or punctate.
Assessment begins with a detailed history emphasizing pain
quality, location and triggers, followed by bedside sensory
testing with standard stimuli (53).

Mechanical dynamic allodynia is assessed with the tools,
such as a cotton swab, soft brush, or gauze gently stroked
across the skin. A painful response to this light tactile
stimulation indicates dynamic allodynia. Mechanical static
allodynia is evaluated by applying steady, non-moving pres-
sure, commonly using the blunt end of a pen or a calibrated
pressure algometer. Thermal allodynia is tested with cold
metal instruments (e.g., a tuning fork or cold roller) or heat
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stimulators to evaluate sensitivity to temperature extremes.
The reported pain is compared to responses from unaffected
contralateral or adjacent areas (54).

Basic laboratory evaluations help to identify the systemic
or metabolic causes of allodynia. A complete blood count and
basic metabolic panel assess general health, while an elevated
erythrocyte sedimentation rate or elevated C-reactive protein
levels may indicate inflammation or autoimmune disease.
Hemoglobin Alcis used to screen for diabetes, acommon cause
of neuropathy. Vitamin B12, thiamine and thyroid-stimulating
hormone levels help to detect nutritional or endocrine-related
neuropathies (4).

QST is a standardized method used for assessing somato-
sensory function with reproducible stimuli. It employs tools
such as von Frey filaments for mechanical thresholds, ther-
modes for thermal sensitivity, and pressure algometers for deep
tissue pain (55). QST is widely used in clinical and research
settings to identify sensory deficits and hypersensitivity with
precision.

In suspected small fiber neuropathy, a skin biopsy provides
histological evidence through the measurement of IENFD. A
reduced IENFD indicates small fiber degeneration and serves
as a diagnostic marker for conditions such as diabetic and
chemotherapy-induced neuropathy that are commonly linked
to allodynia (56).

Imaging is not routinely required, but may be indicated
when central pathology is suspected. A computed tomography
head scan can identify acute events such as stroke in aged
patients, while an MRI is more sensitive for detecting demy-
elinating diseases (e.g., multiple sclerosis) or structural lesions
affecting pain pathways. Imaging decisions should be guided
by neurological findings and clinical context (40). In addition,
validated screening tools such as the Douleur Neuropathique
4 questionnaire and the Leeds Assessment of Neuropathic
Symptoms and Signs provide a standardized approach for
identifying neuropathic pain features, including allodynia,
in outpatient settings (57). These assessments combine
symptom-based descriptors (e.g., burning and tingling) with
simple bedside tests, such as evaluating responses to light
touch and pinprick, making them both efficient and clinically
practical.

Electromyography (EMG) is a diagnostic technique that
assesses muscle activation by recording electrical activity
using electrodes placed either on the skin or inserted into
muscle fibers. While EMG does not evaluate sensory nerve
function or directly measure nociceptive pathways, it plays a
crucial role in differentiating the true muscular weakness from
weakness due to motor neuron dysfunction. This is particu-
larly critical when motor neuron degeneration is suspected.
EMG is also valuable in localizing the site of neuropathy and
in determining the association of motor component, thereby
contributing to a more accurate and comprehensive neuro-
logical assessment (58).

Laser-generated heat pulses and contact-heat-evoked
potentials are advanced neurophysiological techniques
designed to assess thermal pain pathways. Unlike traditional
somatosensory evoked potentials that rely on mechanical
or electrical stimulation of sensory fibers, these methods
utilize precisely controlled heat stimuli, delivered either via
laser or contact heat devices, to selectively activate Ad fibers

responsible for transmitting thermal nociceptive signals. By
recording the cortical responses elicited by these thermal
stimuli, clinicians can objectively evaluate the integrity and
function of small-diameter fibers involved in pain perception.
These tools are especially valuable in diagnosing small fiber
neuropathies and in research settings where a detailed assess-
ment of thermal nociception is required (59).

8. Transcriptional and molecular markers in nociceptor
plasticity

Transcriptional reprogramming within DRG neurons plays a
key role in the development of allodynia. Among key molec-
ular markers, ATF3 is widely recognized as an indicator of
neuronal injury. Its expression rises rapidly following axotomy
or neurotoxic insults, signaling stressed or regenerating sensory
neurons. ATF3 activation through the c-Jun N-terminal kinase
(JNK) pathway contributes to nociceptor hyperexcitability and
peripheral sensitization (60).

ATF2, a downstream effector of p38 MAPK and
JNK signaling, has been implicated in inflammatory and
neuropathic pain pathways and regulates the expression of
nociception-related genes such as TRPV1. Experimental
studies suggest that modulation of ATF2 activity influences
pain hypersensitivity, highlighting its role in chronic pain
plasticity (61). Similarly, c-Jun activation promotes axonal
regeneration and also contributes to hyperexcitability in
the DRG via downstream effectors such as cytokines and
neurotrophins.

Neurotrophic signaling is vital for maintaining nociceptor
phenotype and promoting plasticity. NGF, through TrkA
receptors, supports the survival of peptidergic neurons, while
Ret receptor signaling favors non-peptidergic populations.
Following injury, elevated NGF levels induce abnormal Af}
fiber sprouting and upregulate TRPV1 expression, contrib-
uting to mechanical and thermal allodynia (62). Zcchel2
protein is identified as a novel marker for a distinct subset
of DRG neurons. Zcchcl2-positive neurons respond to both
mechanical and noxious heat stimuli (63).

The selective ablation of these neurons reduces heat sensi-
tivity, indicating their role in integrating multiple nociceptive
inputs. In vivo two-photon calcium imaging reveals increased
polymodal nociceptor activity following neuropathic injury,
accompanied by a reduction in modality-specific neuronal
populations (64).

RNA-binding proteins such as human antigen R (HuR)
regulate nociceptor plasticity at the post-transcriptional level.
HuR stabilizes mRNAs encoding TrkA and IL-6 signaling
components. The pharmacological inhibition of HuR reduces
mechanical allodynia and neuroinflammation (65).

Metabolic regulators, such as liver kinase B1 (LKBI1),
which modulates AMP-activated protein kinase and cellular
energy homeostasis, are also involved in nociceptor stress
responses. The conditional deletion of LKB1 in sensory
neurons induces spontaneous allodynia and alters pain
thresholds, highlighting the link between metabolic balance
and nociceptive function (66). Research has shown that
T-box transcription factor 5 (Tbx5) plays a major role in
the development of neuropathic allodynia (67). Following
spinal nerve ligation, the expression of Tbx5 is upregulated
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in the injured dorsal horn where it regulates the expression of
TRPVI1, which is a key ion channel involved in pain percep-
tion. This regulation is provided by epigenetic modifications
in this case binding of Tbx5 to histone H3 lysine 9 acety-
lation H3K9Ac, causing activation of the gene. Tbx5 also
interacts with transcription factors, such as GATA binding
protein 4 (GATA4) and bromodomain-containing protein 4
(Brd4) that form a network that increases transcription of
TRPV1 to contribute to the hypersensitivity to an allodynia.
Furthermore, the signal that is expressed by Fbxo3 after
nerve injury stabilizes the expression of Tbx5 and increases
the expression of TRPV1. Targeting Tbx5 and its signaling
pathways is a potential new pathway of therapeutic options
in the treatment of neuropathic allodynia and other forms of
chronic pain states (68).

9. Pain modulation and descending inhibitory pathways in
allodynia

Allodynia is influenced not only by ascending nociceptive
input, but also by descending pathways from the brainstem
and cortex, which modulate pain transmission in the spinal
dorsal horn (69).

Key structures, such as the periaqueductal gray (PAG),
rostral ventromedial medulla (RVM) and locus coeruleus
regulate spinal nociception through neurotransmitters
such as serotonin, norepinephrine, GABA and endogenous
opioids (70-72). The PAG-RVM-spinal axis controls pain
via ON and OFF cells; ON cell hyperactivity contributes to
chronic pain, while OFF cells inhibit nociceptive signals (73).
In disorders such as neuropathy and fibromyalgia, impaired
inhibition or excessive facilitation increases the spinal excit-
ability and sensitizing responses to non-painful stimuli (74).

fMRI analyses have revealed reduced activity in inhibi-
tory regions and heightened activation in facilitatory circuits
in chronic pain (41). Diminished serotonergic and noradren-
ergic projections further weaken spinal inhibition, worsening
sensitization (75). SNRIs, such as duloxetine and milnacipran
alleviate allodynia by enhancing descending inhibitory
neurotransmission through increased spinal serotonin and
norepinephrine levels (76-78). Similarly, a2-adrenergic
agonists such as clonidine boost noradrenergic tone and reduce
neuropathic pain (79).

The limbic system, including the ACC, prefrontal cortex
and amygdala, regulates the emotional aspects of pain
and interfaces with descending pathways (80). Stress and
emotional dysregulation can exacerbate allodynia via these
top-down mechanisms. Psychological therapies such as CBT
and mindfulness target top-down cortical-limbic-brainstem
descending pain modulatory circuits to improve pain percep-
tion and quality of life (81). Thus, dysfunction of descending
inhibition is central to chronic allodynia, and targeting these
brainstem and cortical systems presents a promising treatment
approach.

10. Therapeutic interventions in allodynia
Allodynia management involves in pharmacological and

non-pharmacological strategies targeting the peripheral and
central sensitization mechanisms, as summarized in Table II.

WORLD ACADEMY OF SCIENCES JOURNAL 8: 29, 2026 7

Pharmacological treatments. Gabapentinoids, including
gabapentin and pregabalin, are lipophilic GABA analogs that
inhibit calcium channels with the a206-1 subunit, reducing
spontaneous neuronal discharges following nerve injury
without affecting normal signal propagation. In burn-related
neuropathic pain, they enhance descending noradrenergic
activity from the locus coeruleus, suppressing pain transmis-
sion and potentially improving sleep. Preclinical and clinical
studies suggest that gabapentinoids may reduce mechanical
allodynia and thermal hyperalgesia following thermal injury.
The randomized limited trials and observational studies report
that pregabalin and gabapentin can alleviate neuropathic burn
pain, reduce opioid use, and may also relieve postburn pruritus
unresponsive to antihistamines (82,83).

Antidepressants such as SNRIs and tricyclic antidepres-
sants (TCAs) may provide some relief, though they are more
effective for hyperalgesia than allodynia. Antidepressants,
particularly tricyclics such as nortriptyline and amitriptyline,
require chronic administration to relieve neuropathic pain,
including mechanical allodynia. In a mouse model, chronic,
but not acute, treatment with these drugs suppressed allodynia,
while fluoxetine was ineffective. The analgesic effect involved
activation of the endogenous opioid system, specifically
d- and x-opioid receptors. By contrast, gabapentin reduced
allodynia through a separate, opioid-independent pathway.
This highlights distinct mechanisms for antidepressants and
anticonvulsants in managing neuropathic pain (43,84).

Sodium and calcium channel blockers, along with anticon-
vulsants,are commonly used to manage allodynia by increasing
neuronal firing thresholds. Non-steroidal anti-inflammatory
drugs (NSAIDs) have not demonstrated effectiveness in
neuropathic pain. In the collagen-induced arthritis rheumatoid
arthritis model, NSAIDs showed dose-dependent anti-inflam-
matory effects but failed to alleviate mechanical allodynia.
Their limited impact on grip strength, a measure of functional
ability, reflects this. Clinically, these findings suggest that
NSAIDs alone are insufficient for managing arthritis-related
pain and should be combined with other analgesics for effec-
tive relief (85).

Opioids provide limited benefit in neuropathic pain
and may worsen symptoms over time; evidence supporting
oxycodone is minimal. Opioids are frequently used to manage
severe burn-related pain, yet few rodent studies compare their
efficacy in burn-induced allodynia. A previous study evalu-
ated the effects of morphine, oxycodone and hydrocodone
on mechanical allodynia in the limb contralateral to a burn
injury (86). Mice received oral opioid treatment (20 or 40 mg/
kg) or saline twice daily following burn or sham injury and were
assessed using von Frey filaments through day 28. Mechanical
allodynia developed in the uninjured limb by day 21 post-burn.
Hydrocodone significantly suppressed this contralateral allo-
dynia, whereas morphine and oxycodone showed minimal
benefit. These findings suggest that hydrocodone may be more
effective in preventing burn-induced secondary allodynia,
underscoring the need for further preclinical research to guide
optimal opioid use in burn pain management.

Cannabis-based therapies remain controversial as current
research has demonstrated limited efficacy, as well as potential
adverse effects (87). Some research has been promising with
cannabinoid-based medicines (CBMs), particularly those with
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Table II. Mechanism-based pharmacological and non-pharmacological therapies for allodynia.

A, Pharmacological therapies

Authors, year of publication = Therapy/intervention = Mechanism of action Clinical use/indication (Refs.)
Jayabalan and Schnitzer, Tanezumab NGF neutralization Chronic musculoskeletal/allodynic 94)
2017 pain
Kremer et al, 2018 Amitriptyline, SNRIs + Sodium Postherpetic and diabetic neuropathy  (84)
Nortriptyline channel blockade
Patel et al, 2016 Gabapentin, Inhibition of 020 Diabetic neuropathy, PHN, (83)
pregabalin subunit of voltage- fibromyalgia
gated calcium
channels
Andrew et al, 2014 EMAA401 Angiotensin II type-2 CIPN, PHN (105)
receptor antagonism
Bhaskar et al, 2011 Lidocaine (topical);  Peripheral voltage- PHN, diabetic neuropathy On
Capsaicin 8% patch  gated sodium channel
inhibition; TRPV1
receptor desensitization
Bhattacharya et al, 2009 Carbamazepine, Voltage-gated Trigeminal neuralgia, Diabetic (101)
Vixotrigine, VX-548  sodium channel Peripheral Neuropathy
blockade
(Nav1.7,Nav1.8)
Visser and Schug, 2006 Ketamine NMDA receptor CRPS, spinal cord injury pain 93)
antagonism
B, Non-pharmacological therapies
Authors, year of publication = Therapy/intervention = Mechanism of action Clinical use/indication (Refs.)
Radiansyah and Hadi, 2023  fTMS Cortical Fibromyalgia, chronic pain (108)
neuromodulation
Arcos-Holzinger et al, 2023  Virtual reality Cortical remapping CRPS (115)
therapy and neuromodulation
Omar Fadili et al, 2021 Mirror therapy Cortical remapping Phantom limb pain (116)
Adler-Neal and Zeidan, 2017 Mindful Meditation, Mind-body Fibromyalgia (117)
yoga modulation
Suszynski et al, 2015 Desensitization, Functional restoration ~ Post-nerve injury (118)
physical therapy
Ehde et al, 2014 CBT Psychosocial and Fibromyalgia, migraine (113)
cognitive modulation
Tashani and Johnson, 2009  TENS Spinal gate control Diabetic neuropathy, CRPS (112)
activation
Shrivastav and Musley, 2009 SCS Neuromodulation CRPS, central allodynia (119)

NGF, nerve growth factor; SNRIs, serotonin-norepinephrine reuptake inhibitors; PHN, postherpetic neuralgia; CIPN, chemotherapy-induced
peripheral neuropathy; TRPV1, transient receptor potential vanilloid 1; CRPS, complex regional pain syndrome; rTMS, repetitive transcranial
magnetic stimulation; CBT, cognitive behavioral therapy; TENS, transcutaneous electrical nerve stimulation; SCS, spinal cord stimulation.

a mixture of both A9-tetrahydrocannabinol (D9-THC) and
cannabidiol proving efficacious in conditions of pain reduc-
tion, such as diabetic neuropathy and PHN (88). For instance,
drugs containing these two cannabinoids (i.e. Sativex) have
had moderate success in assisting with pain relief and the
quality of sleep (89). In spite of these positive findings, the

results are still inconsistent with some studies showing no
significant improvements. These mixed results have at times
been attributed to variability in cannabinoid formulations,
dosing strategies and patient demographics.

Moreover, the use of CBMs is not without issues. The
psychoactive effects of D9-THC such as dizziness, cognitive
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impairment and fatigue may limit the tolerability of these
treatments particularly in patients who require long-term
management. These negative effects, combined with concerns
of study biases (from the psychoactive nature of D9-THC)
are a contributing factor to the current controversy of CBM
use for the treatment of allodynia. Although cannabinoids are
promising, further in-depth research is required to clarify the
role of cannabinoids in terms of identifying the best formu-
lated, dosed and administered cannabinoids in order to control
allodynia (90).

Topical therapies include 5% of lidocaine patches for
localized neuropathic pain (e.g., PHN), and 8% of capsaicin
patches, which desensitize TRPV1-expressing nociceptors,
relieving static allodynia (91).

Opioid-sparing agents such as tramadol and tapentadol
activate u-opioid receptors and inhibit norepinephrine reup-
take, providing dual-action analgesia for central and peripheral
pain (92). Ketamine, an NMDA receptor antagonist, reverses
central sensitization and is effective in refractory cases (93).

Monoclonal antibodies, such as tanezumab target
NGF-TrkA signaling to reduce C-fiber sensitization in muscu-
loskeletal allodynia (94). Mirogabalin, a newer 020 ligand,
exhibits improved CNS selectivity and efficacy in diabetic
neuropathy and PHN (95).

CIPN is a major dose-limiting side-effect with no approved
treatment. The selective inhibition of histone deacetylase 6
(HDACO6) using agents such as ACY-1083 and ACY-1215 has
been shown to fully reverse cisplatin-induced mechanical
allodynia, spontaneous pain, and numbness (96). This
effect is linked to enhanced a-tubulin acetylation, improved
mitochondrial transport and function and the restoration of
intraepidermal nerve fiber density. These results support the
inhibition of HDAC6 as a promising therapeutic option for
CIPN with potential for rapid clinical translation (97).

Dual Na*/Ca?* blockers such as 820P for generalized
neuropathic pain (98) and TRP channel modulators such as
transient receptor potential melastatin 8 (TRPMS) antagonists,
along with TRPA1 antagonist are under study for oxalipl-
atin-induced cold and mechanical allodynia (99).

TRP channels, particularly TRPV1-V4, TRPA1 and
TRPMS, play a central role in pain perception by converting
external stimuli into painful signals. In pathological states,
their overactivation contributes to mechanical allodynia
and thermal hyperalgesia. Endogenous lipid metabolites,
primarily derived from arachidonic and linoleic acids via
cyclooxygenase, lipoxygenase and cytochrome P450 path-
ways, are major modulators of TRP channels. These lipids can
influence TRP activity either by directly binding to the chan-
nels or indirectly through G-protein coupled receptors. TRP
channels thus function as lipid-sensitive sensors that integrate
signals from multiple metabolic pathways, although the exact
molecular mechanisms remain under investigation (100).

Sodium channel blockers, such as carbamazepine and
lacosamide reduce neuronal excitability and are effec-
tive in trigeminal neuralgia and diabetic neuropathy (101).
Newer selective voltage-gated sodium channel inhibitors
are being explored for pain modulation. VX-548 (formerly
suzetrigine), an orally bioavailable Navl.8 blocker, has
demonstrated analgesic efficacy in phase II (NCT04977336,
NCT05034952) and phase III clinical trials (NCT05660538)
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for acute post-operative pain. However, its effectiveness for
chronic neuropathic pain or mechanical and cold allodynia
has not yet been established (102). By contrast, the selec-
tive Navl.7 inhibitor PF-05089771 failed to meet predefined
efficacy endpoints in a placebo-controlled clinical trial in
patients with painful diabetic peripheral neuropathy, and its
late-stage development for neuropathic pain indications was
discontinued. Evidence for dual Navl.7/1.8 inhibitors such
as ASP9226 remains limited, and robust late-stage clinical
data supporting their use in mechanical or cold allodynia are
currently lacking (103,104).

Central sodium channel modulators (e.g., NRD135S.E1)
and novel ligands such as Crisugabalin (HSK16149) are under
investigation for PHN and diabetic neuropathy. Suzetrigine
(MK-8189), a Navl.8 blocker, has exhibited early efficacy in
acute neuropathic pain (54).

EMAA401, an angiotensin II type 2 receptor antagonist,
reduces peripheral neuroinflammation (105). Mirtazapine,
though primarily an antidepressant, has been shown to alle-
viate mechanical and thermal allodynia in neuropathic pain
models (106). The repeated oral administration of mirtazapine
(20-30 mg/kg) in rats with nerve injury significantly reduced
allodynia, especially by day 14. This analgesic effect is linked
to its ability to suppress proinflammatory cytokines (TNFa
and IL-1B) and NF-«xB activity in the brain, while enhancing
the expression of the anti-inflammatory marker, IL-10. These
findings suggest that mirtazapine may relieve allodynia
through central neuroimmune modulation (107).

Non-pharmacological interventions. TTMS modulates
cortical excitability and benefits patients with fibromyalgia
and post-stroke pain (108). SCS is a procedure in which elec-
trical impulses are delivered within the dorsal columns and
this modulates pain in diseases, such as CRPS, and failed
back surgery syndrome. It functions via two mechanisms to
disrupt nociceptive pathways and to activate the pain inhibi-
tion systems, reducing abnormal pain processing. Studies have
demonstrated that SCS exerts a significant suppressive effect
on allodynia and hyperalgesia, with an increase in current
perception threshold in affected areas, which appears to
indicate reduced pain sensitivity. Additionally, SCS increases
conditioned pain modulation with the possibility to restore
the natural pain inhibition mechanisms of the body, which
provides immense potential for the treatment of sensory
abnormalities, such as allodynia (109,110).

Graded motor imagery and mirror therapy use cortical
remapping and visual feedback to relieve movement-induced
and tactile allodynia, particularly in CRPS and phantom
limb pain (111). TENS activates A fibers and engages spinal
gate control mechanisms, reducing localized neuropathic
pain (112). CBT addresses the emotional aspects of chronic
pain, improving the coping and resilience in individuals with
persistent allodynia (113).

Cingulotomy is a neurosurgical procedure that targets
the anterior cingulate cortex, an area of the brain involved in
processing both pain and emotions. In patients with allodynia,
non-painful stimuli normally cause pain. This surgery can
reduce the emotional distress and perception of pain signals.
When the conventional treatments fail, it is considered as an
alternative approach as it helps to modulate the response of
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the brain to chronic pain and it can also improve the overall
quality of life of patients (114).

11. Future research directions and unanswered questions

Future studies are required to focus on allodynia for a more
in-depth understanding of the molecular and cellular mecha-
nisms of peripheral and central sensitization, particularly the
role of ion channels, such as Navl.7, Navl.8, TRPV1, TRPA1
and Piezo2, as well as the transcriptional markers, such as
ATF3 and ATF2 involved in regulating nociceptor plasticity.
Investigating neuroimmune crosstalk, glial activation and
structural changes, such as AP fiber sprouting are required to
explain this persistence of pain. There is also a need to refine
diagnostic strategies through the improvement of quantitative
sensory testing; intraepidermal nerve fiber density analysis and
with advanced neuroimaging to better differentiate subtypes
of allodynia to guide personalized treatment. Novel thera-
peutic targets, such as the NGF-Trk A signaling, angiotensin II
type 2 receptors and epigenetic regulators need to be explored
and non-pharmacological interventions, such as spinal cord
stimulation, rTMS, TENS, mirror therapy and CBT should be
optimized and combined with pharmacological treatments to
improve rehabilitation and long-term outcomes.

However, despite progress, a number of questions remain
unanswered. It is impossible to determine the reasons behind
the development of allodynia in some individuals with nerve
injury or with systemic disease and how the peripheral and
central mechanisms work together on a temporal basis to
perpetuate the hypersensitivity. The fact that Navl.7 blockers
were not effective in the clinical trials, even though there is
ample genetic evidence for a target pain signaling circuit, is an
indication that the understanding of the use of compensatory
mechanisms and redundancy in pain signaling is required.
Reliable biomarkers to predict response to treatment are still
lacking and strategies to reverse maladaptive plasticity in
nociceptive circuits remain underdeveloped. Furthermore, the
emotional and brain cognitive aspects of pain induced by the
brain regions, such as the anterior cingulate cortex and insula
are not yet well incorporated into clinical practice. These
shortcomings underscore the need to perform the mechanistic
stratification of patients, longitudinal trials to determine
the persistence of interventions, and translational research
whereby the latest molecular findings are juxtaposed with an
individualized therapeutic approach.

12. Conclusion

The present review aimed to provide a thorough discussion
on allodynia, with a focus on pathophysiology, mechanisms,
diagnosis, and new and forthcoming treatments. A condition
in which normally non-painful stimuli are experienced as
painful (allodynia) has been increasingly recognized as a key
cause of the chronic pain disorders observed in the context of
neuropathic injuries and related conditions, such as fibromy-
algia, multiple sclerosis and diabetic neuropathy.

Key molecular mechanisms, particularly those involving
ion channels, such as TRPV1, TRPAI1, Navl.7 and Nav1l.8 are
central to the sensitization process of nociceptors involved
in peripheral and central sensitization. This is further

compounded by the neuroimmune crosstalk and glial cell
activation, which increases the duration of pain signals and
exacerbates the experience of allodynia. A more in-depth
understanding of these mechanisms may provide a prospect for
the development of more specific therapies, as demonstrated
in ongoing studies of particular ion channels, neuroimmune
interactions and transcriptional factors, such as ATF3 and
ATF2 (33,60,62).

Currently, the treatment techniques for allodynia are
diverse, as medications such as gabapentinoids, SNRIs and
TCAs provide some relief; however, these treatments focus
mainly on neuropathic pain. Non-pharmacological methods
such as spinal cord stimulation, -TMS, mirror therapy, CBT
and TENS have shown positive results in modulating pain and
in rehabilitation. However, more tailored treatment regimens
are required as the condition remains very difficult to manage
and is complex.

The unmet clinical need remains high, with numerous
patients receiving inadequate symptom relief. Farther research
is warranted to improve the diagnostic methods, as well as to
investigate novel therapeutic opportunities, such as optimizing
existing pharmacological therapies and combining interdisci-
plinary treatment approaches such as neuropsychological and
neuro rehabilitative ones. Bridging the possible area between
the molecular mechanisms of personalized care will be crucial
in the improvement of the long-term outcomes of persons that
suffer from allodynia.

In conclusion, although progress has been made in under-
standing the mechanisms involved in the pathophysiology of
allodynia and in providing symptomatic relief, further more
targeted and comprehensive interventions are warranted. The
future of the management of allodynia is in the ongoing inter-
disciplinary research. including pharmacology, neuroscience,
psycholog, and the latest methods of diagnostic techniques in
order improve the outcomes of patients and promote personal-
ized treatment strategies.
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