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sensitization. These mechanisms contribute significantly to the
persistence and intensity of pain, characterized by spontaneous pain,
hyperalgesia, and allodynia. Peripheral sensitization occurs at the site
of injury due to increased responsiveness of primary sensory neurons,
often driven by inflammatory mediators and changes in ion channel
expression. Central sensitization, on the other hand, involves increased
excitability of neurons within the spinal dorsal horn and higher brain
centers, often due to long-lasting changes in synaptic plasticity. Key
molecular pathways, including the activation of N-methyl-D-aspartate
(NMDA) receptors, calcium signaling, and intracellular cascades like
MAPK and NF-«B, play a crucial role in maintaining these sensitized
states. Additionally, the role of glial cells, particularly microglia and
astrocytes, is increasingly recognized as critical in modulating both
peripheral and central responses to nerve injury. This review explores the
cellular and molecular mechanisms underlying central and peripheral
sensitization in neuropathic pain, focusing on the interplay between
neuronal injury and cellular plasticity. We discuss how these processes
contribute to the transition from acute to chronic pain and highlight
potential therapeutic targets aimed at modulating sensitization processes.
By understanding these mechanisms, new therapeutic strategies can be
developed to mitigate chronic pain and improve the quality of life for
patients with neuropathic conditions.
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1. Introduction

Neuropathic pain is a complex and chronic pain condition that arises as a direct consequence
of injury or dysfunction within the somatosensory nervous system. It differs fundamentally
from nociceptive pain, which is typically associated with tissue damage and inflammation,
as it involves alterations in the nervous system itself. Neuropathic pain is characterized
by spontaneous pain, hyperalgesia—an exaggerated pain response to painful stimuli—and
allodynia, where normally innocuous stimuli elicit painful sensations. These symptoms can
persist long after the resolution of the initial injury, indicating a profound and maladaptive
reorganization of pain pathways within both the peripheral and central nervous systems. This
persistence of pain is a major clinical challenge, significantly affecting the quality of life for
individuals with conditions such as diabetic neuropathy, postherpetic neuralgia, and nerve
trauma.

Central to the pathogenesis of neuropathic pain are the processes of central and peripheral
sensitization, which involve heightened responsiveness of neurons both at the site of injury and
within the central nervous system (CNS). These processes transform transient pain into chronic
pain through various structural and functional changes in neurons and their surrounding glial
cells. Peripheral sensitization refers to changes occurring at the level of primary sensory neurons,
particularly nociceptors, which become hyperresponsive following nerve damage. In response to
injury, these neurons undergo molecular changes that result in a lowered threshold for activation
and an increased response to both noxious and non-noxious stimuli. These changes include the
upregulation of ion channels such as voltage-gated sodium channels (Nav), transient receptor
potential (TRP) channels, and purinergic receptors, as well as alterations in the expression of
various inflammatory mediators and cytokines. The activation of these molecular pathways
lowers the activation threshold of nociceptors, leading to spontaneous activity and a heightened
response to peripheral stimuli.

In contrast, central sensitization occurs within the spinal cord and brain, where synaptic
plasticity and changes in neurotransmitter release lead to increased excitability of dorsal horn
neurons, amplifying pain signals and broadening the receptive fields of neurons involved in
pain transmission. Central sensitization is maintained by enhanced synaptic efficacy, changes
in receptor sensitivity, and reduced inhibitory control within the dorsal horn of the spinal
cord. This phenomenon can result in the spread of pain sensitivity beyond the original area
of injury, a hallmark of chronic pain conditions. Key molecular players in central sensitization
include the NMDA (N-methyl-D-aspartate) receptors, AMPA (-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid) receptors, and metabotropic glutamate receptors, whose prolonged
activation contributes to synaptic potentiation and long-term changes in neuronal excitability.
Additionally, neuroinflammatory processes involving glial cells, such as microglia and astrocytes,
play a critical role in maintaining a pro-inflammatory environment within the CNS, further
sustaining the sensitized state of dorsal horn neurons.

Understanding the molecular and cellular mechanisms underlying these sensitization
processes is critical for developing effective treatments for neuropathic pain. This review explores
the key pathways involved in both central and peripheral sensitization, emphasizing the role of
neuronal injury, glial cell activation, and intracellular signaling cascades that contribute to the
persistent nature of neuropathic pain. The involvement of these mechanisms points to potential
therapeutic targets aimed at disrupting the maladaptive changes associated with chronic pain. By
addressing the underlying causes of sensitization, such therapeutic strategies hold the promise of
preventing or reversing the transition from acute to chronic pain, thereby improving outcomes
for patients suffering from neuropathic pain. Furthermore, the review highlights current and
emerging therapeutic approaches that target these molecular mechanisms, offering insights into
the potential for new treatments to mitigate the burden of chronic pain.
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2. Peripheral Sensitization: Mechanisms and Mediators

(a) lon Channel Modulation and Nociceptor Excitability

Peripheral sensitization is characterized by a reduction in the threshold for activation of primary
sensory neurons, particularly nociceptors, which results in heightened sensitivity to stimuli and
contributes to the development of pain states. A key driver of this process is the modulation of
ion channels, which play a crucial role in determining the excitability of nociceptive neurons.
Following nerve injury, changes in the expression and function of specific ion channels lead to
enhanced neuronal excitability and spontaneous firing, which are hallmarks of chronic pain.

Among the ion channels involved, voltage-gated sodium channels (Nav), such as Nav1.7,
Nav1.8, and Nav1l.9, play a pivotal role in generating and propagating action potentials in
nociceptive neurons. Navl.7 is particularly important in the initiation of action potentials due
to its high expression in sensory neurons. Its upregulation following nerve injury lowers the
activation threshold of nociceptors, making them more likely to fire action potentials in response
to subthreshold stimuli. Nav1.8, which is resistant to tetrodotoxin (TTX), contributes to the
sustained depolarization and repetitive firing of action potentials, thereby promoting ongoing
pain. This channel is upregulated in injured neurons and contributes to the ectopic discharges
that characterize neuropathic pain. Ectopic discharges refer to abnormal spontaneous activity
originating from the site of nerve injury or from damaged neurons, which leads to persistent
pain even in the absence of external stimuli.

Transient receptor potential (TRP) channels, such as TRPV1 and TRPA1, also play significant
roles in peripheral sensitization by modulating nociceptor excitability in response to thermal,
chemical, and mechanical stimuli. TRPV1 is a non-selective cation channel that is activated
by heat, protons, and capsaicin, making it a key sensor for noxious heat. Following nerve
injury, TRPV1 is sensitized by various inflammatory mediators, including prostaglandins,
bradykinin, and nerve growth factor (NGF). This sensitization reduces the activation threshold
of TRPV1, leading to increased calcium influx into nociceptive neurons. The resulting rise
in intracellular calcium enhances the excitability of these neurons, contributing to thermal
hyperalgesia—heightened sensitivity to heat.

TRPA1, another TRP channel, is known for its sensitivity to reactive oxygen species (ROS) and
other byproducts of oxidative stress, which are elevated in the aftermath of nerve injury. TRPA1 is
activated by a range of electrophilic compounds, including those produced during inflammation
and oxidative stress, such as hydrogen peroxide and 4-hydroxynonenal. Activation of TRPA1 in
sensory neurons leads to a depolarizing influx of cations, which enhances neuronal excitability
and contributes to mechanical allodynia—a painful response to normally non-painful mechanical
stimuli. The role of TRPA1 in mediating responses to ROS underscores the link between oxidative
stress and peripheral sensitization, highlighting a potential target for therapeutic intervention in
neuropathic pain.

Another class of ion channels involved in peripheral sensitization is the hyperpolarization-
activated cyclic nucleotide-gated (HCN) channels, which contribute to the regulation of
membrane potential and repetitive firing in nociceptors. HCN channels, especially HCN2,
are modulated by cyclic nucleotides such as cAMP and are known to become upregulated
following nerve injury. The increased activity of HCN channels contributes to a depolarized
resting membrane potential, which lowers the activation threshold of nociceptors and facilitates
sustained excitability. This modulation of ion channels following nerve injury underscores their
role in the pathogenesis of neuropathic pain by enabling nociceptors to become hyperresponsive
to both external and internal stimuli.

(b) Role of Inflammatory Mediators

Peripheral sensitization is closely associated with the inflammatory response that occurs at the
site of nerve injury. Following nerve damage, a cascade of immune responses is initiated, leading
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to the release of pro-inflammatory mediators that sensitize nociceptive neurons. Among these
mediators, cytokines such as tumor necrosis factor-alpha (TNF-«), interleukin-1 beta (IL-1/3), and
interleukin-6 (IL-6) are released by immune cells, including macrophages, T cells, and activated
glial cells, as well as by injured neurons themselves. These cytokines act on nociceptors by binding
to their respective receptors, leading to the activation of intracellular signaling cascades that
modulate ion channel function and gene expression.

One of the primary pathways through which pro-inflammatory cytokines enhance nociceptor
excitability is the mitogen-activated protein kinase (MAPK) pathway. This signaling cascade,
which includes p38, ERK, and JNK, becomes activated in response to cytokine-receptor
interaction and mediates the phosphorylation of ion channels and receptors. For instance, the
activation of p38 MAPK in nociceptive neurons can result in the phosphorylation of sodium
channels like Nav1.8, thereby increasing their activity and lowering the activation threshold of
nociceptors. Similarly, the ERK pathway can enhance the trafficking of TRPV1 channels to the cell
membrane, leading to increased responsiveness to heat and other noxious stimuli. These post-
translational modifications of ion channels contribute directly to the heightened excitability of
nociceptors in neuropathic pain.

Neurotrophic factors, particularly nerve growth factor (NGF) and brain-derived neurotrophic
factor (BDNF), also play crucial roles in the sensitization of nociceptors. NGF, released in response
to tissue injury and inflammation, binds to its high-affinity receptor, TrkA, on nociceptive
neurons. This interaction activates downstream signaling pathways such as PI3K/Akt and
MAPK, which promote the expression and function of sodium channels (e.g., Nav1.8) and
TRP channels (e.g., TRPV1). The upregulation of these ion channels increases the sensitivity of
nociceptors to thermal and mechanical stimuli, leading to hyperalgesia and allodynia.

BDNE another important neurotrophic factor, is synthesized in primary sensory neurons and
released in response to nerve injury. It plays a role in both peripheral and central sensitization
by modulating synaptic transmission in the dorsal horn of the spinal cord and by enhancing
the responsiveness of nociceptors. In peripheral sensitization, BDNF can alter the expression
of ion channels and receptors in nociceptive neurons, contributing to increased excitability and
spontaneous activity. The effects of NGF and BDNF on nociceptors highlight the importance of
neurotrophic signaling in the transition from acute to chronic pain following nerve injury.

The interplay between ion channel modulation and the action of inflammatory mediators
underscores the complexity of peripheral sensitization in neuropathic pain. These molecular
changes collectively lower the activation threshold of nociceptive neurons, resulting in enhanced
pain sensitivity and spontaneous pain generation. Understanding these mechanisms provides a
basis for developing therapeutic strategies aimed at targeting specific ion channels, cytokines, or
their downstream signaling pathways to alleviate the symptoms of neuropathic pain.

Table 1. Key lon Channels Involved in Peripheral Sensitization and Their Modulation in Neuropathic Pain.

Ion Channel Mechanism of Modulation | Role in Peripheral Sensitization

Nav1.7, Upregulation in response | Lowers threshold for action potential

Nav1l.8 to nerve injury; increased | initiation, leading to  spontaneous
channel activity nociceptor activity.

TRPV1 Sensitized by NGF, | Decreases activation threshold, enhancing
bradykinin, and | responsiveness to heat and protons,
prostaglandins contributing to thermal hyperalgesia.

TRPA1 Activated by oxidative stress | Increases excitability in response to
and ROS chemical irritants, contributing to

mechanical allodynia.

HCN Upregulated after nerve | Leads to a depolarized resting membrane

Channels injury, modulated by cAMP | potential, increasing the likelihood of

(e.g., HCN2) spontaneous firing.
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Table 2. Pro-inflammatory Mediators and Their Effects on Nociceptor Sensitization.

Mediator Receptor/Signaling Effect on Peripheral Sensitization
Pathway

TNF-a TNFR1/TNFR2, activates | Increases ion channel phosphorylation,
MAPK pathway enhancing nociceptor excitability.

IL-18 IL-1 receptor, activates p38 | Sensitizes sodium channels and increases
MAPK nociceptor responsiveness.

NGF TrkA  receptor, activates | Upregulates Nav1.8 and TRPV], increasing
PI3K/Akt and MAPK | sensitivity to thermal and mechanical
pathways stimuli.

BDNF TrkB receptor, modulates | Enhances responsiveness of nociceptors
synaptic transmission and supports central sensitization in the

spinal cord.

peripheral sensitization in neuropathic pain is driven by the modulation of ion channels
and the action of inflammatory mediators that alter nociceptor excitability. These processes
create a hyperexcitable state in sensory neurons, leading to spontaneous pain and exaggerated
responses to external stimuli. Understanding the interactions between ion channel modulation
and inflammatory signaling provides a foundation for the development of targeted therapies
that could alleviate the symptoms of neuropathic pain by directly addressing the molecular
mechanisms underlying nociceptor sensitization.

3. Central Sensitization: Molecular and Cellular Mechanisms

(a) Synaptic Plasticity and NMDA Receptor Activation

Central sensitization is a process in which neurons in the spinal dorsal horn become
hyperresponsive to sensory input from peripheral nerves, leading to an amplification of pain
signals. This heightened responsiveness is a hallmark of chronic pain conditions, including
neuropathic pain, where even low-threshold stimuli can produce exaggerated pain responses.
A key mechanism underlying central sensitization is the activation of N-methyl-D-aspartate
(NMDA) receptors in response to persistent nociceptive input from peripheral nerves. NMDA
receptors, which are ionotropic glutamate receptors, play a crucial role in synaptic plasticity
within the central nervous system (CNS).

Activation of NMDA receptors occurs when glutamate, released from primary afferent
terminals, binds to these receptors on dorsal horn neurons. This binding requires the removal of a
magnesium block from the NMDA receptor channel, which occurs in response to depolarization
of the postsynaptic membrane. Once activated, NMDA receptors permit the influx of calcium
ions (Ca®") into dorsal horn neurons. The entry of Ca?t triggers a series of intracellular signaling
cascades, including the activation of calcium/calmodulin-dependent protein kinase II (CaMKII).
The activation of CaMKII is critical for the induction of long-term potentiation (LTP) at synapses
between primary afferent fibers and second-order neurons in the spinal dorsal horn.

LTP at these synapses is a form of synaptic plasticity that results in a long-lasting increase
in synaptic strength, making dorsal horn neurons more responsive to subsequent input. This
enhanced synaptic strength means that even normally innocuous or low-threshold stimuli can
generate robust pain signals, contributing to the development of allodynia and hyperalgesia.
The maintenance of LTP within the dorsal horn sustains a hyperexcitable state, allowing for the
persistent perception of pain even after the resolution of the initial injury. This form of synaptic
plasticity is a fundamental aspect of central sensitization, transforming acute pain into chronic,
maladaptive pain states.
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In addition to CaMKII, other signaling pathways are involved in NMDA receptor-mediated
synaptic plasticity, such as protein kinase C (PKC) and extracellular signal-regulated kinase
(ERK). These pathways further modulate the function of ion channels and receptors on dorsal
horn neurons, facilitating the strengthening of synaptic connections. The phosphorylation of
NMDA receptor subunits by these kinases increases the open probability of the receptor
channels, thereby enhancing Ca?t influx and reinforcing the LTP processes that underpin central
sensitization. The persistence of these changes can lead to structural alterations in synaptic
connections, further entrenching the central sensitization state and contributing to the chronicity
of neuropathic pain.

(b) Glial Cell Activation and Neuroinflammation

The role of glial cells, including microglia and astrocytes, in central sensitization has become
increasingly evident, as they contribute not only to the onset but also to the maintenance of
hyperexcitability in the spinal dorsal horn. Following peripheral nerve injury, microglia, the
resident immune cells of the CNS, become activated in the spinal cord, particularly in the regions
associated with the injured nerve. This activation is marked by changes in cell morphology,
increased proliferation, and the release of pro-inflammatory mediators that influence neuronal
function.

Activated microglia release pro-inflammatory cytokines such as tumor necrosis factor-alpha
(TNF-a), interleukin-1 beta (IL-13), and brain-derived neurotrophic factor (BDNF). These
cytokines act on receptors expressed by dorsal horn neurons, leading to increased excitability
of these neurons. For example, TNF-a and IL-15 can enhance NMDA receptor activity, further
promoting Ca®" influx and synaptic potentiation. BDNF, released by microglia, acts on TrkB
receptors in dorsal horn neurons, leading to the downregulation of the potassium-chloride
cotransporter KCC2. This results in a shift in chloride ion gradients that reduces the efficacy of
inhibitory GABAergic signaling, thus diminishing the inhibitory tone within the spinal cord. The
reduction in GABAergic inhibition exacerbates the hyperexcitable state of dorsal horn neurons,
contributing to the persistence of central sensitization and chronic pain.

Astrocytes, which are the most abundant glial cells in the CNS, also play a crucial role in central
sensitization by maintaining a pro-inflammatory environment in the spinal cord. Following
nerve injury, astrocytes become reactive and undergo hypertrophy, characterized by increased
expression of glial fibrillary acidic protein (GFAP) and changes in cellular morphology. Reactive
astrocytes release a variety of signaling molecules, including ATP, glutamate, and D-serine,
which can potentiate excitatory synaptic transmission by acting on NMDA and other glutamate
receptors on dorsal horn neurons. This release of excitatory neurotransmitters by astrocytes
contributes to the heightened synaptic activity that characterizes central sensitization.

Furthermore, reactive astrocytes release cytokines and chemokines that sustain the activation
of microglia, creating a feedback loop that perpetuates neuroinflammation within the spinal cord.
This neuroinflammatory environment promotes the persistence of synaptic changes associated
with central sensitization, making it a critical component in the transition from acute to chronic
pain. The sustained release of pro-inflammatory mediators by glial cells supports a state of chronic
excitation in pain pathways, thereby maintaining the perception of pain long after the initial
injury has healed.

Inhibition of microglial and astrocytic activation has shown promise in reducing central
sensitization and alleviating pain in animal models of neuropathic pain. Pharmacological
agents that target microglial activation, such as minocycline, have been demonstrated to reduce
the production of pro-inflammatory cytokines and attenuate the hyperexcitability of dorsal
horn neurons. Similarly, compounds that inhibit astrocytic activation or disrupt glial-neuronal
interactions have shown potential in reducing the chronic pain state associated with central
sensitization. These findings highlight glial cells as potential therapeutic targets, offering new
avenues for the development of treatments aimed at reversing or preventing the chronicity of
neuropathic pain.
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Table 3. Molecular Mechanisms of Central Sensitization in Neuropathic Pain.

Mechanism Key Molecules/Pathways Impact on Central Sensitization

NMDA Glutamate, CaMKII, ERK, | Promotes LTP at dorsal horn synapses,

Receptor PKC enhancing synaptic strength and neuronal

Activation excitability.

Microglial TNEF-q, IL-13, BDNF Enhances NMDA receptor activity, reduces

Activation GABAergic inhibition, and maintains a
pro-inflammatory state.

Astrocytic ATP, Glutamate, D-serine Potentiates excitatory synaptic

Reactivity transmission, sustaining hyperexcitability
of dorsal horn neurons.

Reduced Downregulation of KCC2, | Decreases the efficacy of inhibitory

GABAergic BDNEF-TrkB signaling synaptic transmission, leading to a

Inhibition heightened pain response.

Table 4. Therapeutic Targets for Modulating Glial Cell Activity in Central Sensitization.

Target Therapeutic Agents Mechanism of Action

Microglial Minocycline, Ibudilast Reduces  microglial activation and

Inhibitors production of pro-inflammatory cytokines,
attenuating central sensitization.

Astrocyte Propentofylline, Gabapentin | Inhibits astrocytic activation and reduces

Modulators the release of excitatory neurotransmitters,
decreasing synaptic excitation.

BDNF-TrkB ANA-12 (TrkB antagonist) Blocks BDNF signaling, preventing the

Pathway downregulation of KCC2 and preserving

Inhibitors GABAergic inhibition.

P2X4 TNP-ATP, P2X4 inhibitors Reduces microglia-mediated ATP

Receptor signaling, decreasing microglial activation

Antagonists and neuroinflammation.

central sensitization involves a complex interplay between synaptic plasticity, NMDA receptor
activation, and the contributions of glial cells, leading to a persistent state of heightened
neuronal excitability in the spinal cord. The activation of NMDA receptors and the resulting LTP
amplify pain signals, while glial cell activation sustains a pro-inflammatory environment that
perpetuates the hyperexcitable state of pain pathways. Targeting these mechanisms, particularly
the interactions between glial cells and neurons, offers a promising approach for the development
of therapies that can disrupt the cycle of chronic pain and provide relief for patients suffering from
neuropathic pain.

4. Cross-Talk Between Peripheral and Central Sensitization

The mechanisms of peripheral and central sensitization are closely interconnected, with changes
occurring at the level of peripheral sensory neurons directly influencing the processes within
the central nervous system (CNS). This interplay between the periphery and the central nervous
system is fundamental to the persistence and amplification of neuropathic pain. Persistent
nociceptive input from sensitized peripheral neurons, which have become hyperresponsive
following nerve injury, serves as a driving force that sustains the hyperexcitability of spinal dorsal
horn neurons, thereby reinforcing central sensitization. This reciprocal relationship between

H
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peripheral and central sensitization creates a self-sustaining cycle that contributes to the transition
from acute to chronic pain states.

A key example of this interaction is the ongoing input from sensitized TRPV1-positive
nociceptors, which can maintain the activation of NMDA receptors in dorsal horn neurons.
TRPV1, a channel known for its role in detecting noxious heat and inflammatory mediators,
becomes upregulated and sensitized in peripheral nociceptors following nerve injury. The
persistent activity of these TRPV1-expressing nociceptors leads to the continuous release of
excitatory neurotransmitters such as glutamate into the synapses of the dorsal horn. This
sustained release of glutamate activates NMDA receptors on second-order neurons, promoting
Ca?" influx and triggering intracellular signaling pathways like calcium/calmodulin-dependent
protein kinase II (CaMKII) and protein kinase C (PKC). The result is the induction of long-
term potentiation (LTP) at these synapses, which enhances synaptic strength and reinforces
the hyperexcitable state of dorsal horn neurons. This process contributes to the persistence of
central sensitization, allowing for the amplification of pain signals even in response to minimal
peripheral stimuli.

Another aspect of the cross-talk between peripheral and central sensitization involves the
release of neurotrophic factors by injured peripheral sensory neurons, which have profound
effects on the spinal cord. Brain-derived neurotrophic factor (BDNF), a neurotrophin released
by primary afferent fibers, plays a significant role in this regard. BDNF is released in response
to peripheral nerve injury and acts on TrkB receptors located on spinal dorsal horn neurons. The
activation of TrkB receptors by BDNF enhances synaptic plasticity by promoting the expression
of NMDA receptors and other synaptic proteins that contribute to LTP. This process facilitates the
strengthening of synaptic connections in the dorsal horn, supporting the transition from acute to
chronic pain.

BDNEF-mediated signaling also affects the inhibitory control within the spinal cord. BDNF
downregulates the expression of the potassium-chloride cotransporter KCC2 in dorsal horn
neurons, leading to a shift in the chloride ion gradient. This change results in reduced efficacy
of inhibitory neurotransmitters like gamma-aminobutyric acid (GABA), which normally function
to dampen neuronal excitability. The consequent reduction in GABAergic inhibition contributes
to a disinhibited state in the spinal cord, further amplifying pain transmission and reinforcing
central sensitization. The ability of BDNF to modulate both excitatory synaptic transmission and
inhibitory control illustrates how peripheral signals can have widespread and long-lasting effects
on the central mechanisms of pain processing.

This cross-talk between peripheral and central sensitization highlights the complexity of
neuropathic pain and the ways in which changes at the periphery can drive maladaptive plasticity
within the CNS. The reciprocal nature of these sensitization processes makes it difficult to
disentangle the contributions of peripheral and central mechanisms to chronic pain, as each
can reinforce and sustain the other. This interconnectedness suggests that effective therapeutic
strategies must address both levels of sensitization to achieve meaningful pain relief.

Targeting peripheral mechanisms alone, such as using local anesthetics or anti-inflammatory
drugs, may fail to fully address the established central changes that maintain pain sensitivity.
Conversely, therapies that target central mechanisms, such as NMDA receptor antagonists or
inhibitors of glial cell activation, may not prevent the ongoing input from sensitized peripheral
neurons that perpetuates central sensitization. Thus, a comprehensive approach that addresses
the contributions of both peripheral and central processes is likely to be more effective in
managing chronic neuropathic pain.

the cross-talk between peripheral and central sensitization illustrates the complex and
dynamic nature of neuropathic pain. Persistent input from sensitized peripheral neurons can
drive changes in the CNS that lead to the maintenance of a hyperexcitable state in dorsal horn
neurons, thus perpetuating pain. Neurotrophic factors like BDNF further reinforce these changes
by promoting synaptic plasticity and diminishing inhibitory control within the spinal cord. These
interactions highlight the importance of developing comprehensive therapeutic strategies that

SOIfewLIOjU] 8B yleaH Hews payddy o feuinor



Table 5. Interactions Between Peripheral and Central Sensitization in Neuropathic Pain.

Peripheral Central Impact Role in Neuropathic Pain

Mechanism

TRPV1- Sustained NMDA receptor | Promotes LTP and synaptic plasticity,
Positive activation in dorsal horn | maintaining central sensitization and pain
Nociceptor neurons amplification.

Activation

BDNF Release | Activation of TrkB receptors, | Enhances excitatory transmission and
from Sensory | downregulation of KCC2 reduces inhibitory control, contributing to
Neurons persistent pain.

Persistent Continuous excitatory input | Drives ongoing excitation of dorsal horn
Ectopic to spinal cord neurons neurons, reinforcing hyperexcitability and
Discharges pain persistence.

Upregulation | Increased expression of | Supports the transition from peripheral
of Pro- | NMDA  receptors and | to central sensitization, facilitating chronic
inflammatory | synaptic proteins pain development.

Mediators

(eg, NGE

IL-6)

Table 6. Therapeutic Strategies Targeting Peripheral-Central Sensitization Cross-Talk.

Therapeutic Example Agents Mechanism of Action

Strategy

NMDA Ketamine, Memantine Reduces Ca®T influx in dorsal horn

Receptor neurons, preventing LTP and decreasing

Antagonists central sensitization.

BDNE-TrkB ANA-12 (TrkB antagonist) Blocks BDNF  signaling, preserving

Inhibitors inhibitory control and reducing excitatory
synaptic plasticity.

TRPV1 Capsazepine, AMG517 Decreases nociceptor activity, reducing

Antagonists peripheral input to the spinal cord and
mitigating central sensitization.

Combination Gabapentin  (central) + | Targets both peripheral input and central

Therapies Lidocaine (peripheral) synaptic changes, offering a synergistic

(Peripheral + reduction in pain.

Central)

address both peripheral and central mechanisms of sensitization, ultimately aiming to break the

cycle of chronic pain and improve patient outcomes.

5. Therapeutic Strategies Targeting Sensitization Mechanisms

(a) lon Channel Modulators

Modulating ion channels that play key roles in peripheral sensitization represents a promising
therapeutic approach for alleviating neuropathic pain. Ion channels, such as voltage-gated
sodium channels (Nav) and transient receptor potential (TRP) channels, are critical in determining
the excitability of nociceptors and the transmission of pain signals. Selective sodium channel
blockers, particularly those targeting Nav1.7, have shown efficacy in reducing ectopic firing
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and hyperexcitability in preclinical models of neuropathic pain. Navl.7 is highly expressed in
nociceptive neurons, and its upregulation following nerve injury contributes to spontaneous
neuronal firing, a major source of ongoing pain. Blocking Nav1.7 can reduce this aberrant activity,
thereby decreasing pain. Clinical studies with Nav1.7 inhibitors, such as those involving selective
Nav1.7 blockers like PF-05089771, have shown promise, though achieving specificity without
off-target effects remains a challenge.

TRPV1 antagonists also represent a potential strategy for modulating peripheral sensitization.
TRPV1, a channel activated by noxious heat and acidic conditions, becomes sensitized during
inflammation, contributing to thermal hyperalgesia. Agents such as capsazepine and other
TRPV1 blockers can reduce TRPV1-mediated calcium influx, thus decreasing the heightened
sensitivity to thermal stimuli often observed in patients with neuropathic pain. In addition,
modulation of TRPA1 activity is being explored as a therapeutic approach, particularly given its
role in responding to oxidative stress and inflammation. TRPA1 antagonists, such as HC-030031,
can inhibit the channel’s activation by reactive oxygen species (ROS) and other electrophilic
agents, reducing pain and inflammation at the site of nerve injury. These strategies aim to
interrupt the cycle of peripheral sensitization by targeting the ion channels directly involved in
maintaining nociceptor excitability.

Table 7. lon Channel Modulators for Targeting Peripheral Sensitization in Neuropathic Pain.

Ion Channel | Example Agents Mechanism of Action
Target
Navl.7 PF-05089771, Biib074 Selectively blocks Navl.7 channels,

reducing ectopic firing in nociceptors and
decreasing pain transmission.

TRPV1 Capsazepine, AMG517 Inhibits TRPV1 activation, reducing
calcium influx and alleviating thermal
hyperalgesia.

TRPA1 HC-030031, A-967079 Antagonizes TRPA1 activity, decreasing

nociceptor  excitability in  response
to oxidative stress and reducing
inflammatory pain.

Navl.8 A-803467, TTX-resistant | Reduces repetitive firing in nociceptors,
blockers helping to mitigate spontaneous pain and
hyperexcitability.

(b) NMDA Receptor Antagonists and Glial Inhibitors

Targeting central sensitization through NMDA receptor antagonists has been a focus of research
due to the central role of NMDA receptors in synaptic plasticity and pain amplification. NMDA
receptor activation allows for calcium influx into dorsal horn neurons, which triggers intracellular
signaling cascades that lead to long-term potentiation (LTP) and enhanced synaptic transmission.
Antagonists like ketamine and memantine act by blocking NMDA receptor channels, thereby
reducing calcium influx and preventing the maintenance of hyperexcitability in spinal dorsal
horn neurons. Ketamine, in particular, has been effective in reducing acute and chronic pain in
certain clinical settings; however, its side effects, such as psychomimetic reactions and cognitive
disturbances, limit its broader use. This has led to efforts to develop more selective NMDA
receptor antagonists that target specific subunits, such as the NR2B subunit, to improve safety
profiles while retaining analgesic efficacy.

In addition to targeting NMDA receptors, the modulation of glial activity has emerged as
a promising approach for reducing central sensitization. Following nerve injury, microglia and
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astrocytes in the spinal cord become activated and release pro-inflammatory cytokines like
TNF-q, IL-18, and BDNF, which contribute to neuronal hyperexcitability and the maintenance
of central sensitization. Glial inhibitors, such as minocycline and propentofylline, have shown
promise in preclinical models by reducing the activation of these glial cells, thereby decreasing
the levels of inflammatory mediators and mitigating the hyperexcitable state of dorsal horn
neurons. Minocycline, for instance, has been demonstrated to reduce microglial activation and
the release of BDNF, which in turn preserves GABAergic inhibition and prevents the disinhibition
that characterizes central sensitization.

Table 8. Therapeutic Agents Targeting Central Sensitization in Neuropathic Pain.

Target Example Agents Mechanism of Action
NMDA Ketamine, Memantine, | Blocks calcium influx through
Receptors NR2B antagonists NMDA receptors, reducing

synaptic potentiation and dorsal
horn neuron hyperexcitability.

Microglial Minocycline, Ibudilast Inhibits  microglial  activation,
Activation reducing the release of pro-

inflammatory cytokines and
attenuating neuroinflammation.

Astrocytic Propentofylline, Suppresses astrocytic reactivity,
Activation Fluorocitrate decreasing the release of excitatory
transmitters like ATP and glutamate
in the dorsal horn.

NR2B Subunit | Ifenprodil, Ro 25-6981 Targets NMDA receptors
Selective containing the NR2B subunit,
Antagonists providing more selective inhibition

and reducing side effects.

(¢) Neuroinflammation Modulators

Modulating the inflammatory processes that drive both peripheral and central sensitization is a
critical component of neuropathic pain management. Inflammation, characterized by the release
of pro-inflammatory cytokines and chemokines, contributes to the sensitization of nociceptors
and the activation of spinal cord neurons. Targeting these cytokines has the potential to interrupt
the cycle of neuroinflammation that sustains chronic pain. TNF-a blockers, such as etanercept
and infliximab, have been studied for their ability to reduce pain by inhibiting the activity of
TNF-a, a key cytokine involved in the sensitization of nociceptive pathways. By reducing TNF-a
levels, these agents can decrease the excitability of both peripheral and central neurons, thereby
reducing pain.

In addition to targeting pro-inflammatory cytokines, enhancing the activity of anti-
inflammatory pathways offers a complementary approach. Agents that increase the levels of
anti-inflammatory cytokines like interleukin-10 (IL-10) are being explored for their ability to
counterbalance the pro-inflammatory environment in the nervous system. IL-10 has been shown
to inhibit the production of pro-inflammatory cytokines, reduce microglial activation, and
promote a shift towards a more anti-inflammatory state within the spinal cord. Gene therapy
approaches that increase IL-10 expression in targeted regions of the CNS have demonstrated
potential in preclinical models, providing sustained relief from neuropathic pain.

Moreover, stabilizing the blood-brain barrier (BBB) is an emerging strategy for mitigating
central sensitization. Following nerve injury, the integrity of the BBB can be compromised,
allowing immune cells and cytokines from the peripheral circulation to infiltrate the CNS, thereby
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exacerbating neuroinflammation. Agents that preserve BBB function, such as corticosteroids or
specific inhibitors of matrix metalloproteinases (MMPs), can help to prevent this infiltration and
attenuate the inflammatory processes that drive central sensitization.

In summary, targeting the diverse mechanisms that contribute to peripheral and central
sensitization offers a multi-faceted approach to the management of neuropathic pain. Ion channel
modulators can reduce nociceptor excitability at the periphery, while NMDA receptor antagonists
and glial inhibitors address the central processes that sustain chronic pain. Modulating
neuroinflammation provides an additional avenue for disrupting the cycle of pain sensitization,
offering hope for more effective therapeutic strategies in the treatment of neuropathic pain.

6. Conclusion

Central and peripheral sensitization are key mechanisms that underlie the development and
persistence of neuropathic pain. These processes involve complex interactions between neuronal
injury, ion channel dysregulation, synaptic plasticity, and neuroinflammation, all of which
contribute to the transformation of acute pain into a chronic, maladaptive state. Peripheral
sensitization originates at the level of injured nociceptors, where upregulation of ion channels
such as Navl.7 and TRPV1 lowers the activation threshold of sensory neurons, resulting in
heightened responsiveness to stimuli. This persistent activity feeds into the central nervous
system, driving central sensitization characterized by the hyperexcitability of spinal dorsal horn
neurons and enhanced synaptic transmission mediated by mechanisms like NMDA receptor
activation.

The role of glial cells in maintaining a pro-inflammatory environment within the spinal cord
adds an additional layer of complexity to the mechanisms of central sensitization. Microglia and
astrocytes release cytokines and other mediators that amplify neuronal excitability and disrupt
inhibitory control, perpetuating a state of heightened pain sensitivity. The interplay between
peripheral and central mechanisms creates a self-sustaining cycle that makes neuropathic pain
particularly resistant to conventional treatments.

By understanding the molecular and cellular pathways that drive sensitization, new
therapeutic targets can be identified to mitigate chronic pain. Strategies that focus on modulating
ion channels, inhibiting NMDA receptor activity, reducing glial cell activation, and targeting
the inflammatory processes offer potential avenues for intervention. However, due to the
interconnected nature of peripheral and central sensitization, effective treatment strategies
will likely require a combination of approaches that address both peripheral and central
components of pain sensitization. This could involve the concurrent use of ion channel blockers
to reduce peripheral input and NMDA receptor antagonists or glial inhibitors to dampen central
hyperexcitability.

Continued research into the mechanisms of sensitization holds promise for improving the
management of neuropathic pain and enhancing the quality of life for affected individuals.
Advances in understanding the molecular interactions between peripheral and central systems
are critical for developing more effective and targeted therapies. As research progresses, the
integration of novel pharmacological agents with current treatment strategies may provide
better outcomes for patients who suffer from chronic pain, potentially reversing the course of
sensitization and offering relief from the burdensome impact of neuropathic pain. [1]-[28]
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