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Neuropathic pain (NP) is known to be associated with abnormal changes in specific brain regions, but the complex neural network behind it is vast and complex and lacks a systematic summary. With the help of various animal models of NP, a literature search on NP brain regions and circuits revealed that the related brain nuclei included the periaqueductal gray (PAG), lateral habenula (LHb), medial prefrontal cortex (mPFC), and anterior cingulate cortex (ACC); the related brain circuits included the PAG-LHb and mPFC-ACC. Moreover, acupuncture and injurious information can affect different brain regions and influence brain functions via multiple aspects to play an analgesic role and improve synaptic plasticity by regulating the morphology and structure of brain synapses and the expression of synapse-related proteins; maintain the balance of excitatory and inhibitory neurons by regulating the secretion of glutamate, γ-aminobutyric acid, 5-hydroxytryptamine, and other neurotransmitters and receptors in the brain tissues; inhibit the overactivation of glial cells and reduce the release of pro-inflammatory mediators such as interleukins to reduce neuroinflammation in brain regions; maintain homeostasis of glucose metabolism and regulate the metabolic connections in the brain; and play a role in analgesia through the mediation of signaling pathways and signal transduction molecules. These factors help to deepen the understanding of NP brain circuits and the brain mechanisms of acupuncture analgesia.
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1. Introduction

In 2008, neuropathic pain (NP) was defined as “pain caused by a lesion or disease of the somatosensory system” by the International Association for the Study of Pain Special Interest Group on Neuropathic Pain, which replaced the 1994 definition. The new definition replaced “dysfunction” with “lesion” or “disease” and “somatosensory system” with “neurological system,” making its situation clearer (Jensen et al., 2011). NP is mainly divided into the peripheral and central categories and can be caused by trigeminal neuralgia, postherpetic neuralgia, peripheral nerve injury, and spinal cord or brain injury (Scholz et al., 2019; Szok et al., 2019). Epidemiological surveys have shown that its prevalence in the general population can range between 6.9 and 10% (Van Hecke et al., 2014), with nociceptive hypersensitivity and abnormal pain being the main features of its development (Cavalli et al., 2019). However, because pain is essentially an unpleasant emotional experience (Raja et al., 2020), the symptoms of NP patients are often accompanied by sleep disturbances, anxiety, depression, and cognitive impairment in addition to the pain itself, and their quality of life is understandably much lower than that of non-NP patients (Attal et al., 2011).

Somatosensory nerves such as mechanoreceptors and injury receptors can send signals to the brain for further processing via the dorsal horn of the spinal cord, and injury or disease of the somatosensory nervous system can lead to altered and disturbed transmission of sensory signals to the brain, resulting in nociception (Colloca et al., 2017). Neuropathic pain is associated with abnormal changes in several specific brain regions (Zhang Y. N. et al., 2022), but the interactions of pain-related neuronal networks are still not fully explored. Therefore, understanding the different brain nuclei and brain neural circuits involved in NP can refine the underlying central neuromodulatory mechanisms of NP.

NP is a major challenge in chronic pain management because of its persistent nature and negative emotions and other symptoms that seriously affect patients’ quality of life. Drugs still dominate the current therapeutic management of NP, but many drugs recommended as first-line treatment offer poor pain relief (Finnerup et al., 2015). The World Health Organization has recommended acupuncture as a non-pharmacologic “first-line therapy” for pain treatment because of its precise analgesic efficacy and high safety (Kelly and Willis, 2019). Although the complex mechanisms underlying acupuncture analgesia remain unclear, there is growing clinical evidence to suggest that acupuncture not only relieves the nociceptive experience of NP but also further modulates the negative emotions and cognitions caused by pain (Paley et al., 2015; Estores et al., 2017; Edwards and Shaw, 2021; Han et al., 2022). Functional brain imaging studies have shown that acupuncture analgesia has region-specific, quantifiable effects on relevant brain structures (Otti and Noll-Hussong, 2012). However, literature on the analgesic effects of NP mediated by acupuncture in specific key brain nuclei or circuits is relatively heterogeneous and fragmented, lacking systematic generalization.

Therefore, we conducted a review of the literature to summarize relevant research on NP animal models and central neuromodulatory mechanisms of brain nuclei and neural circuits associated with NP. We also focus on the key brain nuclei of the nociceptive modulation system and summarize the specific mechanisms of action of acupuncture for NP in recent years. The results showed that acupuncture could exert analgesic effects and regulate pain emotion and cognitive pain effects by affecting functional activities in different brain regions (e.g., synaptic plasticity, the release of different neurotransmitters), which explains the modulatory effects and mechanisms of acupuncture analgesia and further deepens the implication and extension of acupuncture analgesia.



2. Animal models of NP and behavioral tests

The etiology of NP is complex, and the construction of different animal models can help understand and explore its pathogenesis and acupuncture treatment mechanisms. Animal models of NP can be classified into spinal cord injury (SCI)-type models, peripheral nerve injury models, chemotherapy-induced NP models, and pain models caused by certain diseases according to the etiology. Specifically, the SCI model includes spinal cord contusion, spinal cord transection, excitotoxicity, and clamped SCI model; the peripheral nerve injury model includes spinal nerve ligation (SNL) model, spared nerve injury (SNI) model, chronic constriction injury (CCI) models, and partial sciatic nerve ligation (PSNL) model; chemotherapy-induced NP models mainly involve the use of vincristine, cisplatin, and paclitaxel; specific disease-induced models mainly include diabetic neuropathic pain model, postherpetic neuralgia model, and the human immunodeficiency virus-induced pain model.

NP includes nociception, emotion, and cognition, so the success of animal model construction is also assessed based on these three dimensions. Furthermore, it mainly relies on the classical behavioral science of mechanical pain, searing pain, and cold pain to evaluate pain, and the specific methods include the von Frey test, hot plate test, cold plate test, and acetone drip test. Negative emotion-related behavioral studies such as depression and anxiety often use the open field test, tail suspension test, forced swim test, and sucrose preference test. Cognitive-related tests include the Morris water maze, novel object recognition, and conditioned place preference tests.



3. NP-related brain nuclei and neural circuits

There are about 100 billion neurons in the human brain, and the synaptic connection on neurons can also form a special neural circuit between them to process a variety of complex signals (Luo, 2021). Current studies have found that in the central conduction process of NP, some brain nuclei project onto each other to form different neural circuits that jointly regulate their pain perception, negative emotion, or cognitive impairment.


3.1. NP-related brain nuclei


3.1.1. Brain nuclei underlying NP in the brainstem region

The brainstem is a small region between the spinal cord and diencephalon, composed of the medulla oblongata, pons, and midbrain from bottom to top, respectively. The nuclei involved in pain regulation in this region mainly include periaqueductal gray (PAG), rostral ventromedial medulla (RVM), locus coeruleus (LC), ventral tegmental area (VTA), parabranchial nucleus (PBN) and dorsal raphe (DRN).


3.1.1.1. Periaqueductal gray

The central endogenous pain modulatory system is centered on the midline brainstem structures and consists of the descending inhibitory and descending facilitatory systems. The system is mainly composed of the PAG and rostral ventromedial medulla (RVM). The PAG, an important axial structure of the midbrain, comprises four subregions, namely the dorsomedial PAG (dmPAG), dorsolateral PAG (dlPAG), lateral PAG (lPAG), and ventrolateral (vlPAG) sub-regions (Menant et al., 2016). After CCI surgery, vlPAG neurons showed increased excitability (Du et al., 2013). After the onset of behavioral hypersensitivity induced by the chemotherapeutic agent paclitaxel, vlPAG neurons exhibited increased neuronal activity and heat pain-induced changes in neuronal activity. Systemic administration of gabapentin, a non-opioid analgesic, significantly reduced the firing of spontaneous and thermally evoked vlPAG neurons in response to non-injurious and injurious thermal stimuli (Samineni et al., 2017). This is also the leading site of the analgesic effects of opioids or electrical stimulation (Sohn et al., 2000; Lee et al., 2012). These results suggests that the PAG may be an essential target for treating NP.



3.1.1.2. Rostral ventromedial medulla

The RVM also plays an important role in NP regulation. It is an important brain region that integrates downstream pain regulation by pronociceptive on cells and antinociceptive off cells. In SNL rats, neural injury leads to the death of RVM off cells, shifting the downstream control of balance from pain inhibition to pain facilitation (Leong et al., 2011). By injecting lidocaine in the RVM region, the inhibitory neuronal function can be altered, releasing the downstream pain inhibitory system and thus relieving NP (Saadé et al., 2010). The RVM is also essential for maintaining a state of nociceptive sensitization. After nerve injury, both the on and off cells with RVM are sensitive to innocuous and noxious mechanical stimuli, leading to abnormal pain and nociceptive hyperalgesia in the NP state (Carlson et al., 2007).



3.1.1.3. Locus coeruleus

Located in the anterior back of the pons, LC contains the largest norepinephrine (NE) neurons in the central nervous system and is responsible for the internal regulation of pain and emotion. Long-term NP increases LC neuronal activity in both SNI and CCI models (Llorca-Torralba et al., 2019a; Alba-Delgado et al., 2021). Especially in the mouse model of NP combined with depression, it was observed that the expression of Fos protein and spontaneous discharge of LC-NE neurons were significantly increased (Bravo et al., 2014), which suggests that in addition to regulating NP, LC also promoted the development and maintenance of pain-related negative emotions.



3.1.1.4. Ventral tegmental area

The mesolimbic dopamine (DA) reward circuit comprises dopaminergic (DAergic) neurons in the VTA and their projections to several brain regions such as the nucleus accumbens (NAc), prefrontal cortex (PFC), anterior cingulate cortex (ACC), and amygdala, which are critical for nociception (Yang et al., 2020). The VTA is located between the substantia nigra and red nucleus, among 60–65% are dopaminergic neurons, and it is the primary source of dopamine in the midbrain reward system (Beier et al., 2015). For example, VTA-DA neurons have plasticity during chronic NP (Huang S. et al., 2019). In the SCI model, VTA dopaminergic neuron activity is reduced (Ko et al., 2018). However, in a trigeminal neuralgia (TN) model, the activity of VTA DA neurons was increased (Zhang L. et al., 2021), and gabapentin was shown to reverse depression-like behavior in painful states by modulating the VTA-DA neurons (Fu et al., 2018). The above results suggest that VTA-DA neurons have a bidirectional regulatory effect on NP.



3.1.1.5. Parabranchial nucleus

The PBN is located in the dorsolateral part of the pons and is divided into three main subnuclei, namely the medial parabrachial nucleus, the lateral parabrachial nucleus (LPB), and the ventral Kölliker-Fuse nucleus. The PBN is a key regulator of NP (Wang and Xu, 2021). Significantly increased activity of the PBN was observed in TN or SCI rat models, and inhibition of PBN neurons relieved abnormal pain and nociceptive hyperalgesia (Uddin et al., 2018; Li J. et al., 2023). The PBN contains mostly excitatory glutamatergic (Gluergic) neurons and a small number of inhibitory γ-aminobutyric acid (GABA) neurons. Furthermore, direct synaptic connections exist between the two neurons, and local inhibitory neurons can suppress excitatory neuronal activity. In the NP model, Glu neurons were heavily activated in the LPB. Further activation of excitatory neurons by optogenetic techniques significantly caused mechanical nociceptive hypersensitivity, whereas inhibition of excitatory neurons in this brain region effectively relieved pain symptoms. Although only about 10% of GABAergic neurons were activated, activating inhibitory neurons also alleviated pain (Sun et al., 2020). These results suggest that both Glu and GABAergic neurons in the LPB brain region encode critical information for NP. Moreover, at the microcircuit level, a delicate balance between LPB excitatory and inhibitory neuronal activity determines the development and maintenance of NP.



3.1.1.6. Dorsal raphe

Co-morbid depressive symptoms in chronic pain disorders are a prevalent health problem, and research on depression has focused on 5-hydroxytryptamine (5-HT) and 5-HT ergic neurotransmission for many years (Dell’Osso et al., 2016). The DRN is an important pain-modulating nucleus rich in 5-HT neurons and many other neurotransmitters containing neuronal neuromodulators (Wang and Nakai, 1994). 5-HT neurons have pain inhibitory effects, and one study found that EA treatment reduced pain-depression symptoms in rats may be related to the upregulation of 5-HT expression in the DRN (Wu et al., 2017).




3.1.2. Brain nuclei underlying NP in the diencephalon region

The diencephalon is located between the brainstem and the cerebrum, connecting the cerebral hemispheres to the midbrain. It is generally divided into five parts: the dorsal thalamus, posterior thalamus, superior thalamus, basal thalamus, and hypothalamus. The nuclei involved in the regulation of NP include Lateral habenula (LHb), paraventricular nucleus of the thalamus (PVT).


3.1.2.1. Lateral habenula

The habenula is an epithalamic structure of the limbic system and is divided into two parts: the lateral habenula (LHb) and medial habenula (MHb). In particular, the LHb plays a crucial role in pain and depression anxiety behaviors. A recent study reported that LHb Glu is activated after infraorbital nerve injury and selective inhibition of these neurons relieved postoperative anxiety but not abnormal orofacial pain (Cui et al., 2020). Similarly, cerebral blood flow in the LHb is increased (Paulson et al., 2000), LHb neurons are overactivated after sciatic nerve injury, and selective inhibition of LHb Glu relieves mechanical abnormalities in pain and negative emotions caused by nerve damage, suggesting that LHb Glu plays a vital role in NP and pain affection (Du et al., 2021).



3.1.2.2. Paraventricular nucleus of the thalamus

The PVT belongs to a group of midline thalamic nuclei composed mainly of Gluergic neurons and is associated with many emotional triggers such as aversion, fear (Zhu Y. B. et al., 2022), comfort, and anxiety (Zeng et al., 2021). Recent studies have detected hyperexcitability of PVT neurons in a mouse model of NP and inflammation. Injury or inhibition of PVT neurons attenuated abnormal pain and nociceptive hyperalgesia in mice (Chang et al., 2019; Zhang W. T. et al., 2022). Similarly, one study showed significant relief of visceral pain caused by acute pancreatitis after damaging the PVT by using the DREADDs technique (Urban and Roth, 2015), which suggests that the PVT plays an important role in the modulation of multiple pains such as visceral pain, inflammatory pain, and NP.




3.1.3. Brain nuclei underlying NP in the brain region

The cerebral hemispheres are covered with gray matter, called the cerebral cortex, and their deeper side is composed of white matter, called the medulla, with gray matter nuclei within the medulla as the basal ganglia. The nuclei involved in pain regulation mainly include medial prefrontal cortex (mPFC), the anterior cingulate cortex (ACC), amygdala and hippocampus.


3.1.3.1. Medial prefrontal cortex

The PFC is the cortical area covering the anterior frontal lobe and receives input from all other cortical areas and functions to guide motor, cognitive, emotional, and social behavior (Kolb et al., 2012). According to its anatomical location, the PFC can be divided into four parts: dorsolateral PFC, dorsomedial PFC (dmPFC), ventral medial PFC (vmPFC), and orbitofrontal cortex. Among them, mPFC is composed of the ACC, prelimbic (PL), and infralimbic cortex, and is a key part of the cortical representation of pain. In the SNI-induced NP rat model, the mPFC mesopotentials are significantly increased (Sang et al., 2018) and morphological and functional abnormalities are present (Metz et al., 2009).



3.1.3.2. Anterior cingulate cortex

The ACC is a prefrontal area involved in processing painful emotions and encoding emotional information. Its pyramidal neurons show hyperactivity in NP conditions (Zhao et al., 2018). In NP mice, the firing rate of pyramidal cells but not inhibitory interneurons in the ACC is increased, suggesting that increased pyramidal cell activity allows for an impaired excitatory/inhibitory balance in the ACC and exacerbates pain hypersensitivity in mice with NP (Zhu D. Y. et al., 2022). The ACC is also a key center for pain-induced depression (Barthas et al., 2015). When anxiety-depression-like consequences occur in neurologically injured mice, the firing rate within the ACC is significantly increased. Optogenetic inhibition of its hyperexcitable state is sufficient to alleviate the aversive and anxiety-depression-like consequences of NP (Sellmeijer et al., 2018). Microinjection of oxytocin into the ACC attenuates NP animals’ detrimental and anxiety-like responses by enhancing inhibitory transmission and stimulating ACC interneurons’ behavioral responses (Li et al., 2021). These suggest that hyperactivity of the anterior cingulate cortex is critical for driving NP and negative emotions.



3.1.3.3. Amygdala

The amygdala contains several subregions and nuclei, including on the lateral side the BLA and CeA on the lateral side connected in series (Swanson and Petrovich, 1998). The plasticity of the amygdala plays an important role in emotional pain behavior and its regulation through affective states (Neugebauer et al., 2004). It has been observed that the volume of the amygdala increases in SNI-induced NP rats (Gonçalves et al., 2008). In a mouse model of paclitaxel-induced NP, there were significantly more c-Fos-positive neurons in BLA and CeA than in control mice. Selective inhibition of CaMKII neurons in BLA alleviated anxiety behaviors (Liu et al., 2022). CeA neurons can be sensitized by reducing GABAergic inhibition, which contributes to developing anxiety-like behaviors associated with neuropathic pain in rats (Jiang et al., 2014). The above studies provide ample evidence that the amygdala plays a crucial role in the pathogenesis of NP and associated negative emotions.



3.1.3.4. Hippocampus

The hippocampus is an essential component of the limbic system of the brain, and it is the main body of the hippocampus, composed of CA3, CA2, and CA1 regions. It is the center of learning, memory, and emotional responses. More and more evidence suggests that the hippocampus is involved in forming and maintaining neuropathic pain. Excitatory amino acids play an important role in the hippocampus during neuropathic pain. Mechanical hypersensitivity and recognition defects were observed in rats with peripheral nerve injury, with a significant decrease in hippocampal GLu concentration and reduced excitatory synaptic transmission (Xiong et al., 2020). Dopamine plays a vital role in synaptic plasticity in the hippocampus, and the characteristics of working memory impairment in SNI animal models depend on hippocampal dopaminergic signals (Cardoso-Cruz et al., 2014). In addition, the activation of hippocampal microglia and subsequent pro-inflammatory responses play a crucial role in developing neuropathic pain and the pathogenesis of anxiety and depression. CCI can cause mechanical and thermal hyperalgesia, regulating the activation of microglia and subsequent polarization of pro-inflammatory phenotypes, leading to the pathogenesis of neuropathic pain. Antibiotic administration reversed these abnormalities, suggesting that it may be a new method for treating neuropathic pain (Zhou et al., 2021). In the TN model, the activation of unilateral hippocampal microglia directly leads to anxiety and depression and damage to hippocampal long-duration potentiation (LTP), accompanied by upregulation of hippocampal inflammatory factor levels (Chen et al., 2023). Neurological damage can lead to dysfunction of hippocampal neurons and glial cells. Neuropathic pain can be improved by regulating the expression level of hippocampal inflammatory factors.





3.2. NP-related brain neural circuits


3.2.1. PAG-RVM

The PAG starts the endogenous pain modulatory system and is densely projected to the RVM. The vlPAG sends glutamatergic (Gluergic) projections to the RVM, and persistent activation of metabotropic glutamate (GLu) receptors in the PAG can increase pain thresholds and suppress chronic NP by modulating the activity of RVM OFF cells (Chung et al., 2020; Hosseini et al., 2020). Eliminating the projection from vlPAG to RVM can lead to the generation of NP (Huang J. et al., 2019). Another study showed that PAG neurons project anatomically and functionally to the RVM and exert a descending facilitatory effect on mice with NP. In a chemotherapy-induced NP model, somatostatin neurons from PAG to RVM facilitate NP. Inhibition of PAG-RVM projections attenuates the mechanical and thermal hypersensitivity responses associated with neuropathy (Zhang et al., 2023). The above studies suggest that the PAG-RVM neural circuit can exert the descending inhibitory and facilitatory pathways to regulate the development of NP in a bidirectional manner, respectively.



3.2.2. LC-PFC

In addition to the well-known descending locus coeruleus to spinal cord (LC-SC) pain control pathway (Li J. et al., 2022), the ascending pathway through this nucleus may be responsible for moving to the higher center of pain processing (Llorca-Torralba et al., 2016). In an NP model, LC-SC activation reduced hindlimb sensitivity and induced conditioned place preference. In contrast, activating LC-PFC exacerbated spontaneous pain, generated aversion, and increased anxiety-like behavior (Hirschberg et al., 2017). The LC-NE system also plays a vital role in sleep–wake regulation (Van Egroo et al., 2022). NP is thought to severely interfere with sleep. Sciatic nerve ligation produced significant thermal hyperalgesia and sleep disturbance. The release of NE levels in the PFC is significantly increased by stimulating LC neurons (Koh et al., 2015), which suggests that hyperactivation of LC-PFC neurons may be related to sleep disturbance under NP.



3.2.3. LC-BLA

In the CCI rat model, LC neurons can project to the basolateral amygdala (BLA). Chemogenetic blockade of the LC-BLA circuit abolished long-term pain-induced anxiety and fear but did not change the perception or episodic memory (Llorca-Torralba et al., 2019b). These results showed that the LC-BLA pathway is overactivated in the comorbidity of chronic pain and anxiety, whereas other pathways may independently process the cognitive dimension related to pain.



3.2.4. VTA-NAc

The DA neuronal projections from the VTA to the NAc are a central part of the midbrain reward circuit and have been the focus of scientists studying the neural circuit of pain. However, in recent years, the understanding of the involvement of the VTA-NAc DA circuit in the modulation of pain sensation has varied considerably among different studies.

In an NP model mouse, the excitability of VTA-DA neurons projecting to the NAc is significantly reduced, and optogenetic stimulation of VTA-DA neurons significantly relieved pain (Watanabe et al., 2018). In contrast, in several other studies, elevated c-Fos expression was observed in the VTA-NAc DA neurons of CCI mice. Optogenetic inhibition of dopamine release from the VTA to the NAc reversed CCI-induced thermal nociceptive hyperalgesia (Zhang et al., 2017; Wang et al., 2021).

In some cases, in addition to DA, the VTA releases GABA or Glu neurons, which mediates pain and related behaviors (Zell et al., 2020; Cai and Tong, 2022). In the CCI pain model, VTA Gluergic neurons’ activity was significantly increased and projected to the NAc. Inhibition of Glu projections from the VTA to the NAc enhanced pain tolerance and alleviated pain-induced anxiety and depression (Abdul et al., 2022). Increased activity of GABAergic neurons in the VTA, in turn, alleviated SCI-induced pain and negative emotions and motivation by inhibiting DA neuronal activity (Ko et al., 2018). The above results indicate heterogeneity in the involvement of VTA neurons or VTA-NAc circuits in pain sensation modulation.



3.2.5. Lateral hypothalamus-VTA-NAc

In addition, the VTA can also receive GABAergic projections from the LH and modulate pain perception by targeting local GABAergic neurons to disinhibit dopamine. In the CCI mouse model, LH GABA neuronal projections to VTA-DA neurons consistently inhibit GABA neuronal activity in the VTA region, i.e., indirectly inhibiting inhibitory neuronal activity in the VTA region via the LH-VTA circuit, thereby increasing DA neuronal activity, increasing dopamine release in the NAc, and ultimately inducing pain (Ma et al., 2023).



3.2.6. LPB-CeA

Most GABAergic input to the LPB is derived from and innervated by CeA (Torres-Rodriguez et al., 2023). In the NP model, enhanced activity of LPB neurons is associated with a decrease in inhibitory GABAergic input, and activation of this pathway inhibits pain behavior (Raver et al., 2020). In addition, LPB neurons can also transmit nociceptive information (Liang et al., 2016) and negative emotions (Qiao et al., 2019) to CeA. In the SNL model, LPB-CeA potentials significantly increase and manifest as abnormal tactile pain (Nakao et al., 2012). Specific activation of this circuit can exacerbate pain and behavioral problems such as sleep disorders and anorexia nervosa (Katagiri and Kato, 2020). It follows that at the brain circuit level, LPB and CeA are regulated bidirectionally, jointly mediating either upstream injurious signaling or downstream pain modulatory information.



3.2.7. LPB-VTA

VTA is another downstream projection target of LPB. In chronic NP combined with depression states, LPB receives Glu-ergic neurons from the trigeminal spinal caudate subnucleus (Sp5C) and its projections to the VTA, leading to increased firing activity of VTA-DA neurons. Inhibition of this pathway reverses depressive-like behavior, thus “decoupling” chronic pain from co-morbid depression (Zhang L. et al., 2021). This finding suggests that although depressive-like behaviors are caused by NP, depression and pain may be processed via separate controls in the brain.



3.2.8. LPB-SNR-VTA-NAc

Some PBN neurons can receive injury-receptive signals upstream from the spinal cord and transmit them to the substantia nigra pars reticulata (SNR) of the midbrain and can be activated by mechanical and thermal pain stimuli. In SNL pain models, optogenetic inhibition or specific ablation of this pathway can block pain responses (Yang et al., 2021), suggesting that this neural circuit transmits pain information and that inhibition of this circuit may exert some analgesic effect.

However, information transmitted from the LPB to SNR not only forms direct inhibitory synaptic connections with VTA neurons via GABA-ergic neurons but also inhibits the spontaneous firing of LPB-VTA neurons, thus relieving the latter from excitatory effects on VTA-DA neurons (Yang et al., 2021). The two pathways are structurally different but exhibit inhibitory effects on VTA-DA neurons. The SNR receiving LPB projections innervates VTA-DA neurons through direct and indirect pathways to induce pain, further elucidating the neural mechanisms underlying the regulation of pain signal transmission by LPB-SNR and LPB-VTA circuits.



3.2.9. LHb-DRN

As a key target of pain modulation, LHb also sends outputs to the dorsal raphe nucleus (DRN) to modulate pain and depression-like behaviors. Among these, the 5-HTergic system of the nucleus accumbens is an important component of pain processing and depression pathogenesis. In a CCI model, LHb neuronal activity was increased, and DRN neuronal activity and 5-HIAA/5-HT ratio were decreased, accompanied by depression-like behavior. lHb lesions improved pain thresholds and depression-like behavior in CCI model rats by increasing the 5-HT levels in the DRN. The results suggest that increased LHb-DRN pathway activity explains the coexistence of pain and depression (Li et al., 2017).



3.2.10. LH-LHb

The LH is located in the lateral region of the hypothalamus. Much of the evidence for the function of LH has been focused on the control of feeding behavior, but fewer studies have focused on its role in pain regulation (Devarakonda and Kenny, 2017; Yonemochi et al., 2019). lHb is one of the major projection areas of the LH brain region that respond to injurious stimuli. Recent studies have found that the LH-LHb neural circuit involves the central mechanisms regulating NP. Using brain slice membrane clamp, chemical genetics and transgenic techniques, a research team found that CCI induced increased activity of Gluergic neurons and LH-LHb excitatory neural circuits in the LH brain region in a mouse model of NP. Inhibition of LH Gluergic neurons or LH-LHb circuits relieved NP, while specific activation decreased the mechanical retraction threshold and thermal retraction latency (Gu et al., 2023), suggesting that the projections sent by LH glutamatergic neurons to LHb play a vital role in the regulation of NP and that the LH-LHb circuit may be a new target for the prevention and treatment of NP.



3.2.11. PVT-CeA-PAG

In SNI rats, glutamatergic excitatory neurons within the PVT were observed to send projections to CeA by using the neuroanatomical tract-tracing techniques and acted on GABAergic inhibitory neurons within this nucleus; the latter, in turn, acted downstream on glutamatergic neurons within the vlPAG to facilitate NP signaling (Liang S. H. et al., 2020). In conclusion, the PVT-CeA-PAG pathway facilitates NP messaging, and activation of this pathway can decrease mechanical pain thresholds in normal animals; therefore, inhibition of this circuit can effectively exert analgesic effects in chronic pain states.



3.2.12. PVT-vmPFC

The vmPFC is a key node in cortical and subcortical networks and plays a critical role in altering the meaning of pain (López-Solà et al., 2018). It was found that the vmPFC receives Gluergic projections from the PVT and drives the activation of vmPFC-nNOS-expressing neurons to convert pain signals into anxiety signals (Liang H. Y. et al., 2020). These elucidated the modulatory role of the PVT-PFC neural circuit on chronic NP-induced anxiety, which may become a new target for pain-induced anxiety intervention therapy. As the circuit is not associated with nociception, it may be related to different types of neurons transmitted.



3.2.13. mPFC-NAc

DA is imported from the VTA to the mPFC and modulates NP-related behaviors in mice (Huang et al., 2020). Moreover, a key output target of the PFC is the NAc. In a rat model of persistent NP, optogenetic activation of the PFC produces substantial analgesic effects and reduced affective symptoms of pain. Projections to the NAc likely mediate this analgesic function (Lee et al., 2015).



3.2.14. dmPFC-vlPAG

Previous studies have focused on the PAG-RVM downstream pain modulation circuit. In fact, mPFC can also exert important top-down control over pain perception by projecting directly to the PAG. Using multiple tracing methods, one study team identified an excitatory downstream neural pathway from the dmPFC to the vlPAG. In a mouse model of chronic NP, analgesic and anxiolytic effects were produced by specific activation of the dmPFC-vlPAG circuit, while silencing or inhibiting this circuit promoted chronic pain and anxiety-like behaviors (Yin et al., 2020). In line with the results of another study, PAG was found to receive Gluergic projections from mPFC, and activation of these Gluergic projections in vlPAG inhibited mechanical and thermal nociceptive hyperalgesia in the ipsilateral paw of SNI mice (Huang J. et al., 2019).



3.2.15. PL-ACC

The mPFC receives input from subcortical areas and integrates relevant information for transmission to other brain regions, such as the PAG and the NAc. In addition, the mPFC also projects extensively to other cortical layers such as the ACC. In a mouse model of peripheral nerve injury-induced NP, the activity of neurons in the PL that project to the ACC is significantly reduced. Chemical genetics activate the PL-ACC circuit and can attenuate pain-like behavior in mice (Li M. et al., 2022).



3.2.16. ACC-NAc/VTA

NAc and VTA are two key nodes of the limbic dopamine system in the midbrain. One study reported that the ACC projects D2 medium spiny neurons and GABAergic neurons to the NAc and VTA, respectively, to regulate aversive emotions in NP. Chemical genetics inhibition of these projections induced conditioned location preference without modulating evoked pain thresholds (Gao et al., 2020). In conclusion, the findings suggest that projections from the ACC to the NAc and VTA mediate NP-related aversive behavior.



3.2.17. rACC-vlPAG

The PAG also receives fiber projections from the ACC. Activation of Gluergic projections from the rostral ACC (rACC) to the vlPAG induced nociceptive hypersensitivity and anxiety-like behaviors. Inhibition of this circuit attenuated pain and anxiety behavior in the SNI model (Zhu et al., 2021). This study reveals a novel circuit, the rACC-vlPAG pathway, and mediates NP and pain-induced anxiety.



3.2.18. BLA-mPFC-PAG

Peripheral nerve injury alters the synaptic input from BLA to mPFC, and inhibition of BLA-mPFC projection produces analgesia. Subsequently, it was further determined that mPFC Gluergic neurons project to the PAG and innervate CaMKIIα-positive projection neurons and GABAergic neurons in the vlPAG. Activation of Gluergic projections in the vlPAG inhibited mechanical and thermal nociceptive sensitization in the ipsilateral paw of SNI mice, and inhibition of the vlPAG decreased the ipsilateral mechanical threshold of SNI mice, thereby exacerbating NP. Enhanced feed-forward inhibition of PN in the mPFC reduced the activity of mPFC-vlPAG projections and exacerbated the pain response, while facilitating the firing of these projecting neurons via optogenetics had an analgesic effect (Huang J. et al., 2019). In conclusion, nerve injury enhances synaptic inputs to inhibitory interneurons from the BLA to the mPFC, and these enhanced synaptic connections mediate the feed-forward inhibition of projections from the PFC to the mPAG region and its downstream targets, suggesting that mPFC-vlPAG projections are an integral downstream pathway of the BLA-mPFC to control pain responses.

Projections from the BLA to mPFC are also critical for the encoding, transferring, and storing of remote fear memories. Persistent NP significantly affects consolidated fear memory, and the underlying mechanism is likely to be increased inhibitory input to BLA to mPFC projection neurons (Cardenas et al., 2019). Increased fear responses to consolidated fear memories often predict the later development of anxiety and depressive symptoms associated with chronic pain. However, whether BLA-mPFC brain circuits are involved in NP-related negative emotions remain to be further investigated.

The brain nuclei and neural circuits behind NP are complex and large. Currently, it has been found that nuclei involved in NP nociceptive modulation exist in almost all brain regions, such as PAG and RVM in the brainstem region; LH and PVT in the mesencephalon; and the amygdala, ACC, and PFC in the brain. In addition, some of the nuclei project networks to each other, such as PAG-RVM, LH-LHb, LPB-VTA, PL-ACC, and when one of the links in the feedback-regulated neural circuit formed by them is abnormal, the overall pain modulation equilibrium is altered, which leads to the occurrence of pain (Figure 1). Moreover, owing to the heterogeneity of neuron types distributed between different brain nuclei, such as excitatory Gluergic neurons and inhibitory GABA neurons, different or even opposite behavioral outcomes often occur in the same nucleus or circuits. Therefore, clarifying the supraspinal nuclei and nerve conduction loops associated with NP and analyzing the changes in neuronal activity can help to further understand the pathophysiological mechanisms of pain and provide theoretical guidance for the clinical prevention and treatment of NP and the associated emotional or cognitive disorders induced by pain.
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FIGURE 1
 Brain nuclei and neural circuits in neuropathic pain. NP, neuropathic pain; (m)PFC, medial prefrontal cortex; NAc, nucleus accumbens; PAG, periaqueductal gray; ACC, anterior cingulate cortex; VTA, ventral tegmental area; DRN, dorsal raphe nucleus; CeA, central nucleus of the amygdala; LHb, lateral habenula; BLA, basolateral amygdala.






4. Brain mechanisms involved in the treatment of NP by using acupuncture

Acupuncture analgesia results from the interaction in the central nervous system between nociceptive afferent signals and afferent signals from acupuncture points. Current research has shown that many critical nuclei in the brainstem, mesencephalon, cerebrum, and other brain regions, such as PAG, ACC, hippocampus, and amygdala, are involved in the transmission process of harmful information and that the interconnection of each other’s network links further regulates the development of NP. At the brain level, acupuncture can inhibit the conduction of harmful stimuli by directly affecting the functional activities of these brain nuclei or neural circuits, thereby improving pain. For example, enhanced neural activity was observed in the primary somatosensory cortex (S1) of nerve-injured rats, and optical signals and region of activation in S1 were significantly reduced after electroacupuncture (EA) stimulation. This indicates that EA stimulation inhibits excitatory nerve signals in the S1 cortex induced by noxious stimuli in NP (Cha et al., 2017). A dynamic causal modeling study found that harmful stimuli are likely driven by the somatosensory cortex, propagating bidirectionally with the hypothalamus and amygdala, as well as their interactions. In contrast, needling reduced limbic–cortical feedback in a rat model of NP (Ma et al., 2020). Functional magnetic resonance imaging (fMRI) of the resting neural network showed reduced dlPFC and ACC activity in patients with chronic sciatica. After acupuncture treatment, activity in these areas was primarily normalized (Li et al., 2012). Taken together, this suggests that many brain nuclei are common information integration centers for afferents from needling and other harmful stimuli.

However, relevant neuronal synapses, neurotransmitters, glial cells, and other biologically active substances in the brain are altered during the generation and transmission of pain. Acupuncture relieves NP by affecting synaptic plasticity in various brain regions; facilitating the release of neurotransmitters, inflammatory mediators, neuropeptides, and other substances; regulating glucose metabolism in brain regions; and/or mediating specific pain-related signaling pathways (Figure 2).
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FIGURE 2
 Brain mechanisms involved in the treatment of NP by using acupuncture. NP, neuropathic pain; PFC, medial prefrontal cortex; NAc, nucleus accumbens; PAG, periaqueductal gray; S1, primary somatosensory cortex; TNF-α, tumor necrosis factor-alpha; IL-1 β, interleukin-1beta; Glu, glutamate; NMDA-R, N-methyl-D-aspartate receptor; mGluR, metabotropic glutamate receptor; GABA, γ-aminobutyric acid; 5-HT, 5-hydroxytryptamine; 5-HT3aR, 5-HT3a receptor; DRD1, dopamine receptor D1; DRD2, dopamine receptor D2; nAChR, nicotinic acetylcholine receptor; mAChR, muscarinic acetylcholine receptor; GLUT3, glucose transporter 3; ATP, adenosine triphosphate; MAPK, mitogen-activated protein kinase; ERK, extracellular-regulated protein kinase; p38MAPK, P38 mitogen-activated protein kinase; NO, nitric oxide; NOS, nitric oxide synthase; Me, methylation; BDNF, brain-derived neurotrophic factor; AcH3, acetylated histone H3; HCN1, hyperpolarization-activated cyclic nucleotide-gated channels 1.



4.1. Acupuncture modulates synaptic plasticity in the treatment of NP

Synapses are the central hub of information transmission between neurons and have plasticity, i.e., changes in synaptic structure and transmission efficacy result in adaptive changes in neural circuits. It has been shown that sustained harmful stimuli can cause spinal or brain synapses to increase in strength and efficacy dependently and that these plastic changes contribute to NP hypersensitivity (Costigan et al., 2009; Latremoliere and Woolf, 2009). The human hippocampus is highly plastic for learning and memory acquisition (Neves et al., 2008). For example, SNI induces LTP of C-fiber synapses in the dorsal horn of the spinal cord but impairs LTP in the hippocampus. Opposite changes may lead to NP and memory deficits, respectively (Liu et al., 2017). The amygdala, ACC, and other key brain nuclei for sensing emotion-related behaviors such as pain and anxiety are also highly plastic (Zhuo, 2020; Ge et al., 2022). Thus, modulating structural or functional plasticity in brain synapses can inhibit central sensitization and thus reduce NP. Pain relief induced by repeated acupuncture is often accompanied by improved synaptic plasticity in brain nerves. Electroacupuncture stimulation attenuates abnormal orofacial pain and anxiety-like behaviors in a TN mouse model by modulating synaptic plasticity in hippocampal CA1 neurons (Jia et al., 2022). Repeated EA of bilateral ST36 (USANi) and GB34 (YangLingQuan) had a cumulative analgesic effect, which was mainly related to remodeling of the synaptic structure (synaptic gap width and postsynaptic density) in the paraventricular nucleus of the hypothalamus (Xu et al., 2013).

Acupuncture can also modulate synaptic plasticity by relying on the regulation of synapse-associated proteins such as calmodulin-dependent protein kinase II (CaMKII), postsynaptic density protein-95 (PSD-95), and synapsin, among others. For example, the cumulative analgesic effect of repeated EA also involves synaptic remodeling in the hippocampal CA3 region, which was mainly associated with the upregulation of calcium/calmodulin-dependent protein kinase II expression in the hippocampal CA3 region (Xu et al., 2012). Acupuncture treatment significantly improved abnormal pain and pain-induced cognitive dysfunction in PSNL mice. In addition, acupuncture enhanced the expression of Ca2+/CaMK II and synaptic proteins (pPSD-95 and pSyn-1). These results suggest that acupuncture can modulate synaptic efficacy by enhancing the expression of synapse-related proteins in the hippocampus, thereby improving NP-associated pain and cognitive function (Jang et al., 2019). Yin et al. (2023) found that acupuncture can improve cognitive impairment by mediating hippocampal synapses’ structural and functional plasticity. The number and density of neuronal dendritic spines in the CA1 region of the hippocampus and synaptophysin in the hippocampal tissues of the CCI model were significantly lower than those of normal mice. By contrast, acupuncture could improve the social and cognitive behaviors of mice experiencing chronic pain by modulating the expression of hippocampal synaptophysin and changes in the dendritic spines of neurons (Yin et al., 2023). Other studies have shown that repetitive EA relieves pain sensation and pain mood components in rats with chronic neuropathic pain, which may also be related to the up-regulation of the PSD-95, metabotropic Glu receptor, and GABA receptor subtypes protein expression in the amygdala, and the improvement of synaptic plasticity (Feng et al., 2014; Duanmu et al., 2017).

The above animal experiments suggest that improving synaptic plasticity in different brain regions is one of the mechanisms by which acupuncture relieves NP, especially in the hippocampus, paraventricular nucleus of the hypothalamus, and amygdala. On the one hand, acupuncture can regulate synaptic morphological structures, such as the number and density of neuronal dendritic spines and synaptic gap width. On the other hand, acupuncture can repair synaptic functional plasticity by regulating the expression of synapse-associated proteins such as CaMKII and PSD-95, as well as the levels of amino acid neurotransmitters. The two ultimately mediate improving symptoms such as NP, depression, anxiety, negative mood, and cognitive memory dysfunction.



4.2. Acupuncture modulates neurotransmitters and receptors in the treatment of neuropathic pain

Neurotransmitters form the material basis for the generation of acupuncture effects. Disruption of the balance of excitatory and inhibitory neurotransmitters in different brain regions can lead to chronic NP, so targeting neurotransmitters and related receptors may be one of the potential mechanisms of acupuncture for NP. Moreover, there are differences in the neurotransmitters released from different brain regions involved in acupuncture analgesia, such as glutamate, γ-aminobutyric acid, dopamine, and acetylcholine.


4.2.1. Amino acid neurotransmitters

Glutamate is the most common excitatory neurotransmitter in the central nervous system. EA may exert analgesic effects in NP by reducing glutamate release. In a rat model of CCI, EA significantly relieved nociceptive hypersensitivity and was accompanied by a decrease in glutamate levels in the hippocampus (Huang C. P. et al., 2019). Gluergic projections activating rACC-vlPAG are known to induce nociceptive hypersensitivity and anxiety-like behavior. EA (ST36, SP6) alleviated symptoms of anxiety-like behavior and nociceptive hypersensitivity in SNI mice by inhibiting Gluergic projections in the rACC-vlPAG pathway. By contrast, chemical genetics activation effectively blocked the analgesic effect of EA in the SNI mouse model (Zhu et al., 2021).

The expression of glutamate receptors in different brain regions also plays an important role in the EA treatment of NP pain mood and pain perception, mainly including N-methyl-D-aspartate receptor (NMDAR) and metabotropic glutamate receptor (mGluR). In the hippocampus of CCI rats, the phosphorylation of NMDAR subunit type 1 (pNR1) level was reduced. Continuous EA treatment significantly improved the behavioral deficits in CCI rats and effectively blocked the decrease in pNR1 levels. These results suggest that EA has antidepressant and anxiolytic effects in rats with neuropathic pain, which may be related to the restoration of hippocampal pNR1 (Li et al., 2014). In the PSNL mouse model, EA restored reduced excitatory postsynaptic potentials and increased the hippocampus’s NR2B and GluR1 expression levels. This suggests that acupuncture can ameliorate NP and induce cognitive deficits by modulating hippocampal glutamate receptors (Jang et al., 2019). Similarly, another study reported that repetitive EA on ZuSanLi and YangLingQuan could significantly improve the pain affective component in chronic neuralgia rats, and its effect might be related to the up-regulation of the expression of GluA 1 protein in the amygdala of rats (Yan et al., 2016).

GABA is an essential class of inhibitory neurotransmitters that exert their biological effects mainly by binding to specific GABA receptors. It was found that 15 Hz EA relieved CCI-induced neuropathic pain behavior and increased GABA receptors in the hippocampus and PAG. Moreover, GABA was raised in the PAG upon EA treatment, which suggests that EA treats NP by upregulating the expression of inhibitory neurotransmitters and receptors in the hippocampus and PAG (Huang C. P. et al., 2019). In addition, EA may modulate the excitatory-inhibitory balance of the S1 local circuits to alleviate NP, including the enhancement of GABAergic growth inhibitory hormone-positive interneurons and the inhibition of excitatory pyramidal neurons and vasoactive intestinal peptide-positive interneurons. In contrast, EA-mediated pain hypersensitivity relief and cortical modulation are dependent on the activation of endogenous cannabinoid receptor 1 (CB1) (Wei et al., 2021).

CB1 receptors are widely expressed in nerve endings of GABAergic and Gluergic neurons in the PAG, and activation of CB1 receptors may modulate both GABAergic and Gluergic neurotransmission. In contrast, EA can exert analgesic effects by simultaneously inhibiting GABAergic neurons and stimulating Gluergic neurons via CB1 receptors. Specific knockdown of CB1 receptors attenuates or eliminates some of the effects of EA on pain hypersensitivity (Zhu et al., 2019). In addition, it has also been reported to observe that repeated EA stimulation modulates both amygdala Gluergic NMDAR subunit and GABA receptor subunit expression in a CCI model, which together acts to reduce excitatory synaptic transmission for analgesia (Feng et al., 2014; Duanmu et al., 2017). Thus, EA works together to exert analgesic effects in NP by regulating the expression of Gluergic and/or GABAergic neurons and related receptors and maintaining the relative balance between the two, which also provides evidence for our understanding of the target modulation mechanism of EA analgesia.



4.2.2. Dopamine

DA is one of the major neurotransmitters in the CNS, transmitting signals through five G-protein–coupled receptors from D1 to D5. Dopamine receptors are widely expressed in the brain, especially in the midbrain dopamine reward system, contributing to downstream pain and regulation of negative emotions. For example, dopamine receptors D1 and D2 in the ACC play different roles in the regulation of trigeminal pain, and optogenetic activation of D1-expressing neurons significantly exacerbated CCI-ION-induced trigeminal pain, but optogenetic activation of D2-expressing neurons ameliorated this pain (Liu et al., 2020). In contrast, one study found that protein levels of DRD1 were significantly reduced, and DRD2 protein levels were elevated in the BLA of SNI mice. EA stimulation of the ZuSanLi (ST36) and SanYinJiao (SP6) acupoints significantly increased the levels of DRD1 protein in the amygdala, decreased the levels of DRD2 protein, and attenuated SNI-induced anxiety-like behaviors but had no effect on mechanical anomalies of pain. These results suggest that EA attenuates anxiety-like behaviors in SNI mice by activating DRD1 or antagonizing DRD2 in the BLA but is not involved in alleviating SNI-induced NP (Wu et al., 2022).

In addition, DA is an important neurotransmitter and a crucial anti-inflammatory mediator in peripheral and central inflammation. DRD1 and DRD2 are the primary pharmacological targets of neuroinflammation (Yan et al., 2015; Zhu et al., 2018; Cheng et al., 2020). EA treatment attenuated CCI-induced neuroinflammation in the amygdala while upregulating DA concentration and DRD1 and DRD2 expression in the amygdala, ultimately relieving pain and negative emotions (Zhang X. H. et al., 2021).

Taken together, this suggests that the effects of EA on pain sensation and mood in NP may be related to the regulation of the DA system, but the roles of dopamine receptors D1 and D2 in NP in different brain regions are controversial and need to be further verified by larger scale experiments.



4.2.3. Acetylcholine

The central cholinergic system has an essential role in attention, spatial learning, and memory, as well as in nociceptive modulation and analgesia. Acetylcholine (ACh) is a vital neurotransmitter or modulator in this pathway and acts on the CNS mainly by mediating the nicotinic acetylcholine receptor (nAChR) and muscarinic acetylcholine receptor (mAChR). Injection of ACh at the ZuSanLi (ST36) acupoint produces acupuncture-induced analgesia for inflammatory or NP (Vieira et al., 2018), suggesting that acetylcholine receptors can be a target of action for EA against NP.

In addition, the results of many animal experiments have shown that modulation of the cholinergic system is one of the mechanisms by which EA treats NP. In rat models of CCI-induced NP and ovariectomy-induced learning and memory impairment, the expression of acetylcholinesterase, vesicular acetylcholine transporter, and muscarinic M1 receptor mRNA in the hippocampus and hypothalamus was increased, and the pain threshold was decreased after repeated EA stimulation of ST36-GB34. The results suggest evidence that both hippocampal and hypothalamic cholinergic activity are involved in cumulative analgesia induced by repeated EA in CCI rats (Wang J. et al., 2012; Wang J. Y. et al., 2012). Injection of mAChR and nAChR antagonists into the hippocampus, respectively, abolished the analgesic effects of EA stimulation, further confirming the involvement of mAChR and nAChR in the analgesic results of EA (Chen et al., 2016).



4.2.4. Opioid peptides

At the central level, the analgesic effects of EA stimulation are also closely related to opioid peptides and their receptors. The main endogenous opioid peptides that have been studied include enkephalin, endorphin, and orphanin-FQ. For example, EA can exert analgesic effects by enhancing orphanin-FQ immunoreactivity and decreasing precursor protein FQ mRNA expression in the NRM of rats with CCI NP (Ma et al., 2004). Similarly, in a CCI model, EA of bilateral foot-sanli and Yanglingquan significantly increased the content of amygdala μ-opioid receptors, suggesting that EA can activate opioid peptides in the nucleus accumbens, which are involved in the downward inhibitory system (Yan et al., 2016). One study evaluated the analgesic effect of EA with different combinations of parameters in SNL rats, in which 2/120 Hz EA applied at the ZuSanLi and KunLun points significantly reduced the NP of rats and increased the content of enkephalin and β-endorphin in the hypothalamus, suggesting that the analgesic effect of EA in SNL rats is related to the expression of opioid peptides in the hypothalamus (Zhou et al., 2017).



4.2.5. 5-HT

5-HT has also been reported to be involved in treating NP by acupuncture. In the CNS, 5-HT has a bi-directional regulatory role and EA can exert analgesic effects by up-and down-regulating the expression of 5-HT and its receptors. In CCI mice, EA treatment increased mechanical nociceptive hypersensitivity and thermal abnormal pain thresholds, improved CCI-induced depressive-like behavior, and significantly reversed the down-regulation of the expression levels of 5-HT in the ACC and spinal cord after CCI, suggesting that the analgesic and antidepressant effects of EA may be mediated by up-regulation of 5-HT in the ACC and spinal cord of mice (Cong et al., 2021). Carcinomatous bone pain is a chronic pain involving both inflammatory and NP. Wrist-ankle acupuncture and EA attenuates mechanical pain hypersensitivity in rats with carcinomatous bone pain by inhibiting the expression of 5-HT and 5-HT3aR in the downstream RVM-spinal circuit, suggesting that 5-HT plays a vital role in the downstream control of pain in the CNS (Zhang et al., 2020).



4.2.6. Orexiu

The orexins, also known as hypocretin, are divided into two subtypes, namely orexin A and orexin B, which modulate pain perception at the spinal cord and supraspinal levels (Razavi and Hosseinzadeh, 2017). Some studies have suggested that orexins may mediate the analgesic effects of EA at the supraspinal level. Orexin neurons are predominantly located in the hypothalamus, especially the LH. Using the conditioned place preference paradigm, Wang et al. (2022) found that EA produced a rewarding effect in early pain relief and activated c-Fos-positive orexin neurons in the LH and LH-NAc circuits. Microinjection of an orexin-A antagonist in the LH-NAc blocked the reward induction of EA. This suggests that appetitive hormone signaling in the LH likely plays a key role in the rewarding effects of EA-induced pain relief (Wang et al., 2022). The PAG is also an important supraspinal site for EA-mediated appetitive hormone pain modulation. Chen et al. (2018) revealed a non-opioid analgesic mechanism induced by electrical stimulation of the median nerve at the NeiGuan (MNS-PC6 Similarly, Lee et al. (2021) further found in opioid-tolerant mice with CCI-induced NP that EA at SP6 could induce activation of hypothalamic orexin neurons through activation of cannabinoid receptor 1, which mediates de-inhibition of PAG and ultimately effectively promotes EA analgesia. Thus, EA can modulate supraspinal orexin and its receptor interactions independently of the opioid system to significantly reduce pain.

In addition, extracellular ATP facilitates pain transmission at peripheral and spinal sites via P2X receptors. It was found that in NP states, the pain threshold of lPAG was decreased and P2X3 receptor expression was upregulated. Multiple EA treatments increased the pain threshold and increased the immunoreactivity of P2X3 receptors in lPAG in rats with NP, and down-regulation of P2X3 receptor expression in lPAG significantly attenuated the anti-injury sensory effects of EA treatments. These results suggest that P2X3 receptors in lPAG inhibit pain modulation and that the therapeutic effect of EA on NP in CCI rats may be related to its modulatory effect on lPAG P2X3 receptor expression (Xiao et al., 2010). In conclusion, P2X3 receptors in lPAG are also involved in EA therapy’s supraspinal anti-injury sensory effects.

Taken together, the above studies show that EA modulates neurotransmitters such as glutamate, GABA, dopamine, acetylcholine, and related receptors in higher brain regions to alleviate NP and induce negative emotions and cognitive deficits. Thus, it is significant to carry out the studies by targeting neurotransmitters and receptors to explore the mechanism of EA-based analgesia.




4.3. Acupuncture treats NP by affecting brain metabolism

More than 95% of ATP in the brain is provided by glucose metabolism; hence, glucose metabolism can reflect the functional state of the brain to some extent. Recently, several papers have focused on the functional abnormalities of the brain in NP states and found that glucose metabolism in several brain regions such as the hippocampus (Thompson et al., 2014), somatosensory cortex (Shen et al., 2019a), thalamus (Shen et al., 2019b), mPFC, and ACC (Lin et al., 2014) underwent significant changes. This suggests that the homeostasis of glucose metabolism in the brain is closely related to the development of NP.

Acupuncture can exert analgesic effects by modulating glucose metabolism in brain regions. It was found that the expression of GLUT-3 in the hippocampus and cortical neurons of CCI rats could be up-regulated by EA to the acupoints of HuanTiao (GB30) and YangLingQuan (GB34), which increased glucose metabolism in the brain region, thereby alleviating the hyperalgesia reaction (Jiang M. et al., 2021). Furthermore, in the CCI rat model, it was observed that after EA stimulation of ZuSanLi (ST36) and YangLingQuan (GB34), there were significant changes in the expression of 17 proteins in the hypothalamus, in particular, considerable modulation of glycolysis/gluconeogenesis/hexose metabolism pathway. These data suggest that EA interventions can reduce pain by modulating the expression of multiple proteins in the hypothalamus and that hypothalamic glucose metabolism may play an important role in energy support (Gao et al., 2013). 18FDG-PET was used to assess changes in brain metabolic connectivity in an NP model before and after EA stimulation of cervical “Jiaji” acupoints (EX-C5-C7). The metabolic brain connectivity between the somatosensory cortex, motor cortex, caudate putamen, and dorsolateral thalamus in bilateral hemisphere was reduced in the BPAI group. The strength of connectivity between the above regions was significantly increased after 4 and 12 weeks of EA, suggesting that modulation of cerebral metabolic connectivity may be an important mechanism for the analgesic effect of EA in NP (Hou et al., 2020).

In conclusion, the changes in brain glucose metabolic activity during the analgesic action of acupuncture in neuropathic rats suggests that brain regions such as the hippocampus, mPFC, hypothalamus, thalamus, and somatosensory cortex may be the main sites of EA analgesic action and that by identifying the changes in glucose metabolism of these action targets of NP, we can better interpret the acupuncture analgesia mechanism and design more accurately targeted therapies for NP.



4.4. Acupuncture treats NP by inhibiting nerve inflammation

Excessive neuroinflammation is a fundamental mechanism that generates and maintains chronic NP (Lees et al., 2015). During nerve injury or neurological inflammation, the secretion and release of neuroinflammatory mediators induce and modulate NP by promoting peripheral and central sensitization, including interleukins, tumor necrosis factor (TNF), and HMGB1 (Wan et al., 2016; Sommer et al., 2018; Fumagalli et al., 2020). Therefore, actively targeting pro-inflammatory mediators in the spinal cord at critical time points may be a novel approach to treating NP.

For example, one study explored the role of EA in relieving abnormal mechanical pain by differential proteomic analysis of the hippocampus of rats with NP, which not only identified differentially expressed proteins involved in EA analgesia but also verified that the hippocampal protein, TMEM126A, exerts an important anti-inflammatory role in EA for NP (Zhang X. H. et al., 2021). In the CCI rat model, the hippocampus’s expression of tumor necrosis factor-alpha (TNF-α), and interleukin-1beta (IL-1 β) was elevated. In contrast, EA stimulation could substantially down-regulate the levels of these pro-inflammatory factors in the hippocampus while alleviating the pain in rats. It is suggested that EA can exert analgesic effects by decreasing specific pro-inflammatory mediators in the hippocampus (Wang et al., 2018).

Excess pro-inflammatory mediators in certain supraspinal structures can also mediate the emergence of affective disorders in NP states (Fiore and Austin, 2016). In a pain-depression co-morbidity model of chronic unpredictable mild stress with CCI, there was a significant increase in the expression of TNF-α in the plasma and related brain regions, including the PFC, hippocampus, amygdala, and hypothalamus, and the EA interventions suppressed the elevated levels of TNF-α. These results suggest that the antidepressant and analgesic effects may be related to the inhibition of TNF-α–related neuroinflammation (Guo et al., 2020).

Overactive astrocytes and microglia are also major causes of neuroinflammation. Microglia and astrocytes are widespread and involved in the spinal cord and brain. After nerve damage, they are rapidly activated and produce many inflammatory mediators involved in the neuroimmune inflammatory process that causes pain hypersensitivity. Zhang et al. showed that CCI induced significant activation of astrocytes and elevated levels of TNFα and IL-1β protein in the amygdala of rats, whereas microglial cells remained unaffected. EA treatment significantly improved CCI-induced abnormal pain and emotional dysfunction, reducing the amygdala’s TNFα, IL-1β, and glial fibrillary acidic protein (Zhang X. H. et al., 2021). In the SNI-induced NP model, EA could improve NP and depressive behavior, inhibit the proliferation and activation of microglia in the dorsal horn of the spinal cord and hippocampus, and reduce neuroinflammation. These results suggest that the improvement of NP and negative mood by EA may be related to the inhibition of the over-activation of glial cells in certain brain regions, which in turn reduces neuroinflammation in brain regions.



4.5. Acupuncture mediates signal transduction pathways for NP treatment

In recent years, more and more studies have focused on signaling pathways to explore the mechanism of NP. Pain information initiates central sensitization through different signaling pathways, and targeting signal-transducing molecules distributed on the pathways to inhibit the transmission of pain information will be beneficial to reduce the onset of NP. Studies have confirmed that acupuncture can mediate different signal transduction pathways or signal transduction molecules to exert analgesic effects, mainly including the mitogen-activated protein kinase (MAPK) signaling pathway, nitric oxide (NO) signaling pathway, and other pathways.


4.5.1. MAPK signaling pathway

One study analyzed the overall changes in relevant proteins in the hippocampus after acupuncture (ST36 and GB34) interventions in NP conditions, and differential protein enrichment analyzes suggested that the analgesic effect of EA was mediated through the modulation of hippocampal amino acid metabolism-related proteins and activation of the MAPK signaling pathway (Gao et al., 2012).

MAPK is an important signaling pathway that mediates the transmission of external stimuli to the intracellular space, consisting of extracellular-regulated protein kinase (ERK) 1/2, c-Jun N-terminal kinase 1/2/3, p38 isoforms (α, β, γ, and δ), and ERK5, which collectively mediate a range of activities including proliferation, differentiation, apoptosis, immunity, and inflammation. In NP states, MAPKs are widely activated in the spinal cord, dorsal root ganglia, and brain and play an important role in NP’s central and peripheral sensitization (Crown, 2012; Hu et al., 2017; Zhang et al., 2019; Yan et al., 2022), suggesting that MAPKs could be an essential target for treating NP (Ma and Quirion, 2005). Wang et al. (2015) further found that EA stimulation of ST36 and GB34 reversed the expression of ERK1 and p-ERK1/2, p38 MAPK, and phosphorylation in hippocampal tissues, suggesting that EA can be used to alleviate abnormal post-CCI pain by modulating hippocampal ERK and p38MAPK signaling pathways. In CCI rats, acute injurious stimulation takes longer to restore the firing rate of pain-related neurons to normal levels; EA treatment inhibits the effects of harmful stimuli on PENs and PINs in CCI rats (Wang et al., 2016), and intrahippocampal injection of ERK-specific inhibitors antagonizes the effects of EA on analgesic pathways. It is suggested that the activation of the ERK signaling pathway in the hippocampus involved in EA treatment can induce pain relief (Gao et al., 2016; Wang et al., 2016). The intense stimulation of the “HuanTiao” (GB 30) by hand needling effectively alleviated the pain-anxiety effect in a rat model of neuropathic pain, which was associated with the down-regulation of p-ERK expression in the ACC (Shao et al., 2015), suggesting that the ERK signaling pathway is involved in not only the sensory dimensions of pain and EA analgesia but also in the emotional dimensions of pain.



4.5.2. No signaling pathway

Nitric oxide (NO) is a gaseous messenger molecule with neurotransmitter-like functions and has been shown to be involved in generating and processing injury sensations (Salter et al., 1996; Luo and Cizkova, 2000). Endogenously synthesized and exogenously administered NO is involved in CCI-induced neuropathy in rats. The significant increase in nitrate and nitrite levels in ligated sciatic nerves also suggests local upregulation of NO in NP (Onal et al., 2003; Naik et al., 2006). NO plays an important role in producing and maintaining NP (Yoon et al., 1998).

Endogenous nitric oxide is formed by three isoforms of nitric oxide synthase (NOS): inducible NOS (iNOS), neuronal NOS (nNOS), and endothelial NOS (eNOS). Studies on the localization of NOS have shown that it is present in almost all brain regions (Blum-Degen et al., 1999). Knockdown and pharmacological inhibition of nNOS reduce pain sensitivity in animal models of NP (Guan et al., 2007; Staunton et al., 2018). The above suggests that the NO/NOS signaling pathway is involved in the pathological process of NP (Meller et al., 1992).

EA can exert analgesic effects by mediating this signaling pathway. The pain threshold of rats with postherpetic neuralgia increased continuously after EA treatment, accompanied by decreased NO content and iNOS activity in the brain tissue. Thus, one of the mechanisms of EA in alleviating neuropathic pain may be related to its effective regulation of the NO/iNOS transduction pathway in the brain tissue of rats (Jiang K. Y. et al., 2021). Another report found that in the CCI-induced NP rat model, the expression of nNOS and PKG genes in the hippocampus was significantly elevated. However, the expression of iNOS did not change significantly, and the expression of nNOS and PKG genes was reduced considerably after EA stimulation at different frequencies, suggesting that the hippocampal nNOS/PKG signaling pathway may be involved in the cumulative analgesic effect produced by acupuncture in a chronic pain rat model (Kan et al., 2013).



4.5.3. EphrinBs/EphBs signaling pathway

EphBs is a member of the tyrosine kinase subfamily that binds to its ligand EphrinBs to form the EphrinBs/EphBs signaling pathway, which is involved in the modulation of detrimental spinal cord messages and central sensitization, and the activation of the spinal cord EphrinBs/EphBs system has an important role in the formation and maintenance of NP (Ruan et al., 2010; Yu et al., 2012). For example, in the dorsal root ganglia and spinal cord, expression of ephrinB1 and EphB1 receptor proteins was significantly upregulated in a time-dependent manner and corresponded to the development of thermal nociceptive hypersensitivity after CCI (Song et al., 2008).

Similarly, Eph receptors with their ligand Ephrin are widely expressed in the hippocampus. EphB1, EphB2, EphB3, and EphrinB2 mRNA expression levels were significantly increased in the hippocampal tissues of CCI model rats, suggesting that alterations of these genes in the hippocampal region may be involved in the development of NP. Meanwhile, long-term acupuncture significantly suppressed the mechanical nociceptive hypersensitivity behavior of rats with NP and widely regulated the expression of genes related to the EphrinBs/EphBs system in the hippocampus, which may be one of the mechanisms for the treatment of NP by acupuncture (Wang et al., 2014). However, the mechanism by which acupuncture analgesia modulates the cellular signal transduction pathway of the relevant EphrinBs/EphBs system has been less studied, and further studies are still needed.

In summary, MAPK, NO, and EphrinBs/EphBs-related signaling pathways are closely related to the pathogenesis of NP, and the mechanism of action of EA in NP treatment can be further investigated based on these signaling pathways. Of course, many studies have shown that EA can be involved in the regulation of NP through DRG and other signaling pathways in the spinal cord, such as Nrf2 antioxidant signaling pathway (Zhao et al., 2019), A2AR/cAMP/PKA signaling pathway (Wu et al., 2021), and cAMP-PKA-CREB signaling pathway (Yan et al., 2018), but there is a lack of intracerebral related studies at present.




4.6. Acupuncture for NP via other routes

The underlying mechanism by which acupuncture treatment works in relieving NP is complexand by no means limited to modulating synaptic plasticity, regulating glucose metabolism in brain regions, and reducing neuroinflammation. For instance, it was found that EA stimulation of the ZuSanLi (ST36) and SanYinJiao (SP9) down-regulated the expression of miR-34a and p53 in the contralateral cerebral cortex of CCI mice, which mediated the anti-nociceptive hypersensitivity effect (Chen et al., 2019). In addition to the analgesic effects, acupuncture may improve neuropathic pain-induced mood/cognitive dysfunction by restoring overall DNA methylation in the PFC (Jang et al., 2021). Li S. et al. (2023) concluded that EA at BaiHui and YinTang could alleviate pain and depressive behavioral symptoms in SNI-induced pain-depression model rats, and its analgesic and antidepressant mechanism might be related to the up-regulation of hippocampal AcH3 and BDNF expression. One study investigated the intervention mechanism of different acupuncture methods on negative emotions in rats with neuropathic mirror pain, which may be related to the inhibition of proliferative activation of ACC microglia (Shen et al., 2016). In addition, hyperpolarization-activated cyclic nucleotide-gated channels 1 (HCN1) in the affected habenular nucleus of rats were also involved in the development of NP associated with anxiety and interfered with the expression of HCN1 in the habenular nucleus, which may be a possible means by which EA regulates NP accompanied by mental disorders (Peng et al., 2020). In conclusion, these findings suggest that acupuncture can also affect miRNA expression in different brain regions, DNA methylation, microglia proliferation, ion channels, and other multiple pathways to exert their analgesic effects.




5. Discussion

Neuropathic pain is a complex physiological-psychological sensation involving pain sensation, pain emotion, and pain cognition. With the help of different animal models of NP, we have summarized the brain regions and neural circuits related to pain and the brain mechanisms involved in pain regulation by EA. We found that NP involves the participation of different brain regions and nuclei, such as PAG and RVM, which are responsible for the pain sensation, and ACC and PFC, which are responsible for the pain emotion/cognition dimension. However, the brain regions responsible for the various pain dimensions are not isolated, and they project networks among each other to mediate the development of NP. In addition, needling information and other harmful signals can reach different brain regions and affect their functional activities via multiple targets, angles, and links to provide analgesia, including restoring synaptic plasticity, regulating brain metabolism, decreasing neuroinflammatory responses, affecting the secretion and release of neurotransmitters and receptors, and mediating different signaling pathways. To a certain extent, these studies have significantly deepened our understanding of the mechanism of NP and the analgesic mechanism of acupuncture, but some limitations still exist.

Current research on pain-related neural circuitry or acupuncture analgesic modulation mechanisms relies mainly on animal models. However, the criteria for constructing animal models are not standardized, and conclusions based on different models often differ or are even contrary. In addition, unlike humans, experimental animals cannot respond to the degree of pain or emotion with the help of words or expressions. Their pain can only be assessed with the help of some single behavioral methods. Therefore, pain models should be further improved, corresponding rubrics should be developed according to different model types, different data should be reported and interpreted in the context of specific NP models, and these kinetic preclinical data should be translated into clinical pain management applications as much as possible. In addition, future clinical studies should emphasize on exploring issues such as the effects of acupuncture on functional changes in brain regions and brain circuits in patients with NP. For example, changes in the functional connectivity of the brain in patients with NP and acupuncture treatment should be explored with the help of neuroimaging and other techniques to identify the brain neural circuitry associated with acupuncture analgesia.

The brain nuclei behind NP and the interwoven neural circuits are complex. As research has gradually progressed, even the same brain nucleus shows different responses to painful stimuli. For example, the conventional view is that pain inhibits VTA DAergic neuronal activity and reduces DA release. However, in recent years, increased DAergic neuronal activity in the VTA can exacerbate the pain state. The reasons for this may be related to the interaction of multiple neurons in the VTA, the existence of local microcircuits between different subregions, and the existence of parallel projections between the VTA and other nuclei, and further studies are needed to address these aspects. In addition, PAG-RVM is thought to mediate pain descending inhibition and facilitation and regulate NP in both directions. Hence, more research evidence is needed to clarify interior reasons.

At the neural level, research on the analgesic mechanism of acupuncture for NP has yet to catch up with research on its pathogenesis. For example, research on the analgesic mechanism of acupuncture is still limited to a single nucleus, such as the hippocampus, amygdala, and anterior cingulate gyrus, and there needs to be more research on the modulation of the neural circuits in the brain. Moreover, research on the analgesic mechanism of acupuncture is more inclined to longitudinal refinements, such as acupuncture as it can regulate a variety of neurotransmitters and receptors in the brain tissue to play an analgesic effect. Of these, some neurotransmitters play a role in the hippocampus, and some play a role in the amygdala, but the coordination of each other’s role in the study of the lesser. Therefore, the focus of future research can be appropriately directed toward cerebral neural circuits; at the same time, it is also necessary to pay attention to the lateral connection and explore what kind of coordination mode is involved in EA-based analgesia between different neurotransmitters in the same brain area, or the same neurotransmitter in different brain areas. In addition, acupuncture for NP is complicated, and there is a big difference in the selection of acupoints and frequency of acupuncture in different animal models and even in the same model. Therefore, in the future, it is necessary to develop a unified principle of selecting acupuncture points for various causes of NP and, at the same time, to verify the results of clinical trials with modern science and technology to provide a systematic and scientific research method for the selection of acupuncture points for treatment of NP in the clinic.



Author contributions

NS and PC searched literature and wrote the article. ZD, XY, HX, and JH collected data and drew figures. ZL and CL designed article ideas and performed language embellishment. All authors contributed to the article and approved the submitted version.



Funding

This article was supported by Key Research and Development project of Shandong Province (No. 2019GSF108197); Rongxiang Regenerative Medicine Foundation of Shandong University (No. 2019SDRX-21); Jinan Science and Technology Program (202019161); Acupoint-Viscera Correlation Study Youth Scientific Research Innovation Team, Shandong University of Traditional Chinese Medicine (22202110).



Acknowledgments

Figures 1, 2 were created with Biorender.com.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 Abdul, M., Yan, H. Q., Zhao, W. N., Lyu, X. B., Xu, Z., Yu, X. L., et al. (2022). VTA-NAc glutaminergic projection involves in the regulation of pain and pain-related anxiety. Front. Mol. Neurosci. 15:1083671. doi: 10.3389/fnmol.2022.1083671 

 Alba-Delgado, C., Mico, J. A., and Berrocoso, E. (2021). Neuropathic pain increases spontaneous and noxious-evoked activity of locus coeruleus neurons. Prog. Neuropsychopharmacol. Biol. Psychiatry 105:110121. doi: 10.1016/j.pnpbp.2020.110121 

 Attal, N., Lanteri-Minet, M., Laurent, B., Fermanian, J., and Bouhassira, D. (2011). The specific disease burden of neuropathic pain: results of a French nationwide survey. Pain 152, 2836–2843. doi: 10.1016/j.pain.2011.09.014 

 Barthas, F., Sellmeijer, J., Hugel, S., Waltisperger, E., Barrot, M., and Yalcin, I. (2015). The anterior cingulate cortex is a critical hub for pain-induced depression. Biol. Psychiatry 77, 236–245. doi: 10.1016/j.biopsych.2014.08.004 

 Beier, K. T., Steinberg, E. E., Deloach, K. E., Xie, S., Miyamichi, K., Schwarz, L., et al. (2015). Circuit architecture of VTA dopamine neurons revealed by systematic input-output mapping. Cells 162, 622–634. doi: 10.1016/j.cell.2015.07.015 

 Blum-Degen, D., Heinemann, T., Lan, J., Pedersen, V., Leblhuber, F., Paulus, W., et al. (1999). Characterization and regional distribution of nitric oxide synthase in the human brain during normal ageing. Brain Res. 834, 128–135. doi: 10.1016/S0006-8993(99)01444-4 

 Bravo, L., Torres-Sanchez, S., Alba-Delgado, C., Mico, J. A., and Berrocoso, E. (2014). Pain exacerbates chronic mild stress-induced changes in noradrenergic transmission in rats. Eur. Neuropsychopharmacol. 24, 996–1003. doi: 10.1016/j.euroneuro.2014.01.011 

 Cai, J., and Tong, Q. (2022). Anatomy and function of ventral tegmental area glutamate neurons. Front. Neural Circuits 16:867053. doi: 10.3389/fncir.2022.867053 

 Cardenas, A., Blanca, M., and Dimitrov, E. (2019). Persistent pain intensifies recall of consolidated fear memories. Neurobiol. Stress 10:100163. doi: 10.1016/j.ynstr.2019.100163 

 Cardoso-Cruz, H., Dourado, M., Monteiro, C., Matos, M. R., and Galhardo, V. (2014). Activation of dopaminergic D2/D3 receptors modulates dorsoventral connectivity in the hippocampus and reverses the impairment of working memory after nerve injury. J. Neurosci. 34, 5861–5873. doi: 10.1523/JNEUROSCI.0021-14.2014 

 Carlson, J. D., Maire, J. J., Martenson, M. E., and Heinricher, M. M. (2007). Sensitization of pain-modulating neurons in the rostral ventromedial medulla after peripheral nerve injury. J. Neurosci. 27, 13222–13231. doi: 10.1523/JNEUROSCI.3715-07.2007 

 Cavalli, E., Mammana, S., Nicoletti, F., Bramanti, P., and Mazzon, E. (2019). The neuropathic pain: an overview of the current treatment and future therapeutic approaches. Int. J. Immunopathol. Pharmacol. 33:8383. doi: 10.1177/2058738419838383 

 Cha, M., Chae, Y., Bai, S. J., and Lee, B. H. (2017). Spatiotemporal changes of optical signals in the somatosensory cortex of neuropathic rats after electroacupuncture stimulation. BMC Complement. Altern. Med. 17:33. doi: 10.1186/s12906-016-1510-5 

 Chang, Y. T., Chen, W. H., Shih, H. C., Min, M. Y., Shyu, B. C., and Chen, C. C. (2019). Anterior nucleus of paraventricular thalamus mediates chronic mechanical hyperalgesia. Pain 160, 1208–1223. doi: 10.1097/j.pain.0000000000001497 

 Chen, S. D., Gu, Y. X., Xu, D. B., Dai, Q. X., and Wang, J. L. (2019). Involvement of miR-34a and p 53 protein of cerebral cortex in electroacpuncture analgesia in mice with neuropathic pain. Zhen Ci Yan Jiu 44, 632–636. doi: 10.13702/j.1000-0607.190149 

 Chen, S. P., Kan, Y., Zhang, J. L., Wang, J. Y., Gao, Y. H., Qiao, L. N., et al. (2016). Involvement of hippocampal acetylcholinergic receptors in electroacupuncture analgesia in neuropathic pain rats. Behav. Brain Funct. 12:13. doi: 10.1186/s12993-016-0096-x 

 Chen, Y. H., Lee, H. J., Lee, M. T., Wu, Y. T., Lee, Y. H., Hwang, L. L., et al. (2018). Median nerve stimulation induces analgesia via orexin-initiated endocannabinoid disinhibition in the periaqueductal gray. Proc. Natl. Acad. Sci. U. S. A. 115, E10720–e10729. doi: 10.1073/pnas.1807991115 

 Chen, L. Q., Lv, X. J., Guo, Q. H., Lv, S. S., Lv, N., Xu, W. D., et al. (2023). Asymmetric activation of microglia in the hippocampus drives anxiodepressive consequences of trigeminal neuralgia in rodents. Br. J. Pharmacol. 180, 1090–1113. doi: 10.1111/bph.15994 

 Cheng, Z. Y., Xia, Q. P., Hu, Y. H., Wang, C., and He, L. (2020). Dopamine D1 receptor agonist A-68930 ameliorates Aβ(1-42)-induced cognitive impairment and neuroinflammation in mice. Int. Immunopharmacol. 88:106963. doi: 10.1016/j.intimp.2020.106963 

 Chung, G., Shim, H. G., Kim, C. Y., Ryu, H. H., Jang, D. C., Kim, S. H., et al. (2020). Persistent activity of metabotropic glutamate receptor 5 in the periaqueductal gray constrains emergence of chronic neuropathic pain. Curr. Biol. 30, 4631–4642.e6. doi: 10.1016/j.cub.2020.09.008 

 Colloca, L., Ludman, T., Bouhassira, D., Baron, R., Dickenson, A. H., Yarnitsky, D., et al. (2017). Neuropathic pain. Nat. Rev. Dis. Primers. 3:17002. doi: 10.1038/nrdp.2017.2 

 Cong, W., Peng, Y., Meng, B., Jia, X., and Jin, Z. (2021). The effect of electroacupuncture on regulating pain and depression-like behaviors induced by chronic neuropathic pain. Ann. Palliat. Med. 10, 104–113. doi: 10.21037/apm-20-1900 

 Costigan, M., Scholz, J., and Woolf, C. J. (2009). Neuropathic pain: a maladaptive response of the nervous system to damage. Annu. Rev. Neurosci. 32, 1–32. doi: 10.1146/annurev.neuro.051508.135531 

 Crown, E. D. (2012). The role of mitogen activated protein kinase signaling in microglia and neurons in the initiation and maintenance of chronic pain. Exp. Neurol. 234, 330–339. doi: 10.1016/j.expneurol.2011.10.019 

 Cui, W. Q., Zhang, W. W., Chen, T., Li, Q., Xu, F., Mao-Ying, Q. L., et al. (2020). Tacr3 in the lateral habenula differentially regulates orofacial allodynia and anxiety-like behaviors in a mouse model of trigeminal neuralgia. Acta Neuropathol. Commun. 8:44. doi: 10.1186/s40478-020-00922-9 

 Dell’Osso, L., Carmassi, C., Mucci, F., and Marazziti, D. (2016). Depression, serotonin and tryptophan. Curr. Pharm. Des. 22, 949–954. doi: 10.2174/1381612822666151214104826 

 Devarakonda, K., and Kenny, P. J. (2017). Energy balance: lateral hypothalamus hoards food memories. Curr. Biol. 27, R803–r805. doi: 10.1016/j.cub.2017.06.082 

 Du, L., Wang, S. J., Cui, J., He, W. J., and Ruan, H. Z. (2013). The role of HCN channels within the periaqueductal gray in neuropathic pain. Brain Res. 1500, 36–44. doi: 10.1016/j.brainres.2013.01.035 

 Du, Y., Wu, Y. X., Guo, F., Qu, F. H., Hu, T. T., Tan, B., et al. (2021). Lateral Habenula serves as a potential therapeutic target for neuropathic pain. Neurosci. Bull. 37, 1339–1344. doi: 10.1007/s12264-021-00728-2 

 Duanmu, C. L., Feng, X. M., Yan, Y. X., Wang, J. Y., Gao, Y. H., Qiao, L. N., et al. (2017). Effect of Electroacupuncture intervention on expression of synaptic plasticity-related molecules in amygdala in chronic pain-negative affection rats. Zhen Ci Yan Jiu 42, 1–8. doi: 10.13702/j.1000-0607.2017.01.001

 Edwards, J. W., and Shaw, V. (2021). Acupuncture in the management of trigeminal neuralgia. Acupunct. Med. 39, 192–199. doi: 10.1177/0964528420924042 

 Estores, I., Chen, K., Jackson, B., Lao, L., and Gorman, P. H. (2017). Auricular acupuncture for spinal cord injury related neuropathic pain: a pilot controlled clinical trial. J. Spinal Cord Med. 40, 432–438. doi: 10.1080/10790268.2016.1141489 

 Feng, X. M., Chen, S. P., Wang, J. Y., Yan, Y. X., Wang, S. B., Gao, Y. H., et al. (2014). Effect of electroacupuncture intervention on expression of pain sensory and affection processing related corticotropin-releasing factor receptor mRNA, etc. in the amygdala in neuropathic pain and negative affection rats. Zhen Ci Yan Jiu 39, 448–455. doi: 10.13702/j.1000-0607.2014.06.004

 Finnerup, N. B., Attal, N., Haroutounian, S., Mcnicol, E., Baron, R., Dworkin, R. H., et al. (2015). Pharmacotherapy for neuropathic pain in adults: a systematic review and meta-analysis. Lancet Neurol. 14, 162–173. doi: 10.1016/S1474-4422(14)70251-0 

 Fiore, N. T., and Austin, P. J. (2016). Are the emergence of affective disturbances in neuropathic pain states contingent on supraspinal neuroinflammation? Brain Behav. Immun. 56, 397–411. doi: 10.1016/j.bbi.2016.04.012 

 Fu, B., Wen, S. N., Wang, B., Wang, K., Zhang, J. Y., Weng, X. C., et al. (2018). Gabapentin regulates dopaminergic neuron firing and theta oscillation in the ventral tegmental area to reverse depression-like behavior in chronic neuropathic pain state. J. Pain Res. 11, 2247–2256. doi: 10.2147/JPR.S170167 

 Fumagalli, G., Monza, L., Cavaletti, G., Rigolio, R., and Meregalli, C. (2020). Neuroinflammatory process involved in different preclinical models of chemotherapy-induced peripheral neuropathy. Front. Immunol. 11:626687. doi: 10.3389/fimmu.2020.626687 

 Gao, Y. H., Chen, S. P., Wang, J. Y., Qiao, L. N., Meng, F. Y., Xu, Q. L., et al. (2012). Differential proteomics analysis of the analgesic effect of electroacupuncture intervention in the hippocampus following neuropathic pain in rats. BMC Complement. Altern. Med. 12:241. doi: 10.1186/1472-6882-12-241 

 Gao, Y., Chen, S., Xu, Q., Yu, K., Wang, J., Qiao, L., et al. (2013). Proteomic analysis of differential proteins related to anti-nociceptive effect of electroacupuncture in the hypothalamus following neuropathic pain in rats. Neurochem. Res. 38, 1467–1478. doi: 10.1007/s11064-013-1047-7 

 Gao, Y. H., Li, C. W., Wang, J. Y., Kan, Y., Tan, L. H., Jing, X. H., et al. (2016). Activation of hippocampal MEK1 contributes to the cumulative antinociceptive effect of electroacupuncture in neuropathic pain rats. BMC Complement. Altern. Med. 16:517. doi: 10.1186/s12906-016-1508-z 

 Gao, S. H., Shen, L. L., Wen, H. Z., Zhao, Y. D., Chen, P. H., and Ruan, H. Z. (2020). The projections from the anterior cingulate cortex to the nucleus accumbens and ventral tegmental area contribute to neuropathic pain-evoked aversion in rats. Neurobiol. Dis. 140:104862. doi: 10.1016/j.nbd.2020.104862 

 Ge, J., Cai, Y., and Pan, Z. Z. (2022). Synaptic plasticity in two cell types of central amygdala for regulation of emotion and pain. Front. Cell. Neurosci. 16:997360. doi: 10.3389/fncel.2022.997360 

 Gonçalves, L., Silva, R., Pinto-Ribeiro, F., Pêgo, J. M., Bessa, J. M., Pertovaara, A., et al. (2008). Neuropathic pain is associated with depressive behaviour and induces neuroplasticity in the amygdala of the rat. Exp. Neurol. 213, 48–56. doi: 10.1016/j.expneurol.2008.04.043 

 Gu, H. W., Zhang, G. F., Liu, P. M., Pan, W. T., Tao, Y. X., Zhou, Z. Q., et al. (2023). Contribution of activating lateral hypothalamus-lateral habenula circuit to nerve trauma-induced neuropathic pain in mice. Neurobiol. Dis. 182:106155. doi: 10.1016/j.nbd.2023.106155 

 Guan, Y., Yaster, M., Raja, S. N., and Tao, Y. X. (2007). Genetic knockout and pharmacologic inhibition of neuronal nitric oxide synthase attenuate nerve injury-induced mechanical hypersensitivity in mice. Mol. Pain 3:29. doi: 10.1186/1744-8069-3-29 

 Guo, X., Zhao, Y., Huang, F., Li, S., Luo, M., Wang, Y., et al. (2020). Effects of transcutaneous auricular Vagus nerve stimulation on peripheral and central tumor necrosis factor alpha in rats with depression-chronic somatic pain comorbidity. Neural Plast. 2020:8885729. doi: 10.1155/2020/8885729 

 Han, K. H., Cho, K. H., Han, C., Cui, S., Lin, L., Baek, H. Y., et al. (2022). The effectiveness and safety of acupuncture treatment on sciatica: a systematic review and meta-analysis. Complement. Ther. Med. 71:102872. doi: 10.1016/j.ctim.2022.102872 

 Hirschberg, S., Li, Y., Randall, A., Kremer, E. J., and Pickering, A. E. (2017). Functional dichotomy in spinal-vs prefrontal-projecting locus coeruleus modules splits descending noradrenergic analgesia from ascending aversion and anxiety in rats. elife 6:e29808. doi: 10.7554/eLife.29808 

 Hosseini, M., Parviz, M., Shabanzadeh, A. P., Zamani, E., Mohseni-Moghaddam, P., Gholami, L., et al. (2020). The inhibiting role of periaqueductal gray metabotropic glutamate receptor subtype 8 in a rat model of central neuropathic pain. Neurol. Res. 42, 515–521. doi: 10.1080/01616412.2020.1747730 

 Hou, A. L., Zheng, M. X., Hua, X. Y., Huo, B. B., Shen, J., and Xu, J. G. (2020). Electroacupuncture-related metabolic brain connectivity in neuropathic pain due to brachial plexus avulsion injury in rats. Front. Neural Circuits 14:35. doi: 10.3389/fncir.2020.00035 

 Hu, X., Dong, Y., Jin, X., Zhang, C., Zhang, T., Zhao, J., et al. (2017). The novel and potent anti-depressive action of triptolide and its influences on hippocampal neuroinflammation in a rat model of depression comorbidity of chronic pain. Brain Behav. Immun. 64, 180–194. doi: 10.1016/j.bbi.2017.03.005 

 Huang, S., Borgland, S. L., and Zamponi, G. W. (2019). Peripheral nerve injury-induced alterations in VTA neuron firing properties. Mol. Brain 12:89. doi: 10.1186/s13041-019-0511-y 

 Huang, J., Gadotti, V. M., Chen, L., Souza, I. A., Huang, S., Wang, D., et al. (2019). A neuronal circuit for activating descending modulation of neuropathic pain. Nat. Neurosci. 22, 1659–1668. doi: 10.1038/s41593-019-0481-5 

 Huang, C. P., Lin, Y. W., Lee, D. Y., and Hsieh, C. L. (2019). Electroacupuncture relieves CCI-induced neuropathic pain involving excitatory and inhibitory neurotransmitters. Evid. Based Complement. Alternat. Med. :6784735. doi: 10.1155/2019/6784735 

 Huang, S., Zhang, Z., Gambeta, E., Xu, S. C., Thomas, C., Godfrey, N., et al. (2020). Dopamine inputs from the ventral tegmental area into the medial prefrontal cortex modulate neuropathic pain-associated behaviors in mice. Cell Rep. 31:107812. doi: 10.1016/j.celrep.2020.107812 

 Jang, J. H., Kim, Y. K., Jung, W. M., Kim, H. K., Song, E. M., Kim, H. Y., et al. (2019). Acupuncture improves comorbid cognitive impairments induced by neuropathic pain in mice. Front. Neurosci. 13:995. doi: 10.3389/fnins.2019.00995 

 Jang, J. H., Song, E. M., Do, Y. H., Ahn, S., Oh, J. Y., Hwang, T. Y., et al. (2021). Acupuncture alleviates chronic pain and comorbid conditions in a mouse model of neuropathic pain: the involvement of DNA methylation in the prefrontal cortex. Pain 162, 514–530. doi: 10.1097/j.pain.0000000000002031 

 Jensen, T. S., Baron, R., Haanpää, M., Kalso, E., Loeser, J. D., Rice, A. S. C., et al. (2011). A new definition of neuropathic pain. Pain 152, 2204–2205. doi: 10.1016/j.pain.2011.06.017 

 Jia, Y. Z., Li, H. T., Zhang, G. M., Wu, H. Y., Zhang, S. S., Zhi, H. W., et al. (2022). Electroacupuncture alleviates orofacial allodynia and anxiety-like behaviors by regulating synaptic plasticity of the CA1 hippocampal region in a mouse model of trigeminal neuralgia. Front. Mol. Neurosci. 15:979483. doi: 10.3389/fnmol.2022.979483 

 Jiang, M., Chen, X., Zhang, L., Liu, W., Yu, X., Wang, Z., et al. (2021). Electroacupuncture suppresses glucose metabolism and GLUT-3 expression in medial prefrontal cortical in rats with neuropathic pain. Biol. Res. 54:24. doi: 10.1186/s40659-021-00348-0 

 Jiang, K. Y., Dong, L. L., Wang, Y. R., and Yang, X. (2021). Electroacupuncture on brain astrocytes in rats with Postherpetic neuralgia and NO/iNOS transduction pathway. J. Shandong Univ. Tradit. Chin. Med. 45, 533–539. doi: 10.16294/j.cnki.1007-659x.2021.04.019

 Jiang, H., Fang, D., Kong, L. Y., Jin, Z. R., Cai, J., Kang, X. J., et al. (2014). Sensitization of neurons in the central nucleus of the amygdala via the decreased GABAergic inhibition contributes to the development of neuropathic pain-related anxiety-like behaviors in rats. Mol. Brain 7:72. doi: 10.1186/s13041-014-0072-z 

 Kan, Y., Chen, S. P., Gao, Y. H., Qiao, L. N., Wang, J. Y., Lin, D., et al. (2013). Involvement of hippocampal NO/PKG signaling pathway in the accumulative analgesic effect of electroacupuncture stimulation of “Zusanli” (ST 36)-“Yanglingquan”(GB 34) in chronic neuropathic pain rats. Zhen Ci Yan Jiu 38, 93–99. doi: 10.13702/j.1000-0607.2013.02.002

 Katagiri, A., and Kato, T. (2020). Multi-dimensional role of the parabrachial nucleus in regulating pain-related affective disturbances in trigeminal neuropathic pain. J. Oral Sci. 62, 160–164. doi: 10.2334/josnusd.19-0432 

 Kelly, R. B., and Willis, J. (2019). Acupuncture for Pain. Am. Fam. Physician 100, 89–96.

 Ko, M. Y., Jang, E. Y., Lee, J. Y., Kim, S. P., Whang, S. H., Lee, B. H., et al. (2018). The role of ventral tegmental area gamma-aminobutyric acid in chronic neuropathic pain after spinal cord injury in rats. J. Neurotrauma 35, 1755–1764. doi: 10.1089/neu.2017.5381 

 Koh, K., Hamada, A., Hamada, Y., Yanase, M., Sakaki, M., Someya, K., et al. (2015). Possible involvement of activated locus coeruleus-noradrenergic neurons in pain-related sleep disorders. Neurosci. Lett. 589, 200–206. doi: 10.1016/j.neulet.2014.12.002 

 Kolb, B., Mychasiuk, R., Muhammad, A., Li, Y., Frost, D. O., and Gibb, R. (2012). Experience and the developing prefrontal cortex. Proc. Natl. Acad. Sci. U. S. A. 109, 17186–17193. doi: 10.1073/pnas.1121251109 

 Latremoliere, A., and Woolf, C. J. (2009). Central sensitization: a generator of pain hypersensitivity by central neural plasticity. J. Pain 10, 895–926. doi: 10.1016/j.jpain.2009.06.012 

 Lee, M. T., Chen, Y. H., Mackie, K., and Chiou, L. C. (2021). Median nerve stimulation as a nonpharmacological approach to bypass analgesic tolerance to morphine: a proof-of-concept study in mice. J. Pain 22, 300–312. doi: 10.1016/j.jpain.2020.09.003 

 Lee, K. S., Huang, Y. H., and Yen, C. T. (2012). Periaqueductal gray stimulation suppresses spontaneous pain behavior in rats. Neurosci. Lett. 514, 42–45. doi: 10.1016/j.neulet.2012.02.053 

 Lee, M., Manders, T. R., Eberle, S. E., Su, C., D’amour, J., Yang, R., et al. (2015). Activation of corticostriatal circuitry relieves chronic neuropathic pain. J. Neurosci. 35, 5247–5259. doi: 10.1523/JNEUROSCI.3494-14.2015 

 Lees, J. G., Fivelman, B., Duffy, S. S., Makker, P. G., Perera, C. J., and Moalem-Taylor, G. (2015). Cytokines in neuropathic pain and associated depression. Mod. Trends Pharmacopsychiatry 30, 51–66. doi: 10.1159/000435932 

 Leong, M. L., Gu, M., Speltz-Paiz, R., Stahura, E. I., Mottey, N., Steer, C. J., et al. (2011). Neuronal loss in the rostral ventromedial medulla in a rat model of neuropathic pain. J. Neurosci. 31, 17028–17039. doi: 10.1523/JNEUROSCI.1268-11.2011 

 Li, J., Dong, J. C., and Yue, J. J. (2012). Effects of acupuncture on default mode network images of chronic sciatica patients in the resting network state. Zhongguo Zhong Xi Yi Jie He Za Zhi 32, 1624–1627.

 Li, S., Huang, J. P., Luo, D., Ma, R., Huang, B., Liu, J. H., et al. (2023). Effects of electroacupuncture on hippocampal AcH3 and BDNF in the rat model of SNI-induced pain-depression dyad. J. Sun Yat-Sen Univ. 44, 44–50. doi: 10.13471/j.cnki.j.sun.yat-sen.univ(med.sci).2023.0107

 Li, X. H., Matsuura, T., Xue, M., Chen, Q. Y., Liu, R. H., Lu, J. S., et al. (2021). Oxytocin in the anterior cingulate cortex attenuates neuropathic pain and emotional anxiety by inhibiting presynaptic long-term potentiation. Cell Rep. 36:109411. doi: 10.1016/j.celrep.2021.109411 

 Li, J., Tian, C., Yuan, S., Yin, Z., Wei, L., Chen, F., et al. (2023). Neuropathic pain following spinal cord hemisection induced by the reorganization in primary somatosensory cortex and regulated by neuronal activity of lateral parabrachial nucleus. CNS Neurosci. Ther. 2023:14258. doi: 10.1111/cns.14258 

 Li, Y., Wang, Y., Xuan, C., Li, Y., Piao, L., Li, J., et al. (2017). Role of the lateral Habenula in pain-associated depression. Front. Behav. Neurosci. 11:31. doi: 10.3389/fnbeh.2017.00031 

 Li, J., Wei, Y., Zhou, J., Zou, H., Ma, L., Liu, C., et al. (2022). Activation of locus coeruleus-spinal cord noradrenergic neurons alleviates neuropathic pain in mice via reducing neuroinflammation from astrocytes and microglia in spinal dorsal horn. J. Neuroinflammation 19:123. doi: 10.1186/s12974-022-02489-9 

 Li, Q., Yue, N., Liu, S. B., Wang, Z. F., Mi, W. L., Jiang, J. W., et al. (2014). Effects of chronic electroacupuncture on depression-and anxiety-like behaviors in rats with chronic neuropathic pain. Evid. Based Complement. Alternat. Med. 2014:158987. doi: 10.1155/2014/158987 

 Li, M., Zhou, H., Teng, S., and Yang, G. (2022). Activation of VIP interneurons in the prefrontal cortex ameliorates neuropathic pain aversiveness. Cell Rep. 40:111333. doi: 10.1016/j.celrep.2022.111333 

 Liang, H. Y., Chen, Z. J., Xiao, H., Lin, Y. H., Hu, Y. Y., Chang, L., et al. (2020). nNOS-expressing neurons in the vmPFC transform pPVT-derived chronic pain signals into anxiety behaviors. Nat. Commun. 11:2501. doi: 10.1038/s41467-020-16198-5 

 Liang, S. H., Yin, J. B., Sun, Y., Bai, Y., Zhou, K. X., Zhao, W. J., et al. (2016). Collateral projections from the lateral parabrachial nucleus to the paraventricular thalamic nucleus and the central amygdaloid nucleus in the rat. Neurosci. Lett. 629, 245–250. doi: 10.1016/j.neulet.2016.07.017 

 Liang, S. H., Zhao, W. J., Yin, J. B., Chen, Y. B., Li, J. N., Feng, B., et al. (2020). A neural circuit from thalamic paraventricular nucleus to central amygdala for the facilitation of neuropathic pain. J. Neurosci. 40, 7837–7854. doi: 10.1523/JNEUROSCI.2487-19.2020 

 Lin, H. C., Huang, Y. H., Chao, T. H., Lin, W. Y., Sun, W. Z., and Yen, C. T. (2014). Gabapentin reverses central hypersensitivity and suppresses medial prefrontal cortical glucose metabolism in rats with neuropathic pain. Mol. Pain 10:63. doi: 10.1186/1744-8069-10-63 

 Liu, J., Li, D., Huang, J., Cao, J., Cai, G., Guo, Y., et al. (2022). Glutamatergic neurons in the amygdala are involved in paclitaxel-induced pain and anxiety. Front. Psych. 13:869544. doi: 10.3389/fpsyt.2022.994166 

 Liu, S., Shu, H., Crawford, J., Ma, Y., Li, C., and Tao, F. (2020). Optogenetic activation of dopamine receptor D1 and D2 neurons in anterior cingulate cortex differentially modulates trigeminal neuropathic pain. Mol. Neurobiol. 57, 4060–4068. doi: 10.1007/s12035-020-02020-2 

 Liu, Y., Zhou, L. J., Wang, J., Li, D., Ren, W. J., Peng, J., et al. (2017). TNF-α differentially regulates synaptic plasticity in the Hippocampus and spinal cord by microglia-dependent mechanisms after peripheral nerve injury. J. Neurosci. 37, 871–881. doi: 10.1523/JNEUROSCI.2235-16.2016 

 Llorca-Torralba, M., Borges, G., Neto, F., Mico, J. A., and Berrocoso, E. (2016). Noradrenergic locus Coeruleus pathways in pain modulation. Neuroscience 338, 93–113. doi: 10.1016/j.neuroscience.2016.05.057 

 Llorca-Torralba, M., Pilar-Cuéllar, F., Bravo, L., Bruzos-Cidon, C., Torrecilla, M., Mico, J. A., et al. (2019a). Opioid activity in the locus Coeruleus is modulated by chronic neuropathic pain. Mol. Neurobiol. 56, 4135–4150. doi: 10.1007/s12035-018-1361-9 

 Llorca-Torralba, M., Suárez-Pereira, I., Bravo, L., Camarena-Delgado, C., Garcia-Partida, J. A., Mico, J. A., et al. (2019b). Chemogenetic silencing of the locus Coeruleus-basolateral amygdala pathway abolishes pain-induced anxiety and enhanced aversive learning in rats. Biol. Psychiatry 85, 1021–1035. doi: 10.1016/j.biopsych.2019.02.018 

 López-Solà, M., Koban, L., and Wager, T. D. (2018). Transforming pain with prosocial meaning: a functional magnetic resonance imaging study. Psychosom. Med. 80, 814–825. doi: 10.1097/PSY.0000000000000609 

 Luo, L. (2021). Architectures of neuronal circuits. Science 373:eabg7285. doi: 10.1126/science.abg7285 

 Luo, Z. D., and Cizkova, D. (2000). The role of nitric oxide in nociception. Curr. Rev. Pain 4, 459–466. doi: 10.1007/s11916-000-0070-y 

 Ma, Z. Z., Lu, Y. C., Wu, J. J., Xing, X. X., Hua, X. Y., and Xu, J. G. (2020). Acupuncture induces reduction in limbic-cortical feedback of a neuralgia rat model: a dynamic causal modeling study. Neural Plast. 2020:5052840. doi: 10.1155/2020/5052840 

 Ma, W., and Quirion, R. (2005). The ERK/MAPK pathway, as a target for the treatment of neuropathic pain. Expert Opin. Ther. Targets 9, 699–713. doi: 10.1517/14728222.9.4.699 

 Ma, F., Xie, H., Dong, Z. Q., Wang, Y. Q., and Wu, G. C. (2004). Effects of electroacupuncture on orphanin FQ immunoreactivity and preproorphanin FQ mRNA in nucleus of raphe magnus in the neuropathic pain rats. Brain Res. Bull. 63, 509–513. doi: 10.1016/j.brainresbull.2004.04.011 

 Ma, Y., Zhao, W., Chen, D., Zhou, D., Gao, Y., Bian, Y., et al. (2023). Disinhibition of mesolimbic dopamine circuit by the lateral hypothalamus regulates pain sensation. J. Neurosci. 43, 4525–4540. doi: 10.1523/JNEUROSCI.2298-22.2023 

 Meller, S. T., Pechman, P. S., Gebhart, G. F., and Maves, T. J. (1992). Nitric oxide mediates the thermal hyperalgesia produced in a model of neuropathic pain in the rat. Neuroscience 50, 7–10. doi: 10.1016/0306-4522(92)90377-E 

 Menant, O., Andersson, F., Zelena, D., and Chaillou, E. (2016). The benefits of magnetic resonance imaging methods to extend the knowledge of the anatomical organisation of the periaqueductal gray in mammals. J. Chem. Neuroanat. 77, 110–120. doi: 10.1016/j.jchemneu.2016.06.003 

 Metz, A. E., Yau, H. J., Centeno, M. V., Apkarian, A. V., and Martina, M. (2009). Morphological and functional reorganization of rat medial prefrontal cortex in neuropathic pain. Proc. Natl. Acad. Sci. U. S. A. 106, 2423–2428. doi: 10.1073/pnas.0809897106 

 Naik, A. K., Tandan, S. K., Kumar, D., and Dudhgaonkar, S. P. (2006). Nitric oxide and its modulators in chronic constriction injury-induced neuropathic pain in rats. Eur. J. Pharmacol. 530, 59–69. doi: 10.1016/j.ejphar.2005.11.029 

 Nakao, A., Takahashi, Y., Nagase, M., Ikeda, R., and Kato, F. (2012). Role of capsaicin-sensitive C-fiber afferents in neuropathic pain-induced synaptic potentiation in the nociceptive amygdala. Mol. Pain 8:51. doi: 10.1186/1744-8069-8-51 

 Neugebauer, V., Li, W., Bird, G. C., and Han, J. S. (2004). The amygdala and persistent pain. Neuroscientist 10, 221–234. doi: 10.1177/1073858403261077 

 Neves, G., Cooke, S. F., and Bliss, T. V. (2008). Synaptic plasticity, memory and the hippocampus: a neural network approach to causality. Nat. Rev. Neurosci. 9, 65–75. doi: 10.1038/nrn2303 

 Onal, A., Delen, Y., Ulker, S., and Soykan, N. (2003). Agmatine attenuates neuropathic pain in rats: possible mediation of nitric oxide and noradrenergic activity in the brainstem and cerebellum. Life Sci. 73, 413–428. doi: 10.1016/S0024-3205(03)00297-2 

 Otti, A., and Noll-Hussong, M. (2012). Acupuncture-induced pain relief and the human brain’s default mode network - an extended view of central effects of acupuncture analgesia. Forsch. Komplementmed. 19, 197–201. doi: 10.1159/000341928 

 Paley, C. A., Johnson, M. I., Tashani, O. A., and Bagnall, A. M. (2015). Acupuncture for cancer pain in adults. Cochrane Database Syst. Rev. 2015:Cd007753. doi: 10.1002/14651858.CD007753.pub3 

 Paulson, P. E., Morrow, T. J., and Casey, K. L. (2000). Bilateral behavioral and regional cerebral blood flow changes during painful peripheral mononeuropathy in the rat. Pain 84, 233–245. doi: 10.1016/S0304-3959(99)00216-X 

 Peng, Z. Q., Yao, X. M., Yan, K., Fang, F., Tong, S. Y., and Fang, F. (2020). Effect of Electroacupuncture on behavior and expression of hyperpolarization-activated Cyclicnucleotide-gated channels 1 in rats with neuropathic pain accompanied by anxiety. J. Zhejiang Chin. Med. Univ. 44, 324–331. doi: 10.1177/0964528419841614 

 Qiao, Y., Zhang, C. K., Li, Z. H., Niu, Z. H., Li, J., and Li, J. L. (2019). Collateral projections from the lateral parabrachial nucleus to the central Amygdaloid nucleus and the ventral tegmental area in the rat. Anat. Rec. (Hoboken) 302, 1178–1186. doi: 10.1002/ar.23983 

 Raja, S. N., Carr, D. B., Cohen, M., Finnerup, N. B., Flor, H., Gibson, S., et al. (2020). The revised International Association for the Study of Pain definition of pain: concepts, challenges, and compromises. Pain 161, 1976–1982. doi: 10.1097/j.pain.0000000000001939 

 Raver, C., Uddin, O., Ji, Y., Li, Y., Cramer, N., Jenne, C., et al. (2020). An Amygdalo-parabrachial pathway regulates pain perception and chronic pain. J. Neurosci. 40, 3424–3442. doi: 10.1523/JNEUROSCI.0075-20.2020 

 Razavi, B. M., and Hosseinzadeh, H. (2017). A review of the role of orexin system in pain modulation. Biomed. Pharmacother. 90, 187–193. doi: 10.1016/j.biopha.2017.03.053 

 Ruan, J. P., Zhang, H. X., Lu, X. F., Liu, Y. P., and Cao, J. L. (2010). EphrinBs/EphBs signaling is involved in modulation of spinal nociceptive processing through a mitogen-activated protein kinases-dependent mechanism. Anesthesiology 112, 1234–1249. doi: 10.1097/ALN.0b013e3181d3e0df 

 Saadé, N. E., Al Amin, H., Tchachaghian, S., Jabbur, S. J., and Atweh, S. F. (2010). Alteration of GABAergic and glycinergic mechanisms by lidocaine injection in the rostral ventromedial medulla of neuropathic rats. Pain 149, 89–99. doi: 10.1016/j.pain.2010.01.014 

 Salter, M., Strijbos, P. J., Neale, S., Duffy, C., Follenfant, R. L., and Garthwaite, J. (1996). The nitric oxide-cyclic GMP pathway is required for nociceptive signalling at specific loci within the somatosensory pathway. Neuroscience 73, 649–655. doi: 10.1016/0306-4522(96)00060-7 

 Samineni, V. K., Premkumar, L. S., and Faingold, C. L. (2017). Neuropathic pain-induced enhancement of spontaneous and pain-evoked neuronal activity in the periaqueductal gray that is attenuated by gabapentin. Pain 158, 1241–1253. doi: 10.1097/j.pain.0000000000000905 

 Sang, K., Bao, C., Xin, Y., Hu, S., Gao, X., Wang, Y., et al. (2018). Plastic change of prefrontal cortex mediates anxiety-like behaviors associated with chronic pain in neuropathic rats. Mol. Pain 14:783931. doi: 10.1177/1744806918783931 

 Scholz, J., Finnerup, N. B., Attal, N., Aziz, Q., Baron, R., Bennett, M. I., et al. (2019). The IASP classification of chronic pain for ICD-11: chronic neuropathic pain. Pain 160, 53–59. doi: 10.1097/j.pain.0000000000001365 

 Sellmeijer, J., Mathis, V., Hugel, S., Li, X. H., Song, Q., Chen, Q. Y., et al. (2018). Hyperactivity of anterior cingulate cortex areas 24a/24b drives chronic pain-induced Anxiodepressive-like consequences. J. Neurosci. 38, 3102–3115. doi: 10.1523/JNEUROSCI.3195-17.2018 

 Shao, X. M., Shen, Z., Sun, J., Fang, F., Fang, J. F., Wu, Y. Y., et al. (2015). Strong manual acupuncture stimulation of “Huantiao” (GB 30) reduces pain-induced anxiety and p-ERK in the anterior cingulate cortex in a rat model of neuropathic pain. Evid. Based Complement. Alternat. Med. 2015:235491. doi: 10.1155/2015/235491 

 Shen, J., Huo, B. B., Hua, X. Y., Zheng, M. X., Lu, Y. C., Wu, J. J., et al. (2019a). Cerebral (18)F-FDG metabolism alteration in a neuropathic pain model following brachial plexus avulsion: a PET/CT study in rats. Brain Res. 1712, 132–138. doi: 10.1016/j.brainres.2019.02.005 

 Shen, J., Huo, B. B., Zheng, M. X., Hua, X. Y., Shen, H., Lu, Y. C., et al. (2019b). Evaluation of neuropathic pain in a rat model of total brachial plexus avulsion from behavior to brain metabolism. Pain Physician 22, E215–e224.

 Shen, Z., Wang, J. L., Wen, C., Sun, J., Pang, J. F., Shao, X. M., et al. (2016). Effects of different acupuncture methods on negative emotions and microglial proliferation and morphology of anterior cingulate cortex in rats with mirror-image neuropathic pain. China J. Tradit. Chin. Med. Pharm. 31, 1726–1731. doi: 10.13702/j.1000-0607.20220246 

 Sohn, J. H., Lee, B. H., Park, S. H., Ryu, J. W., Kim, B. O., and Park, Y. G. (2000). Microinjection of opiates into the periaqueductal gray matter attenuates neuropathic pain symptoms in rats. Neuroreport 11, 1413–1416. doi: 10.1097/00001756-200005150-00012 

 Sommer, C., Leinders, M., and Üçeyler, N. (2018). Inflammation in the pathophysiology of neuropathic pain. Pain 159, 595–602. doi: 10.1097/j.pain.0000000000001122 

 Song, X. J., Cao, J. L., Li, H. C., Zheng, J. H., Song, X. S., and Xiong, L. Z. (2008). Upregulation and redistribution of ephrinB and EphB receptor in dorsal root ganglion and spinal dorsal horn neurons after peripheral nerve injury and dorsal rhizotomy. Eur. J. Pain 12, 1031–1039. doi: 10.1016/j.ejpain.2008.01.011 

 Staunton, C. A., Barrett-Jolley, R., Djouhri, L., and Thippeswamy, T. (2018). Inducible nitric oxide synthase inhibition by 1400W limits pain hypersensitivity in a neuropathic pain rat model. Exp. Physiol. 103, 535–544. doi: 10.1113/EP086764 

 Sun, L., Liu, R., Guo, F., Wen, M. Q., Ma, X. L., Li, K. Y., et al. (2020). Parabrachial nucleus circuit governs neuropathic pain-like behavior. Nat. Commun. 11:5974. doi: 10.1038/s41467-020-19767-w 

 Swanson, L. W., and Petrovich, G. D. (1998). What is the amygdala? Trends Neurosci. 21, 323–331. doi: 10.1016/S0166-2236(98)01265-X 

 Szok, D., Tajti, J., Nyári, A., and Vécsei, L. (2019). Therapeutic approaches for peripheral and central neuropathic pain. Behav. Neurol. 2019:8685954. doi: 10.1155/2019/8685954 

 Thompson, S. J., Millecamps, M., Aliaga, A., Seminowicz, D. A., Low, L. A., Bedell, B. J., et al. (2014). Metabolic brain activity suggestive of persistent pain in a rat model of neuropathic pain. NeuroImage 91, 344–352. doi: 10.1016/j.neuroimage.2014.01.020 

 Torres-Rodriguez, J. M., Wilson, T. D., Singh, S., Chaudhry, S., Adke, A. P., Becker, J. J., et al. (2023). The parabrachial to central amygdala circuit is a key mediator of injury-induced pain sensitization. bioRxiv 2023:527340. doi: 10.1101/2023.02.08.527340 

 Uddin, O., Studlack, P., Akintola, T., Raver, C., Castro, A., Masri, R., et al. (2018). Amplified parabrachial nucleus activity in a rat model of trigeminal neuropathic pain. Neurobiol. Pain 3, 22–30. doi: 10.1016/j.ynpai.2018.02.002 

 Urban, D. J., and Roth, B. L. (2015). DREADDs (designer receptors exclusively activated by designer drugs): chemogenetic tools with therapeutic utility. Annu. Rev. Pharmacol. Toxicol. 55, 399–417. doi: 10.1146/annurev-pharmtox-010814-124803 

 Van Egroo, M., Koshmanova, E., Vandewalle, G., and Jacobs, H. I. L. (2022). Importance of the locus coeruleus-norepinephrine system in sleep-wake regulation: implications for aging and Alzheimer’s disease. Sleep Med. Rev. 62:101592. doi: 10.1016/j.smrv.2022.101592 

 Van Hecke, O., Austin, S. K., Khan, R. A., Smith, B. H., and Torrance, N. (2014). Neuropathic pain in the general population: a systematic review of epidemiological studies. Pain 155, 654–662. doi: 10.1016/j.pain.2013.11.013 

 Vieira, J. S., Toreti, J. A., De Carvalho, R. C., De Araújo, J. E., Silva, M. L., and Silva, J. R. T. (2018). Analgesic effects elicited by neuroactive mediators injected into the ST 36 acupuncture point on inflammatory and neuropathic pain in mice. J. Acupunct. Meridian Stud. 11, 280–289. doi: 10.1016/j.jams.2018.05.006 

 Wan, W., Cao, L., Khanabdali, R., Kalionis, B., Tai, X., and Xia, S. (2016). The emerging role of HMGB1 in neuropathic pain: a potential therapeutic target for Neuroinflammation. J Immunol Res 2016:6430423. doi: 10.1155/2016/6430423 

 Wang, J. Y., Chen, R., Chen, S. P., Gao, Y. H., Zhang, J. L., Feng, X. M., et al. (2016). Electroacupuncture reduces the effects of acute noxious stimulation on the electrical activity of pain-related neurons in the hippocampus of control and neuropathic pain rats. Neural Plast. 2016:6521026. doi: 10.1155/2016/6521026 

 Wang, J. Y., Chen, S. P., Gao, Y. H., Qiao, L. N., Zhang, J. L., and Liu, J. L. (2015). Effect of repeated Electroacupuncture intervention on hippocampal ERK and p38MAPK signaling in neuropathic pain rats. Evid. Based Complement. Alternat. Med. 2015:641286. doi: 10.1155/2015/137321 

 Wang, C., Chen, M., Qin, C., Qu, X., Shen, X., and Liu, S. (2022). Lateral hypothalamic orexin neurons mediate the reward effects of pain relief induced by Electroacupuncture. Front. Mol. Neurosci. 15:812035. doi: 10.3389/fnmol.2022.1064509 

 Wang, H. R., Hu, S. W., Zhang, S., Song, Y., Wang, X. Y., Wang, L., et al. (2021). KCNQ channels in the mesolimbic reward circuit regulate nociception in chronic pain in mice. Neurosci. Bull. 37, 597–610. doi: 10.1007/s12264-021-00668-x 

 Wang, K., Ju, Z. Y., Guo, X. H., Liu, S. M., Xia, Y., and Lu, Y. J. (2014). Effects of acupuncture on expressions of hippocampus EphrinBs/EphBs mRNA and EphrinB3 protein in rats with Chornic neuropathic pain. Acad. J. Shanghai Univ. Tradit. Chin. Med. 28, 78–82. doi: 10.16306/j.1008-861x.2014.03.013

 Wang, J., Liu, J., Chen, S., Gao, Y., Meng, F., and Qiao, L. (2012). Acupuncture effects on the hippocampal cholinergic system in a rat model of neuropathic pain. Neural Regen. Res. 7, 212–218. doi: 10.3969/j.issn.1673-5374.2012.03.010 

 Wang, J. Y., Meng, F. Y., Chen, S. P., Gao, Y. H., and Liu, J. L. (2012). Analysis on interrelation between electroacupuncture-induced cumulative analgesic effect and hypothalamic cholinergic activities in chronic neuropathic pain rats. Chin. J. Integr. Med. 18, 699–707. doi: 10.1007/s11655-012-1059-1 

 Wang, Q. P., and Nakai, Y. (1994). The dorsal raphe: an important nucleus in pain modulation. Brain Res. Bull. 34, 575–585. doi: 10.1016/0361-9230(94)90143-0 

 Wang, Z., and Xu, Z. Z. (2021). The parabrachial nucleus as a key regulator of neuropathic pain. Neurosci. Bull. 37, 1079–1081. doi: 10.1007/s12264-021-00676-x 

 Wang, K., Zeng, L., Zhou, Y. R., Zhou, Y. F., Zhao, R., Yang, L. P., et al. (2018). Electroacupuncture relieves pain by down-regulating expression of hippocampal high mobility group protein 1 and contents of TNF-α and IL-1 β in rats with chronic neuropathic pain. Zhen Ci Yan Jiu 43, 480–484. doi: 10.13702/j.1000-0607.170929 

 Watanabe, M., Narita, M., Hamada, Y., Yamashita, A., Tamura, H., Ikegami, D., et al. (2018). Activation of ventral tegmental area dopaminergic neurons reverses pathological allodynia resulting from nerve injury or bone cancer. Mol. Pain 14:56406. doi: 10.1177/1744806918756406 

 Wei, J. A., Hu, X., Zhang, B., Liu, L., Chen, K., So, K. F., et al. (2021). Electroacupuncture activates inhibitory neural circuits in the somatosensory cortex to relieve neuropathic pain. iScience 24:102066. doi: 10.1016/j.isci.2021.102066 

 Wu, M., Chen, Y., Shen, Z., Zhu, Y., Xiao, S., Zhu, X., et al. (2022). Electroacupuncture alleviates anxiety-like behaviors induced by chronic neuropathic pain via regulating different dopamine receptors of the basolateral amygdala. Mol. Neurobiol. 59, 5299–5311. doi: 10.1007/s12035-022-02911-6 

 Wu, Q., Chen, J., Yue, J., Ying, X., Zhou, Y., Chen, X., et al. (2021). Electroacupuncture improves neuronal plasticity through the A2AR/cAMP/PKA signaling pathway in SNL rats. Neurochem. Int. 145:104983. doi: 10.1016/j.neuint.2021.104983 

 Wu, Y. Y., Jiang, Y. L., He, X. F., Zhao, X. Y., Shao, X. M., Sun, J., et al. (2017). 5-HT in the dorsal raphe nucleus is involved in the effects of 100-Hz electro-acupuncture on the pain-depression dyad in rats. Exp. Ther. Med. 14, 107–114. doi: 10.3892/etm.2017.4479 

 Xiao, Z., Ou, S., He, W. J., Zhao, Y. D., Liu, X. H., and Ruan, H. Z. (2010). Role of midbrain periaqueductal gray P2X3 receptors in electroacupuncture-mediated endogenous pain modulatory systems. Brain Res. 1330, 31–44. doi: 10.1016/j.brainres.2010.03.030 

 Xiong, B., Zhang, W., Zhang, L., Huang, X., Zhou, W., Zou, Q., et al. (2020). Hippocampal glutamatergic synapses impairment mediated novel-object recognition dysfunction in rats with neuropathic pain. Pain 161, 1824–1836. doi: 10.1097/j.pain.0000000000001878 

 Xu, Q., Liu, T., Chen, S., Gao, Y., Wang, J., Qiao, L., et al. (2012). The cumulative analgesic effect of repeated electroacupuncture involves synaptic remodeling in the hippocampal CA3 region. Neural Regen. Res. 7, 1378–1385. doi: 10.3969/j.issn.1673-5374.2012.18.003 

 Xu, Q., Liu, T., Chen, S., Gao, Y., Wang, J., Qiao, L., et al. (2013). Correlation between the cumulative analgesic effect of electroacupuncture intervention and synaptic plasticity of hypothalamic paraventricular nucleus neurons in rats with sciatica. Neural Regen. Res. 8, 218–225. doi: 10.3969/j.issn.1673-5374.2013.03.003 

 Yan, Y. X., Feng, X. M., Wang, J. Y., Duanmu, C. L., Chen, S. P., Gao, Y. H., et al. (2016). Effect of electroacupuncture intervention on expression of pain sensory and affective Proce-ssing-related μ-opioid receptor, etc. in the amygdala in chronic neuropathy pain rats. Zhen Ci Yan Jiu 41, 3–10. doi: 10.13702/j.1000-0607.2016.01.001

 Yan, Y., Jiang, W., Liu, L., Wang, X., Ding, C., Tian, Z., et al. (2015). Dopamine controls systemic inflammation through inhibition of NLRP3 inflammasome. Cells 160, 62–73. doi: 10.1016/j.cell.2014.11.047 

 Yan, W., Liu, W., Wu, J., Wu, L., Xuan, S., Wang, W., et al. (2022). Neuropeptide Y in the amygdala contributes to neuropathic pain-like behaviors in rats via the neuropeptide Y receptor type 2/mitogen-activated protein kinase axis. Bioengineered 13, 8101–8114. doi: 10.1080/21655979.2022.2051783 

 Yan, L. P., Qian, C. X., Ma, C., and Wang, L. L. (2018). Effect of electroacupuncture of “Weizhong” (BL 40) and “Huantiao” (GB 30) on cAMP-PKA-CREB signaling of spinal cord in rats with neuropathic pain. Zhen Ci Yan Jiu 43, 788–792. doi: 10.13702/j.1000-0607.180250 

 Yang, S., Boudier-Revéret, M., Choo, Y. J., and Chang, M. C. (2020). Association between chronic pain and alterations in the mesolimbic dopaminergic system. Brain Sci. 10:701. doi: 10.3390/brainsci10100701 

 Yang, H., De Jong, J. W., Cerniauskas, I., Peck, J. R., Lim, B. K., Gong, H., et al. (2021). Pain modulates dopamine neurons via a spinal-parabrachial-mesencephalic circuit. Nat. Neurosci. 24, 1402–1413. doi: 10.1038/s41593-021-00903-8 

 Yin, L. L., Li, N. R., Ren, W., and Li, Y. F. (2023). Study on acupuncture improving social cognitive behavior in mice experiencing chronic pain. J. Clin. Acupunct. Moxibustion 39, 77–82. doi: 10.3389/fnins.2019.00995

 Yin, J. B., Liang, S. H., Li, F., Zhao, W. J., Bai, Y., Sun, Y., et al. (2020). dmPFC-vlPAG projection neurons contribute to pain threshold maintenance and antianxiety behaviors. J. Clin. Invest. 130, 6555–6570. doi: 10.1172/JCI127607 

 Yonemochi, N., Ardianto, C., Ueda, D., Kamei, J., and Ikeda, H. (2019). GABAergic function in the lateral hypothalamus regulates feeding behavior: possible mediation via orexin. Neuropsychopharmacol. Rep. 39, 289–296. doi: 10.1002/npr2.12080 

 Yoon, Y. W., Sung, B., and Chung, J. M. (1998). Nitric oxide mediates behavioral signs of neuropathic pain in an experimental rat model. Neuroreport 9, 367–372. doi: 10.1097/00001756-199802160-00002 

 Yu, L. N., Zhou, X. L., Yu, J., Huang, H., Jiang, L. S., Zhang, F. J., et al. (2012). PI3K contributed to modulation of spinal nociceptive information related to ephrinBs/EphBs. PLoS One 7:e40930. doi: 10.1371/journal.pone.0051967 

 Zell, V., Steinkellner, T., Hollon, N. G., Warlow, S. M., Souter, E., Faget, L., et al. (2020). VTA glutamate neuron activity drives positive reinforcement absent dopamine co-release. Neuron 107, 864–873.e4. doi: 10.1016/j.neuron.2020.06.011 

 Zeng, Q., Shan, W., Zhang, H., Yang, J., and Zuo, Z. (2021). Paraventricular thalamic nucleus plays a critical role in consolation and anxious behaviors of familiar observers exposed to surgery mice. Theranostics 11, 3813–3829. doi: 10.7150/thno.45690 

 Zhang, X. H., Feng, C. C., Pei, L. J., Zhang, Y. N., Chen, L., Wei, X. Q., et al. (2021). Electroacupuncture attenuates neuropathic pain and comorbid negative behavior: the involvement of the dopamine system in the amygdala. Front. Neurosci. 15:657507. doi: 10.3389/fnins.2021.657507 

 Zhang, Y., Huang, X., Xin, W. J., He, S., Deng, J., and Ruan, X. (2023). Somatostatin neurons from periaqueductal gray to medulla facilitate neuropathic pain in male mice. J. Pain 24, 1020–1029. doi: 10.1016/j.jpain.2023.01.002 

 Zhang, H., Qian, Y. L., Li, C., Liu, D., Wang, L., Wang, X. Y., et al. (2017). Brain-derived neurotrophic factor in the mesolimbic reward circuitry mediates nociception in chronic neuropathic pain. Biol. Psychiatry 82, 608–618. doi: 10.1016/j.biopsych.2017.02.1180 

 Zhang, W. T., Sha, W. L., Zhu, Q., Wu, X. B., and He, C. (2022). Plasticity of neuronal excitability and synaptic balance in the anterior nucleus of paraventricular thalamus after nerve injury. Brain Res. Bull. 188, 1–10. doi: 10.1016/j.brainresbull.2022.07.008 

 Zhang, X., Shen, L., and Huang, Y. G. (2019). Research advances in mitogen-activated protein kinases in central and peripheral sensitization of diabetic neuropathic pain. Zhongguo Yi Xue Ke Xue Yuan Xue Bao 41, 118–123. doi: 10.3881/j.issn.1000-503X.10396 

 Zhang, L., Wang, J., Niu, C., Zhang, Y., Zhu, T., Huang, D., et al. (2021). Activation of parabrachial nucleus - ventral tegmental area pathway underlies the comorbid depression in chronic neuropathic pain in mice. Cell Rep. 37:109936. doi: 10.1016/j.celrep.2021.109936 

 Zhang, C., Xia, C., Zhang, X., Li, W., Miao, X., and Zhou, Q. (2020). Wrist-ankle acupuncture attenuates cancer-induced bone pain by regulating descending pain-modulating system in a rat model. Chin. Med. 15:13. doi: 10.1186/s13020-020-0289-y 

 Zhang, Y. N., Xing, X. X., Chen, L., Dong, X., Pan, H. T., Hua, X. Y., et al. (2022). Modification of the resting-state network involved at different stages of neuropathic pain. Neurosci. Lett. 789:136866. doi: 10.1016/j.neulet.2022.136866 

 Zhao, X., Liu, L., Wang, Y., Wang, G., Zhao, Y., and Zhang, Y. (2019). Electroacupuncture enhances antioxidative signal pathway and attenuates neuropathic pain induced by chemotherapeutic paclitaxel. Physiol. Res. 68, 501–510. doi: 10.33549/physiolres.934084 

 Zhao, R., Zhou, H., Huang, L., Xie, Z., Wang, J., Gan, W. B., et al. (2018). Neuropathic pain causes pyramidal neuronal hyperactivity in the anterior cingulate cortex. Front. Cell. Neurosci. 12:107. doi: 10.3389/fncel.2018.00107 

 Zhou, J., Chen, Z. Y., Gong, J., Zhuang, S. J., Shao, X. M., and Fang, J. Q. (2017). Analgesic effect of electroacupuncture with different parameters combinationson SNL and endorphin expression of hypothalamus in rats. China Med. Herald 14, 18–21.

 Zhou, F., Wang, X., Han, B., Tang, X., Liu, R., Ji, Q., et al. (2021). Short-chain fatty acids contribute to neuropathic pain via regulating microglia activation and polarization. Mol. Pain 17:96520. doi: 10.1177/1744806921996520 

 Zhu, D. Y., Cao, T. T., Fan, H. W., Zhang, M. Z., Duan, H. K., Li, J., et al. (2022). The increased in vivo firing of pyramidal cells but not interneurons in the anterior cingulate cortex after neuropathic pain. Mol. Brain 15:12. doi: 10.1186/s13041-022-00897-9 

 Zhu, J., Hu, Z., Han, X., Wang, D., Jiang, Q., Ding, J., et al. (2018). Dopamine D2 receptor restricts astrocytic NLRP3 inflammasome activation via enhancing the interaction of β-arrestin 2 and NLRP3. Cell Death Differ. 25, 2037–2049. doi: 10.1038/s41418-018-0127-2 

 Zhu, Y. B., Wang, Y., Hua, X. X., Xu, L., Liu, M. Z., Zhang, R., et al. (2022). PBN-PVT projections modulate negative affective states in mice. Elife 11:e68372. doi: 10.7554/eLife.68372 

 Zhu, H., Xiang, H. C., Li, H. P., Lin, L. X., Hu, X. F., Zhang, H., et al. (2019). Inhibition of GABAergic neurons and excitation of glutamatergic neurons in the ventrolateral periaqueductal gray participate in Electroacupuncture analgesia mediated by cannabinoid receptor. Front. Neurosci. 13:484. doi: 10.3389/fnins.2019.00484 

 Zhu, X., Xu, Y., Shen, Z., Zhang, H., Xiao, S., Zhu, Y., et al. (2021). Rostral anterior cingulate cortex-ventrolateral periaqueductal gray circuit underlies Electroacupuncture to alleviate hyperalgesia but not anxiety-like behaviors in mice with spared nerve injury. Front. Neurosci. 15:757628. doi: 10.3389/fnins.2021.823550 

 Zhuo, M. (2020). Cortical plasticity as synaptic mechanism for chronic pain. J. Neural Transm. (Vienna) 127, 567–573. doi: 10.1007/s00702-019-02071-3 



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Brain nuclei and neural circuits in neuropathic pain and brain modulation mechanisms of acupuncture: a review on animal-based experimental research



		1. Introduction



		2. Animal models of NP and behavioral tests



		3. NP-related brain nuclei and neural circuits



		3.1. NP-related brain nuclei



		3.1.1. Brain nuclei underlying NP in the brainstem region



		3.1.1.1. Periaqueductal gray



		3.1.1.2. Rostral ventromedial medulla



		3.1.1.3. Locus coeruleus



		3.1.1.4. Ventral tegmental area



		3.1.1.5. Parabranchial nucleus



		3.1.1.6. Dorsal raphe









		3.1.2. Brain nuclei underlying NP in the diencephalon region



		3.1.2.1. Lateral habenula



		3.1.2.2. Paraventricular nucleus of the thalamus









		3.1.3. Brain nuclei underlying NP in the brain region



		3.1.3.1. Medial prefrontal cortex



		3.1.3.2. Anterior cingulate cortex



		3.1.3.3. Amygdala



		3.1.3.4. Hippocampus















		3.2. NP-related brain neural circuits



		3.2.1. PAG-RVM



		3.2.2. LC-PFC



		3.2.3. LC-BLA



		3.2.4. VTA-NAc



		3.2.5. Lateral hypothalamus-VTA-NAc



		3.2.6. LPB-CeA



		3.2.7. LPB-VTA



		3.2.8. LPB-SNR-VTA-NAc



		3.2.9. LHb-DRN



		3.2.10. LH-LHb



		3.2.11. PVT-CeA-PAG



		3.2.12. PVT-vmPFC



		3.2.13. mPFC-NAc



		3.2.14. dmPFC-vlPAG



		3.2.15. PL-ACC



		3.2.16. ACC-NAc/VTA



		3.2.17. rACC-vlPAG



		3.2.18. BLA-mPFC-PAG















		4. Brain mechanisms involved in the treatment of NP by using acupuncture



		4.1. Acupuncture modulates synaptic plasticity in the treatment of NP



		4.2. Acupuncture modulates neurotransmitters and receptors in the treatment of neuropathic pain



		4.2.1. Amino acid neurotransmitters



		4.2.2. Dopamine



		4.2.3. Acetylcholine



		4.2.4. Opioid peptides



		4.2.5. 5-HT



		4.2.6. Orexiu









		4.3. Acupuncture treats NP by affecting brain metabolism



		4.4. Acupuncture treats NP by inhibiting nerve inflammation



		4.5. Acupuncture mediates signal transduction pathways for NP treatment



		4.5.1. MAPK signaling pathway



		4.5.2. No signaling pathway



		4.5.3. EphrinBs/EphBs signaling pathway









		4.6. Acupuncture for NP via other routes









		5. Discussion



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References



















OPS/images/fnins-17-1243231-g001.jpg
Brain nuclei and neural circuits in neuropathic pain

e
(mprc.
~ @
- s
L]
[—
- o
w o -
-
L

. e

PAG RVM

MR o B mm._-

Brain nuclei underlying NP in the brainstem region
Brain nuclei underlying NP in the diencephalon region

- Brain nuclei underlying NP in the brain region






OPS/images/fnins-17-1243231-g002.jpg
Brain mechanisms involved in the treatment of NP by using acupuncture

W= B
[ [

o

B
e

=

L T—

o pamacmsnaaen

T r——

i 4 Microgia
Modulation of synsptc lasicty Supprossion of cerabral 3
+ symaptic morphologeal stucures neuroinfiammation = =
+ synapse-sssociaed potsins + ol collactation 4 wnTora
+ amino acd neeotansmatrs + proitammatory
medtor +

Aswoeyte

Regutaion o ruroansmtrs 2 5 T
o i .
oo o q T S
- ke 0 e 51
* oxonoves /s e :
e men * Noms
. SHTSHTIR 2 © EpminBuEphBs |
: s g :
E ol B

Otherreguiatory pathways
+ PFC - DNA mahyltion estoation N
+ corebral cortox - mR 340, 53 1
+ hppocampus - AcH3, BONF 1 3
+ habonua ~ HONT +






OPS/images/cover.jpg
’ frontiers | Frontiers in Neuroscience

Brain nuclei and neural circuits in
neuropathic pain and brain
modulation mechanisms of

acupuncture: a review on
animal-based experimental
research












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Neuroscience






