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Abstract: A series of studies have demonstrated acupoint sensitization, in which acupoints can be activated in combination with
sensory hypersensitivity and functional plasticity during visceral disorders. However, the mechanisms of acupoint sensitization remain
unclear. Neuroanatomy evidence showed nociceptors innervated in acupoints contribute to the mechanism of acupoint sensitization.
Increasing studies suggested sympathetic nerve plays a key role in modulating sensory transmission by sprouting or coupling with
sensory neuron/nociceptor in the peripheral, forming the functional structure of the sympathetic-sensory coupling. Notably, the sensory
inputs of the disease-induced sensitized acupoint contribute to the homeostatic regulation and also involve in delivering therapeutic
information under acupuncture, hence, the role of sprouted sympathetic in acupoint function should be given attention. We herein
reviewed the current knowledge of sympathetic and its sprouting in pain modulation, then discussed and highlighted the potential
value of sympathetic-sensory coupling in acupoint functional plasticity.
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Introduction

Acupoints are critical places on the body for acupuncture treatment, which act an enhancing role in switching on and
promoting the self-healing process under conditions.' Yet, its mechanism remains unknown. Numerous studies have
attempted to elucidate the nature of acupoints via somato-autonomic nerve reflex and neuroendocrine-immune
networks.”” Existing evidence demonstrated that the neuroanatomical basis of acupoint function was attributed to the
involvement of the nociceptors, skin microecology, immune cells, and the skin-brain axis.*'° Acupoint sensitization has
been described recently and primarily pertains to referred acupoint activation by visceral disease or tissue injury,
accompanied by sensory hypersensitivity and functional enhancement.''™'® Neurogenic inflammation is the principal
pathogenic feature of sensitized acupoints and is largely a consequence of nociceptor activation and neuroimmune
interactions in sensitized acupoints.'*'® Meanwhile, nociceptor hyperexcitation was found to strengthen their ability to
respond to needling manipulation and increase the level of acupuncture signals conveyed to the body.*”*!” Therefore,
when an visceral disorder or tissue injury may result in referred sensory hypersensitivity at an acupoint, activating
nociceptors in the referred sensitized area can also enhance the therapeutic action of the acupoint by amplifying the
delivery of acupuncture signals.

Previous research has suggested the role of the sympathetic nervous system in the encoding of nociceptive informa-
tion during disease and that inhibiting sympathetic activity or pharmacologically blocking it greatly improves sensory
hyperalgesia.'® 2 The sympathetic nervous system, as a component of the autonomic nervous system, is extensively
engaged in the functional regulation of the body’s organs. Sympathetic nerve hyperexcitation and terminal sprouting are
the principal functional and morphological responses to visceral disease and pain.’'>* In the 1990s, McLachlan and
Chung observed sympathetic nerve terminal sprouting in a neuropathic pain rat model; these sprouted fibers encircled
dorsal root ganglion (DRG) neurons and formed basket structures, a phenomenon known as sympathetic-sensory
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coupling.**?> Increasing evidence has indicated that peripheral sensory afferents are impacted by these functional
connections, contributing to persistent pain. As of yet, it is unclear whether sympathetic-sensory coupling is involved
in acupoint sensitization and drives a role in the enhancement of acupuncture signal. This review summarized recent
advances in sympathetic sprouting and sympathetic-sensory coupling under pathological conditions and discussed the
underlying role of these effects in the functional enhancement of sensitized acupoints, intending to provide a novel
theoretical basis for studying the neural mechanisms of acupoints.

Acupoint Sensitization and Plasticity

Acupoint Sensitization

Uncovering the acupoints’ scientific basis has been the main goal of acupuncture researchers worldwide. Recent findings
have demonstrated a high rates of overlap between the distribution of acupoints and referred hypersensitive areas on the
body surface caused by visceral illnesses or tissue injury (Figure 1A). In 1893, the notable British physician Henry Head
observed and summarized the distribution rules for referred pain areas associated with various visceral disorders.’** He
also observed “sensitive spots” in these locations that, when stimulated, could alleviate visceral symptoms, a function
quite similar to that of acupoints.”’ Later, in 1895, Mackenzie methodically mapped the distribution of cardiac referred
pain, which closely corresponds to the path of the Hand Shao Yin Heart Meridian.>® Recent clinical studies have revealed
that colitis-related somatic sensitized points are predominantly located in the abdomen, low back, and lower
extremities,”’ whereas pulmonary disease-related somatic referred sensitized points are predominantly located in the
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Figure | Interaction of sympathetic and peripheral sensory neurons/ fibers in sensitized acupoints under visceral diseases. (A) Schematic showed that cardiac and colitis
disease resulted in somatic referred pain, which is co-localized with acupoints related to cardiac and intestinal management. Created with BioRender.com. (B) An illustration
demonstrated the area of sympathetic sprouting and sympathetic-sensory coupling caused by visceral illnesses. By augmenting the sensory inputs, sprouted sympathetic
fibers may contribute to acupoint sensitization and enhance the functional outcomes. (C) Mechanism of interaction between peripheral sensory fibers/neurons and
sympathetic postganglionic terminals. Generally, activated peripheral sensory fibers/neurons caused by various illness and injury release nerve growth factor (NGF), which
lead to sympathetic terminals sprouting through binding with TrkA receptor. Furthermore, sprouted sympathetic terminals release norepinephrine (NE), activating
peripheral sensory fibers via alpha 2 adrenoceptors (the subtype of which remains unclear), and consequently increasing the delivery of noxious information to the spinal
cord and supraspinal area.
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neck and shoulders, upper chest, upper back, and upper extremities.>> Notably, these referred sensitive areas contain
many acupoints that are commonly used in clinics for the treatment of diseased viscera. For example, the lower abdomen
contains acupoints ST25 and SP14, which are used for the treatment of intestinal problems, while the upper back contains
acupoints BL13 and CV17, which are used for the treatment of pulmonary diseases.

Additionally, some researchers have compared the locations of routine acupoints to those of referred hypersensitive
areas caused by visceral dysfunction. Beissner et al reported largely overlap between the Head’s zone and the Shu- and
Mu-acupoints.” Other studies have reported overlap rates of 48.76% between heat-sensitive sites and acupoints, and 71—
92% between the trigger and pressure points.*> > Together, these findings show a strong relationship between the origins
of acupoints and areas of referred hypersensitivity induced by visceral disease or tissue injury, which Bing and other
scholars have termed “acupoint sensitization.” This notion refers to an acupoint as a “somatic referred point” generated
by visceral diseases and tissue injury,*® which can exert a specific regulatory effect on visceral function via the soma-
viscera connection established via biological evolution.

Progress in the Study of Acupoints and Their Functions

Sensitized acupoints manifest primarily through sensory alterations. Mechanical, heat, and pressure sensitization all
indicate hypersensitive acupoints. The guiding principle for locating acupoints, as described in Huangdi Neijing, was
“where there is pain, there is a way”, implying that sensory-sensitive points are the first option for needling. Notably,
recent research has revealed increased treatment effects of sensitive acupoints in response to needling manipulation,
a feature classified as “acupoint plasticity”. For example, Rong et al demonstrated significantly enlarged receptive fields
of wide dynamic neurons in the spinal cord associated with acupoints ST36 and ST37 in rats following colitis,?” and that
stimulating sensitized ST36 and ST37 evoked significantly more C fiber sciatic nerve discharge compared to non-
sensitized acupoints.”® Furthermore, a recent study demonstrated that sensitized acupoints directly regulated visceral
function. As neurogenic inflammation is the primary feature of sensitized acupoints, Li et al simulated disease conditions
by subcutaneously injecting mustard oil, which activated the C nociceptor and resulted in neurogenic inflammation, into
rat acupoint ST25."" They observed that sensitized ST25 had a direct inhibitory effect on jejunal motility and that the
electric current required to suppress jejunal motility was also greatly reduced compared to normal settings. Additionally,
our recent study discovered that the inputs of sensitized acupoints caused by myocardial ischemia simulation contributed
to the homeostatic regulation of heart function by boosting sympathetic hyperexcitation.' Although these findings imply
that sensitized acupoints directly drive the homeostatic process and have a more therapeutic effect on visceral function in
response to needling manipulation, the underlying neural mechanism of acupoint plasticity remains elusive. Together
with peripheral sensory nerves (nociceptors), mast cells, and immune cells, a recent study demonstrated the contributions
of sympathetic nerves to sensory modulation. Visceral dysfunction and tissue injury can elicit the sprouting of
sympathetic fiber terminals surrounding the primary sensory neurons to form a basket-like structure, a process termed
sympathetic-sensory coupling that plays a critical role in sensory modulation by sensitizing peripheral sensory fibers. We
hypothesized that sympathetic-sensory coupling may be a critical anatomical structure that enhances acupoint respon-
siveness in response to needling manipulation and may also modulate the neuronal mechanism of acupoint plasticity. The
role of peripheral sympathetic fibers and sympathetic-sensory coupling in this process requires more in-depth study.

Sympathetic Sprouting and Sensory-Sympathetic Coupling Involved in
Nociceptive Modulation

Distribution and Function of the Sympathetic Nervous System

The sympathetic and parasympathetic nervous systems constitute the autonomic nervous system, which manages visceral
function and enables the body to respond rapidly to internal and external dangers or environmental changes.>**! The cell
bodies of the sympathetic preganglionic neurons are located in the lateral horn of the spinal cord, with the axons
terminating in the sympathetic paravertebral or prevertebral ganglions. The axons of postganglionic neurons depart the
ganglia and terminate in effector tissues and organs. As a single preganglionic fiber typically contains numerous branches
that can connect to a variety of diverse postganglionic neurons, stimulating sympathetic nerves has a more
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comprehensive regulatory effect compared to that in the parasympathetic nervous system. In addition to regulating the
body’s fight-or-flight response, the sympathetic nervous system is generally considered to be involved in the regulation of
the activities of nearly all key organs and is critical for homeostasis regulation.** Along with other duties, sympathetic
nerves also play a physiological role in the control of heart rate, blood pressure, and circulation.*” However, accumulat-
ing evidence suggests a close relationship between the sympathetic nervous system and nociception and hyperalgesia

under pathological situations such as visceral pain and somatic hyperalgesia.** ¢

Sympathetic Sprouting and Sympathetic-Sensory Coupling Under Pathological

Conditions

Generally, sensory sensitization can be classified as spontaneous pain, touch-sensitive pain (allodynia), and pain
sensitization (hyperalgesia),47 all of which can be detected in sensitized acupoints.'®!"1313 Although it has been
established that ectopic discharge of sensory neurons caused by various injuries or inflammations contributes to sensory

sensitization,?!*8-5°

recent research suggests that sprouted sympathetic fibers contribute to the peripheral mechanism of
sensory hypersensitivity.”' To date, hyperexcitation and sympathetic postganglionic fiber sprouting have been identified
as two pathological features of the sympathetic nerves, both of which have been implicated in the development of
visceral pain and hyperalgesia.*® McLachlan et al defined the first specific case of sympathetic-sensory coupling in a rat
model of neuropathic pain in the early twentieth century, in which postganglionic sympathetic fiber terminals sprouted
into the DRG and surrounded the DRG sensory neurons, particularly those with ectopic discharge, forming “basket-like
structures™* This structure strengthens the connection between sympathetic and sensory neurons, increasing the
magnitude of their sensitization, thereby expanding the neurons’ activation range and enhancing the efficiency with
which injury information is transmitted to the central nervous system. Emerging evidence suggests that sympathetic-
sensory coupling in the DRG engage into neuropathic, inflammation, chemotherapy-induced neuropathic pain, and
visceral pain mechanisms. Current research has demonstrated the range of locations in which sympathetic-sensory
coupling has been reported in pathological states. For instance, in a rat model of chronic knee arthritis, Nascimento
et al observed sympathetic sprouting in the skin of an affected foot sole,’* Jimenez-Andrade et al observed sensory nerve
fibers and sympathetic fibers sprouting in the synovial membrane and periosteum of the knee joint,>* and Grelik et al
reported sympathetic sprouting in the lower lip skin following mental nerve ligation.>* In a rat model of keratitis, Marfurt
et al reported sympathetic sprouting in the cornea.”® In a model of chronic myocardial ischemia, Yin et al observed
sympathetic sprouting in the ischemic myocardium and the superior cervical ganglion.’®>’

Given the overactivity of peripheral sensory neurons caused by sprouted sympathetic terminals, recent research
indicates that suppressing sympathetic nerve activity can alleviate pain. Xie et al showed that cutting the gray ramus
communications of the spinal nerve decreased sympathetic sprouting in the DRG and ameliorated pain behavior in a rat
model of spinal nerve ligation (SNL).** Francisney et al observed suppressed sympathetic sprouting and significantly
improved plantar pain sensitivity 2 weeks following SNI surgery in rats administered guanethidine, a sympathetic
blocker.’® Zhang et al discovered that the pre-injection of lidocaine reduced sympathetic sprouting and relieving pain
in the DRG in a neuropathic pain model.”® In general, these findings indicate that sympathetic and sensory nerves can
interact in a sympathetic-sensory coupling fashion. In terms of its role in sensory modulation in disease conditions, we
proposed that sympathetic-sensory coupling also played a role in the sensory hypersensitivity of sensitized acupoints,
contributing to functional plasticity by amplifying the inputs from needling manipulation.

The neuronal mechanism of sympathetic sprouting and the interplay of sympathetic-sensory coupling have been
studied extensively. Physiologically, after the sympathetic preganglionic fibers are exchanged in the paravertebral or
prevertebral ganglia, a small portion of the sympathetic postganglionic fibers attach to the dorsal ramus of the spinal
nerves, but only a small proportion of the postganglionic fibers travel to innervate small vessels within the DRG.*
Alternatively, diverse pathological states result in the sprouting of sympathetic nerves in the DRG of injured and
inflamed areas, where sprouted fiber-endings couple with sensory neurons or fibers, as previously described. Side branch
and regenerative are two distinct forms of sympathetic fiber sprouting. Side branch sprouting primarily refers to
sympathetic fibers that innervate the vasculature of DRG that sprouting toward the injured neurons in a nerve growth
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factor (NGF)-dependent way following remote nerve injury, termed NGF-dependent sympathetic fiber sprouting.”” ¢!

Regenerative sprouting emerges if peripheral nerve injury hampers the sprouting of surrounding sympathetic fibers to
distant sites (limb direction), resulting in sprouting along the initial path into the DRG, forming sympathetic-sensory
coupling following surrounding sensory neurons. Given the absence of NGF, this pattern of regeneration sprouting is
termed NGF-independent sympathetic sprouting. Ectopic sensory neuronal activity acts as a trigger, driving sympathetic
postganglionic fibers to sprout into the DRG.** While sensory neurons in the DRG rarely exhibit spontaneous activity
under normal settings, pathological conditions such as nerve injury, compression, or inflammation cause an increase in
the spontaneous discharge of C and Ap DRG neurons.’** Simultaneously, lesioned sensory neurons release NGF, which
can bind to TrkA channels expressed on sensory neurons, resulting in hyperexcitation and exacerbating spontaneous
firing of these neurons.®® Increased NGF concentrations induce the sprouting of sympathetic postganglionic fibers,
especially in neurons with ectopic firing,*® which then interact with these injured neurons or fibers to form coupling
structures in DRG or the skin. Simultaneously, the structure of sprouted sympathetic terminals is dilated and extra-

65,66

cellularly releases ATP and norepinephrine (NE), which can bind with P2 receptors and adrenergic a2 receptors

expressed on neurons,” respectively, with the diffusion of satellite glia.'®®® Increased neuron activation leads to

24,6 8

increased noxious peripheral inputs at the spinal and supraspinal levels,”*°” implying a role in sensory sensitization.’®

Receptor Mechanisms Mediating Sympathetic-Sensory Coupling

Sprouted sympathetic terminals primarily act by activating adrenoceptors (ADRs) on the surface of sensory neurons or
terminals. ADRs can be classified into two subtypes: ADRA (adrenoceptor alpha) and ADRB (adrenoceptor beta).
Additionally, ADRA is subdivided into two subtypes, ADRA1 and ADRA2, whereas ADRB is subdivided into three
subtypes, ADRB1, ADRB2, and ADRB3.%! Although prior research revealed the involvement of ADRA1 and ADRB2 in
the sensory-sympathetic coupling in the DRG,?'** additional evidence indicated that ADRA2, expressed on sensory
neurons, is the major receptor involved in the sympathetic-sensory coupling relationship,'®'%->!-*"7! ADRA2 activation
lowered the concentration of PKC (adenylyl cyclase) via the intracellular Gi route, resulting in decreased intracellular
ATP hydrolysis and increased extracellular ATP concentration. Extracellular ATP then binds to P2X receptors and
activates sensory neurons, resulting in pain.”? In contrast, the facilitating role of ADRA2 in nociceptive pathways
remains unclear and may be related to the molecule subtypes.

ADRAZ2 has three subtypes: ADRA2A, ADRA2B, and ADRA2C. The distributions and functional alterations of these
subtypes in DRG under healthy and pathological settings have been documented. Physiologically, DRG neurons mostly
express ADRA2C receptors (80%), followed by ADRA2A receptors (20%) and nearly no ADRA2B receptors.”” In
neuropathic pain, ADRA2A receptor expression increases significantly (45%) whereas ADRA2C receptor expression
decreases somewhat. However, the expression of the three receptor subtypes did not change significantly in carrageenan-
induced inflammatory pain.”> Meanwhile, the silencing of ADRA2A receptors dramatically improved plantar hyper-
algesia in a neuropathic pain model.”" These findings imply that ADRA2A receptors on the surface of sensory neurons
may contribute to the functional interplay of sympathetic and sensory neurons.

Underlying Role of Sympathetic-Sensory Coupling in Acupoint

Sensitization

As previously stated, sympathetic sprouting and sympathetic-sensory coupling contribute to local responsiveness and
transmission effectiveness in acupuncture manipulation. Recent research in a rat model of chronic myocardial ischemia
(MI) demonstrated that MI resulted in the sprouting of sympathetic postganglionic fibers in the skin of cardiac referred
pain, as well as T1-T5 DRGs in the spinal segment proximal to the heart, where sympathetic-sensory coupling also
formed 7 days after MI modeling." Notably, the cardiac referred region in acupuncture therapy includes multiple
acupoints associated with heart illness, including PC6 (Neiguan). Given the role of the peripheral sensory fibers in
acupoints in processing signals of acupuncture manipulation, we hypothesized that the interplay of sympathetic-sensory
coupling contributes to the enhancement of acupoint therapeutic activity. Notably, this study demonstrated that sensory
inputs from a cardiac-referred hypersensitive location (sensitized acupoint, PC6) could enhance sympathetic
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hyperexcitation, implying that referred pain or acupoint sensitization induced by visceral illness can directly drive the
homeostatic process through sympathetic activity. Furthermore, electroacupuncture (EA) stimulation of PC6 produced
a significant cardioprotective effect that was diminished after the subcutaneous injection of an ADRA2 pre- and post-
synaptic blocker, indicating the involvement of ADRA2-mediated sympathetic-sensory coupling in the EA-induced
cardioprotective effect. Another study detected sympathetic-sensory coupling in the L6 DRG of rats with colitis.
Consecutive 7-days EA treatment on the ST36-ST37 acupoints greatly decreased sympathetic terminal sprouting and
sympathetic-sensory coupling in the DRG.”* However, why sympathetic-sensory coupling either enhances the therapeu-
tic efficacy of acupoints or is diminished by acupuncture treatment remains unknown. Additional research is necessary to
elucidate the neurological and molecular mechanisms.

Conclusion

Cutting-edge research techniques enable us to systemically understand the nature of acupoint. As sympathetic-sensory
coupling has been implicated in the mechanism of sensory modulation, this review provides a unique perspective on the
neurological substrate of the acupoint effect in response to acupoint intervention. Although recent research has identified
a correlation between sympathetic-sensory coupling and acupoints and demonstrated the contributions of ADRA2-mediated
sympathetic-sympathetic coupling to the therapeutic effect of sensitized acupoints, the underlying neurobiological mechan-
isms in the peripheral and central nervous systems remain unresolved (Figure 1B and C). Researchers in acupuncture field
should use new techniques, including in-vivo calcium imaging, optogenetic, and chemogenetic methods, to demonstrate the
role of sympathetic-sensory coupling in sensitized acupoints and elucidate the acupoint’s instinct and neural basis.
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