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Chronic pain is long-lasting pain that often persists during chronic diseases
or after recovery from disease or injury. It often causes serious side effects,
such as insomnia, anxiety, or depression which negatively impacts the patient’s
overall quality of life. Serotonin (5-HT) in the central nervous system (CNS) has
been recognized as an important neurotransmitter and neuromodulator which
regulates various physiological functions, such as pain sensation, cognition, and
emotions—especially anxiety and depression. Its widespread and diverse receptors
underlie the functional complexity of 5-HT in the CNS. Recent studies found that
both chronic pain and anxiety are associated with synaptic plasticity in the anterior
cingulate cortex (ACC), the insular cortex (IC), and the spinal cord. 5-HT exerts
multiple modulations of synaptic transmission and plasticity in the ACC and the
spinal cord, including activation, inhibition, and biphasic actions. In this review,
we will discuss the multiple actions of the 5-HT system in both chronic pain and
injury-related anxiety, and the synaptic mechanisms behind them. It is likely that
the specific 5-HT receptors would be new promising therapeutic targets for the
effective treatment of chronic pain and injury-related anxiety in the future.

5-HT, 5-HT receptors, chronic pain, anxiety, synaptic modulation, ACC, insular cortex,
amygdala

Introduction

Chronic pain is defined as any pain that lasts for several weeks, or longer, and persists
even after the pathogenic elements have receded. It is often categorized as neuropathic
pain, which is caused by nerve damage, and nociceptive pain, which is caused by ongoing
inflammation and damage of non-neuronal tissues (Haleem, 2019; Fitzcharles et al., 2021).
However, unlike acute pain which carries a protective value, chronic pain serves no obvious
beneficial function, and often causes serious mental disorders, like persistent anxiety and
depression (Bushnell et al., 2013; Cohen et al., 2021).
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Usual treatments for chronic pain conditions are divided into
classical pharmacological treatments and non-pharmacological
therapies. Pharmacological treatments include non-steroidal
anti-inflammatory drugs (NSAIDs), topical agents like capsaicin,
antidepressants [selective serotonin reuptake inhibitors (SSRIs),
serotonin-norepinephrine reuptake inhibitors (SNRIs) and
tricyclics], anticonvulsants and opioids (Fitzcharles et al,
2021). NSAIDs and SNRIs (e.g., duloxetine) are often used
to treat chronic low back pain of unknown causes. Low-dose
tricyclics, SNRIs and anticonvulsants are always applied in
fibromyalgia treatment (Fitzcharles et al., 2021). Topical patches
and injectable formulations containing capsaicin have shown
success in clinical applications to treat neuropathic pain and
osteoarthritis through persistent desensitization of peripheral
nociceptive receptors (Arora et al., 2021). Whereas weak opioid
analgesics (e.g., tramadol) and strong opioids (e.g., morphine)
are only recommended in some refractory central and peripheral
neuropathic pain conditions (Szok et al., 2019). Although some
drugs, like SSRIs and opioids, are prescribed strictly in doses known
to relieve pain, their long-term application in chronic pain is still
largely unknown as a result of drug resistance, undesirable side
effects, physiologic dependence, and risk of addiction (Ambrose
and Golightly, 2015). Despite the lack of a clear mechanism,
antidepressants, like fluoxetine, have a considerable effect on
the treatment of chronic pain and anxiety (Bandelow et al,
2017; Haleem, 2019). However, not all antidepressant drugs
produce the desired analgesic effect under different chronic
pain conditions (Haleem, 2019). Further studies are needed to
improve the treatment efficacy of these antidepressant drugs.
Non-pharmacological therapies are also becoming important
components for the clinical management of chronic pain,
such as cognitive behavioral therapy, physical exercise, and
electrical/magnetic stimulation (Ambrose and Golightly, 2015; Ji
et al., 2018; Fitzcharles et al., 2021), however, the application and
the efficacy of these therapies are dependent on the specific diseases
restrictively.

Preclinical animal studies have reported depression- and
anxiety-like behaviors in different chronic pain models (Yamauchi
et al,, 2022). These findings suggest that chronic pain causes plastic
changes in neural circuits and leads to the experience of negative
emotions. Meanwhile, it is also widely accepted that one of the main
causes of chronic pain results from central nervous sensitization.
According to current literature, the local synaptic plasticity in the
central nervous system (CNS), such as the anterior cingulate cortex
(ACC), plays a critical role in chronic pain and injury-related
anxiety (Apkarian et al., 2011; Bliss et al., 2016; Zhuo, 2016; Kuner
and Flor, 2017). It was reported that the enhancement of pre-
/postsynaptic plasticity in the ACC promoted chronic pain and its
related anxiety, respectively, in neuropathic and inflammatory pain
models (Koga et al., 2015). Considering the importance of synaptic
plasticity, a better understanding of the mechanisms underlying the
interaction between neuronal plasticity and chronic pain/anxiety is
fundamental to our understanding of chronic pain.

Serotonin (5-HT), as a key neurotransmitter, contributes
to multiple physiological functions such as pain sensation,
inflammation, cognition, and emotions—especially anxiety and
depression. Although the percentage of 5-HT neurons in the
mammalian brain is small (less than 0.1%), they collectively
innervate most of the brain regions and play various critical
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roles by the broadly expressing receptors (Okaty et al, 2019).
In the human brain, like in other species, the spinal cord and
many pain/anxiety-related brain regions, such as the thalamus,
frontal cortex, amygdala, and brainstem, are innervated by 5-HT
neurons and express one or multiple types of 5-HT receptors
(Charnay and Leger, 2010). Given the critical roles of 5-HT in
the CNS, it is not surprising that 5-HT and its receptors have
long been recognized as key modulators in pain processing and
potential targets for pain treatment (Liu et al, 2020). The 5-HT
system exerts different regulations of pain perception and anxiety
in different ways (Charnay and Leger, 2010; Ji et al.,, 2018; Liu
et al., 2020). On the one hand, 5-HT can promote or inhibit pain
perception through different neural circuits, such as the spinal
descending facilitatory/inhibitory pathways. On the other hand, in
the same CNS regions, 5-HT can also exert excitatory/inhibitory
functions depending on the diversity of its receptors and respective
downstream signaling pathways. Moreover, the 5-HT system has
been shown to change synaptic transmission and plasticity diversely
in the central nervous areas, such as the ACC and the spinal
cord, both of which are closely associated with chronic pain and
injury-related anxiety (Li and Zhuo, 1998; Tian et al, 2017).
Clinically, many agonists/antagonists of 5-HT receptors (e.g., the 5-
HT) 4 receptor agonist buspirone and the selective 5-HT3 receptor
antagonist alosetron), SSRIs (e.g., fluoxetine and paroxetine) and
SNRIs (e.g., duloxetine and venlafaxine) have been used to treat
different pain- and anxiety-related conditions as the first-line drugs
(Jann and Slade, 2007; Haleem, 2019; Liu et al., 2020; Cohen et al.,
2021). For example, alosetron is the only FDA (US Food and
Drug Administration)-approved drug for irritable bowel syndrome
(Paredes et al., 2019). Fluoxetine is reported to be effective in the
treatment of tension headaches (Walker et al., 1998). However, the
therapeutic mechanisms of these drugs are still unclear.

The main purpose of this review is to summarize the
neural pathways and receptor distribution of the 5-HT system
associated with chronic pain and injury-related anxiety, and
describe its pathophysiologic roles and synaptic mechanisms in
the CNS, including synaptic transmission and plasticity. This
review will guide future research efforts in identifying new
therapeutic methods for the treatment of chronic pain and injury-
related anxiety.

Overview of serotonergic
projections throughout pain- and
anxiety-related pathways

Serotonin neurons are distributed in very few brain regions.
Previous studies have indicated that 5-HT neurons in the rodent
brain were intensively distributed along the midline of the
raphe nuclei and its surrounding nuclei of the brainstem. These
serotonergic nuclei can be divided into two groups generally,
including the rostral and caudal nuclei. The rostral nucleus in
the midbrain and rostral pons sends ascending projections to the
forebrain and the brainstem regions, and descending projections
to the spinal cord (Hornung, 2010). Their ascending projections
cover the majority of the brain, including the cingulate cortex,
midbrain, thalamus, hippocampus, cerebellum, insular cortex (IC),
prefrontal cortex (PFC), parietal, and occipital cortical regions
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(Charnay and Leger, 2010; Hornung, 2010; Gogolla, 2017; Cortes-
Altamirano et al., 2018). Whereas, the caudal nucleus in the
caudal pons and medulla oblongata mostly forms descending
projections to the spinal cord gray matter [including the dorsal
horn (DH), ventral horn, and intermediate area], and innervates
distinct regions in the brainstem and forebrain upwardly (Hodges
and Richerson, 2008, 2010; Hornung, 2010; Ghosh and Pearse,
2015).

Brain-imaging studies in humans have provided crucial
information about the brain regions involved in different types of
pain (Bushnell et al, 2013). The ACC and other brain regions,
including the IC, primary somatosensory cortex (S1), secondary
somatosensory cortex (S2), PFC, thalamus, and cerebellum, are
activated by various noxious stimuli (Apkarian et al., 2005). In
addition, accumulated studies in humans have shown that certain
brain regions, such as the ACC, IC, and amygdala, associated
with negative emotions in chronic pain patients can be activated
during noxious stimulation and be altered in structure, activity,
or connectivity, indicating the comorbidity of chronic pain and
mental disorders (Bushnell et al., 2013; Denk et al., 2014; Bliss
et al,, 2016). Coincidentally, many 5-HT innervated brain and
spinal regions are also involved in the regulation of pain perception
and anxiety (Figure 1). Under physiological conditions, the
noxious stimulation first activates peripheral nociceptive afferent
fibers. Incoming action potentials trigger a release of excitatory
neurotransmitters and activate ascending neurons in the DH. In
the brain, the peripheral noxious inputs are conveyed from the
DH to ACC through the thalamic relays. Additionally, nociceptive
information can be relayed to the ACC through the amygdala
which receives spinal sensory inputs through the parabrachial area
(PB) in rodents. The ACC, IC, and amygdala innervated by 5-HT
neurons are well-known to participate in different pain processes
and the generation of emotional disorders, such as anxiety and
fear, both in humans and laboratory animals (Bliss et al., 2016;
Gogolla, 2017). The ACC can also directly modulate the sensory
input via ACC-IC and ACC-PFC projections, and facilitate pain
sensitization via ACC-DH and ACC-PAG (Periaqueductal gray)-
RVM (Rostral ventromedial medulla)-DH descending circuits
directly or indirectly (Bliss et al., 2016). In a human brain imaging
study, acute tryptophan depletion (ATD) via the reduction of 5-
HT in the human brain was shown to alter the activated volumes
of bilateral S1 and S2 and decreased volunteers” pain threshold in
response to electrical stimuli (Wang et al., 2010). Another recent
study demonstrated that the activation of S1-ACC projections
increased the response to noxious stimuli in rat ACC neurons
(Singh et al, 2020). As a key part of nociceptive descending
modulation, the 5-HT system exerts both descending facilitation
and inhibition on pain perception in the spinal cord depending on
acute or chronic pain states and its receptor types (Zhuo, 2008;
Cortes-Altamirano et al.,, 2018). The 5-HT neurons in the RVM
are also recognized to provide the major descending serotonergic
projections to the spinal cord as an important contributor to
chronic pain facilitation (Wei et al., 2010; Cai et al,, 2014). In
mice, the ACC, IC, and the amygdala have all been shown to be
closely associated with anxiety states (Barthas et al., 2015; Koga
et al.,, 2015; Gehrlach et al., 2019). Barthas et al. (2015) found
that selective optogenetic activation of pyramidal neurons of the
ACC in mice induced anxiety-like behaviors—such as burying more
marbles. Another recent study showed that the projections from IC
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to central amygdala (CeA) mediated anxiety-related behaviors in
mice. Silencing the IC-CeA pathway by optogenetics could increase
the time in the open arm and induce an anxiolytic response in the
elevated plus maze (EPM) test (Gehrlach et al., 2019). Therefore,
it is clear that the 5-HT system is anatomically and functionally
integrated with the pain/anxiety-related pathways, implicating the
potential roles of the 5-HT system in the regulation of pain and
injury-related anxiety.

5-HT receptor distribution and
function across pain/anxiety-related
brain regions

Currently, 7 families of 5-HT receptors (5-HT; to 5-HT7)
have been identified, with at least 14 subtypes in mammals
(Barnes and Sharp, 1999). Among these receptors, only 5-HT3
receptors belong to the ionotropic receptors which are permeable
to cations in the activated state, and all the others belong to G
protein-coupled receptors (GPCRs). As the most injury-related
receptors, 5-HT} /23,7 receptors intensively express in the ACC,
the PFC, the amygdala, and the DH (Charnay and Leger, 2010;
Cortes-Altamirano et al., 2018). For example, different 5-HT)
receptor agonists inhibit the nociceptive tail-flick reflex when
administered into the spine (Eide et al., 1990). 5-HT4 /5,6 receptors
are also widely distributed in the pain-/anxiety-related cortical
and subcortical regions, such as the PFC and thalamus (Charnay
and Leger, 2010; Liu et al., 2020). Godinez-Chaparro et al. (2012)
described the pronociceptive role of spinal 5-HT and 5-HT4/¢
receptors in the long-term secondary mechanical allodynia and
hyperalgesia induced by formalin in rats. Additionally, 5-HT4/5/¢
receptors are found to participate in the modulation of chronic
pain in the ventrolateral orbital cortex (Liu et al., 2020). Although
5-HT receptors show much overlapped expression in the central
and peripheral nervous system, their intracellular localization is
not completely consistent at the subcellular level (Borroto-Escuela
et al, 2021). Thus, it is important to elucidate the subcellular
distribution of 5-HT receptor expression for a better understanding
of their functions in pain and anxiety.

According to the difference of coupled G-proteins, 5-HT
GPCRs can be classified into 3 groups, including Gs/Gy/G;-
protein coupled groups (Figure 2). Both 5-HT; and 5-HT;s
receptor families coupled with G; proteins inhibit the activity of
adenylyl cyclase (AC), decreasing the intracellular cyclic adenosine
monophosphate (cAMP) levels and causing canonical second
messenger cascades. On the contrary, 5-HTy, 5-HTs, and 5-HT;
receptor families coupling with G, subunit can activate AC and
increase cAMP production. The increased cAMP next facilitates
L-type calcium channels and induces a slow depolarization of
membrane potential, exerting an excitatory effect on the neurons
(Sharp and Barnes, 2020). The 5-HT, receptor family belongs to
the Gg-protein coupled group, which activates phospholipase C
(PLC) and then degrades phosphatidylinositol 4,5 bisphosphate
(PIP2) into the production of inositol 1,4,5 triphosphate (IP3) and
diacylglycerol (DAG) (Figure 2). In addition, the metabotropic 5-
HT receptors can also recruit many other non-canonical signaling
pathways, such as extracellular signal-regulated kinase (ERK)
signaling pathway, phospholipase A2, and P-arrestin coupled
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FIGURE 1

The major pain- and anxiety-related pathways of the 5-HT system. The blue blocks and lines represent the major pain- and anxiety-related regions
and projections in the CNS. The peripheral nociceptive stimuli first arrive at the DH. Then the ascending nociceptive inputs can be sent into the ACC
through the thalamus and other brain regions involved in the emotional process, such as the amygdala and the IC. Another part of nociceptive
inputs can be conveyed to the amygdala through the PB. As a higher center of pain perception and anxiety, the ACC marked in yellow forms the
unilateral or reciprocal projections with many other important cortical regions, including the amygdala, the IC, the PFC, and the somatosensory
cortices that mediate sensory modulation, anxiety, fear, and memory. In the descending pathways, the ACC sends their projections directly or
indirectly to the DH, allowing cortical neurons to directly modulate the sensory input into the CNS. The orange frames and lines mark the known
CNS regions and projections where the 5-HT system participates in the modulation of pain and pain-related anxiety. The 5-HT system distributes
widely and almost innervates most of the core regions for pain and anxiety, such as the ACC, IC, amygdala, and the PAG-RVM-DH descending
pathway. ACC, anterior cingulate cortex; Amy, amygdala; DH, dorsal horn; IC, insular cortex; PAG, periaqueductal gray; PB, parabrachial area; PFC,
prefrontal cortex; RVM, rostroventral medulla; S1, primary somatosensory cortex; S2, secondary somatosensory cortex; Th, thalamus.

Src/Akt cascades (Sharp and Barnes, 2020). Furthermore, adjacent
membrane proteins and allosteric modulators of metabotropic 5-
HT receptors have been reported to regulate the function of 5-HT
receptors via altering cellular localization or molecular structure to
trigger a specific downstream reaction (Sharp and Barnes, 2020;
Popova et al., 2022). Another mechanism regulating the function
of the 5-HT receptor is RNA editing. The adenosine to-inosine
RNA editing mechanism can generate multiple isoforms of 5-HT
receptor that differ in G-protein coupling efficacy and constitutive
activity. For example, five adenosine sites of the 5-HT,¢ receptor
can be flexibly converted to inosine by RNA editing. Fully edited
transcripts and partially edited transcripts differ from non-edited
receptors in their reduced G-protein coupling and decreased
serotonergic potency (O’Neil and Emeson, 2012). The 5-HT3
receptor family belongs to a ligand-gated ion channel permeable to
Ca?*, Na*t, and KT, mediating an inward current and depolarizing
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the neurons. This depolarization could trigger various second
messenger signaling pathways, regulating the surrounding synaptic
plasticity and fast synaptic transmission (Cortes-Altamirano et al.,
2018). The complexity of 5-HT receptor signaling pathways and
some special regulatory manners remind us that 5-HT might exert
diverse synergistic and antagonistic effects on pain perception and
anxiety.

Contributions of the 5-HT system to
chronic pain

In both the peripheral and central nervous systems, 5-HT
displays different roles in chronic pain regulation (Liu et al,
2020). 5-HT acts with both nociceptive and antinociceptive or
even biphasic effects depending on the type of receptor, amount
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FIGURE 2

kinase C; PLC, phospholipase C.

The bidirectional regulation of synaptic transmission mediated by signaling pathways of 5-HT receptors in the CNS. Different presynaptic and
postsynaptic 5-HT receptors undergo excitatory and inhibitory synaptic changes. Three groups of G-protein coupled 5-HT receptors, including
Gs/Gq/Gj-protein coupled groups, mainly mediate intracellular canonical cascades. 5-HTy 5 receptors coupled with G;-protein downregulate
synaptic excitability, while 5-HT4,6,7 receptors coupled with Gs-protein upregulate that by affecting the activity of AC and the downstream PKA
signaling pathway. Both AC and PKA are critical for the presynaptic enhancement of glutamate release and the postsynaptic potentiation of AMPA
receptors. 5-HT, receptors coupled with Gq-protein can trigger the PKC signaling pathway that promotes the phosphorylation of NMDA receptors
and neural hyperexcitation by producing Ca®* inflows. At postsynaptic sites, 5-HTs receptors, as the cation channels, can induce neural
depolarization and open L-VGCC to increase intracellular Ca2* concentrations which can also activate AC by binding CaM. The presynaptic
expression of 5-HT; autoreceptors can decrease presynaptic 5-HT release by directly inhibiting the activity of AC, closing Ca?* channels, or
opening GIRKs to produce presynaptic depolarization. Taken together, 5-HT receptors have bidirectional effects on the regulation of synaptic
transmission. AC, adenylyl cyclase; CaM, calmodulin; cAMP, cyclic adenosine monophosphate; DAG, diacylglycerol; GIRK, G-protein-gated inwardly
rectifying potassium channels; IP3, inositol 1,4,5 triphosphate; L-VGCC, L-type voltage-gated calcium channel; PKA, protein kinase A; PKC, protein
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of substance, and anatomical region (Paredes et al., 2019). In
humans, an acute tryptophan depletion (ATD) in the brain can
alter pain perception (Martin et al., 2017; Trotter et al., 2022).
A tryptophan-free amino acid drink was administered to induce
acute central depletion of 5-HT due to the competitive uptake of
large neutral amino acids across the blood-brain barrier, without
any impact on peripheral 5-HT function (Trotter et al., 2022).
Martin et al. (2017) found that ATD significantly reduced the pain
threshold and tolerance in response to a heat thermode. Another
recent study demonstrated that acute depletion of central 5-HT
levels enhanced hedonic ratings of affective touch, and reduced the
tolerance to cold pain in humans (Trotter et al., 2022). In laboratory
animals, the 5-HT system also plays a critical role in chronic pain
regulation. For example, acute and chronic pain is associated with
traumatic brain injury (TBI). Selective spinal 5-HT fiber depletion
with 5,7-dihydroxytryptamine (5,7-DHT) reduced hypersensitivity
in the mice with mild TBI (mTBI). Normally, 5-HT promoted
nociceptive sensitization directly through 5-HTj; receptors and
indirectly through the upregulation of chemokine signaling after
mTBI (Sahbaie et al., 2019). A similar behavioral result was reported
in the rat spinal nerve ligation (SNL) model (Rahman et al., 2006).
However, in the rat paw pressure test, the intrathecal injection of
5-HT produced significant antinociceptive effects, while peripheral
intraplantar 5-HT could be nociceptive and induce mechanical
allodynia because of the increase in inflammatory response (Sufka
et al,, 1992; Bardin et al., 2000). In another formalin rats test,
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the intrathecal administration of 5-HT showed a biphasic effect
on pain modulation. 5-HT inhibited the aversive responses when
administered at a low dose (0.1 nmol/rat), but facilitated them
at a high dose (1 nmol/rat). Further results suggest that 5-HT
suppressed formalin-induced nociception in the spinal cord via the
5-HT) 4 receptor and facilitated it via the 5-HT3 receptor (Oyama
etal,, 1996). These actions of 5-HT system reveal the complexity of
its mechanisms in the modulation of nociception, which relies on
the diversity of 5-HT receptors both at the periphery, and within
the CNS (Viguier et al., 2013).

In the
antinociceptive depending on its receptor subtypes activated.
Generally, activation of the 5-HT} 4, 5-HTp, 5-HT1p, and 5-HT;
receptors tends to be antinociceptive, whereas the 5-HT,, and

spinal cord, 5-HT can be pronociceptive or

5-HT3 receptors tend to promote nociception (Ossipov et al,
2014). Both selective 5-HTja receptor antagonists WAY-100635
and selective 5-HT;p /1D Teceptor antagonists GR-127935 can
counteract the antiallodynic effect induced by spinal 5-HT in
neuropathic pain models (Avila-Rojas et al., 2015). Otherwise,
5-HT, 4 receptor is considered to be pronociceptive in the spinal
cord. The 5-HT4 receptor could promote spinal hyperexcitability
and neuropathic pain by affecting pain-related protein expression
(Liu et al., 2020). One previous study showed that infraorbital nerve
injury affected RNA editing efficiency, changing the proportional
presence of the 5-HT,c receptor isoforms in the rat cervical
spinal cord. The post-injury change increased the expression of less
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edited receptor isoforms and reduced the expression of more edited
receptor isoforms, making spinal 5-HT receptors more sensitive to
5-HT. 5-HT would then activate the brainstem-spinal descending
inhibitory pathway to suppress nociceptive signals from primary
afferent neurons to the spinal trigeminal nucleus caudalis. This
modulation of mRNA editing could be an adaptive mechanism
that maintains the input-output balance of 5-HT system and
functions in response to serotonergic dysfunction under some
pathological conditions, such as 5-HT depletion or surgical stress
(Nakae et al., 2008). For 5-HTj3 receptors, a study showed that
the spinal application of 5-HT3 receptor antagonist ondansetron
could block the descending facilitation and completely inhibit
mechanical hyperalgesia and thermal allodynia in the rat SNL
model (Dogrul et al., 2009). Intrathecal administration of selective
5-HT,4 (GR-113808) and 5-HT, (SB-258585) receptor antagonists
decreased tactile allodynia in L5/L6 spinal nerve ligation rats.
Selective 5-HT4 (ML-10302) and 5-HTs (WAY-208466) receptor
agonists prevented the antiallodynic effect of the antagonists.
These results suggest that spinal 5-HT4 and 5-HTs receptors also
participated in the maintenance of neuropathic pain (Pineda-Farias
et al,, 2017). 5-HTy receptors in the spinal cord also participate in
the processing of antinociception. Brenchat et al. (2010) found a
significant increase of 5-HT7 immunoreactivity on the ipsilateral
side of the spinal cord after nerve injury. Gautier et al. (2017)
accomplished lentiviral vector-driven inhibition of 5-HT synthesis
specifically within bulbar 5-HT neurons projecting into the DH.
Their study demonstrated that these descending serotonergic
projections exerted an antinociceptive action in the neuropathic
pain models. Additionally, intraplantar administration of a
selective 5-HT; receptor antagonist (SB-269970) completely
blocked the morphine-induced antinociception in a time-
dependent manner, indicating the analgesic effect of the spinal
5-HT; receptor (Dogrul and Seyrek, 2006). Meanwhile, Yang
et al. (2014) found that the spinal 5-HTy; receptor played a
significant inhibitory role in descending serotonergic modulation
in inflammatory pain induced by formalin but not carrageenan.
However, in the carrageenan model, the spinal 5-HT3 receptor
predominantly mediated pronociceptive effects (Yang et al., 2014).
Besides, the contrary results of these receptors mentioned above
ought to get more attention. More studies are required to precisely
clarify the roles of spinal 5-HT receptors in chronic pain.

At the supraspinal level, the 5-HT system also contributes
to the regulation of chronic pain. The PAG-RVM-DH circuit
underlies the pain descending regulation (Zhuo, 2008). As reported,
the 5-HT; receptor agonist AS-19 exerted a dose-dependent
antinociceptive effect when administered into the PAG in the
rat chronic constrict injury (CCI) model. AS-19 microinjection
significantly elevated the mechanical withdrawal threshold values,
but SB-269970 pretreatment attenuated the antihyperalgesic effect
of AS-19 (Li et al,, 2014). The Wei et al. (2010) study revealed
that selective ablation of descending 5-HT neurons in the
RVM with regional shRNA interference (RNAi) could reduce
formalin-induced persistent pain and injury-induced allodynia and
hyperalgesia in rats. Repeated activation of RVM 5-HT neurons
by optogenetics also decreased both mechanical and thermal pain
thresholds and produced sensitized pain behaviors for up to 2 weeks
in tryptophan hydroxylase 2 (TPH2)-Channelrhodopsin 2 (ChR2)
transgenic mice, but not in wild type mice (Cai et al., 2014).
Therefore, the 5-HT in this descending pathway is indeed critical
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for persistent pain facilitation. As a higher brain region, the
ACC is often recognized as a cortical regulatory center of pain
perception (Chen et al, 2021). The neuroplasticity, particularly
the postsynaptic long-term potentiation (LTP), in ACC excitatory
synapses is highly related to chronic pain. The postsynaptic LTP in
the ACC is triggered by the activation of phosphorylated N-methyl-
D-aspartate (NMDA) and the increase of a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) receptor function,
which underlies the unpleasant experience of chronic pain (Bliss
et al,, 2016). The Tian et al. (2017) study showed that 5-HT could
inhibit the glutamatergic synaptic transmission in the ACC through
the 5-HT; A receptor. Specific activation of the 5-HT; receptors
in the ACC by bath application of a 5-HT; receptor agonist 5-
carboxamidotryptamine (5-CT) could restore normal dendritic
integration and produce analgesic effects in the CCI mice. This
effect was completely blocked by SB-269970 (Santello and Nevian,
2015). Thus, 5-HT receptors may regulate chronic pain by affecting
adjacent glutamate receptors and changing excitatory synaptic
transmission in the ACC. The ACC can also form reciprocal
connections with other cortical regions, such as IC and amygdala,
which are also critical for pain perception (Bliss et al.,, 2016).
Human brain imaging studies supported the important roles of
IC in pain perception, especially pain-related emotions (Bushnell
et al., 2013). It has been reported that both NMDA and AMPA
receptors were upregulated in the mouse IC after peripheral nerve
injury (Qiu et al, 2013, 2014). This long-term alteration can
enhance presynaptic neurotransmitter release and postsynaptic
responsiveness in the IC, which probably contributes to the
formation of chronic pain and injury-related anxiety (Zhuo, 2016).
Moreover, there is some evidence to indicate that the activation of
5-HT A receptor in the IC mediates chronic stress-induced visceral
hypersensitivity (Sun et al., 2016). Similarly, the effects of the 5-
HT system on chronic pain modulation also exist in the amygdala.
5-HT and 5-HT,¢ receptors in the amygdala could significantly
affect neuropathic and inflammatory pain-related responses and
behaviors (Ji et al., 2017; Zhang et al., 2018). For example, direct
injecting 5-HT into the mice CeA suppressed both the spontaneous
pain behaviors and hyperalgesia induced by formalin injection
(Zhang et al., 2018). Whereas, Ji et al. (2017) found that 5-HT,¢
receptor knockdown in the basolateral amygdala (BLA) blocked
the increase in excitatory transmission from BLA to CeA and
increased sensory thresholds in SNL rats, implicating that 5-HT,¢
receptor in the BLA mediated neuropathic nociception. It was also
reported that the microinjection of SSRI paroxetine into the S1,
a key cortical region of pain sensation, significantly attenuated
thermal hyperalgesia in mice, suggesting that 5-HT could enhance
chronic pain sensation in the S1 (Matsuzawa-Yanagida et al., 2008).

In summary, it is clear that the 5-HT system in the spinal
cord and many brain regions plays an important role in chronic
pain regulation. To date, a considerable number of studies have
focused primarily on the nociceptive or antinociceptive actions of
5-HT1 /23,7 receptors in the spinal cord and brain, which provides
us with promising pain-relieving targets and novel treatment
strategies for chronic pain. However, more recent efforts have been
focused on the actions of other receptor subtypes, like 5-HT4/5/6
receptors, and the roles of 5-HT receptors in the higher brain
regions. Further studies, especially those at synaptic levels, may
generate new ideas in the treatment of chronic pain.
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Contributions of the 5-HT system to
injury-related anxiety

In humans, it is well-known that anxiety can enhance pain
perception, and the experience of chronic pain can lead to
persistent anxiety (Bliss et al.,, 2016). The behavioral analysis in
a recent study demonstrated that 5-HT depletion-whether it was
at the periphery or in the brain-presented reduced anxiety-like
behaviors in rodents (Mosienko et al., 2012; Sbrini et al., 2022).
They used Tphl/Tph2-deficient mice to evaluate the impact of
5-HT depletion at the peripheral or in the brain, respectively,
on mouse behavior. Both Tph1~/~ and Tph2~/~ mice exhibited
decreased anxiety-like behaviors in the EPM. These results indicate
the key role of peripheral or central 5-HT in anxiety. Although
the exact mechanism of SSRIs is still unclear, they are now widely
accepted as the first-line agents for the treatment of anxiety
disorders (Calhoon and Tye, 2015). Matsuzawa-Yanagida et al.
(2008) found that local injection of SSRI paroxetine into different
cortical regions, such as the cingulate cortex or BLA, reduced
anxiety-like behaviors in the EPM and the light-dark test in the
mice neuropathic pain model. Their results proved that SSRIs
were effective for treating anxiety associated with neuropathic pain,
and had anxiolytic effects by acting on different brain regions. In
another study, anxiety-like behaviors were also altered in 5-HT1 A
or 5-HT,4 receptor knockout mouse lines (Ramboz et al., 1998;
Weisstaub et al., 2006). 5-HTja receptor global knockout mice
displayed less exploratory activity and more anxiety-like behaviors
in the open field and EPM tests, while the global disruption of 5-
HT; 4 receptor transcription in genetically modified mice induced
anxiolytic behaviors, including more exploration in the center or
open arm areas. In consideration of all of these findings, it is clear
that 5-HT functions differently in the regulation of different anxiety
states. How it functions is dependent on many factors, such as the
local levels of 5-HT, the receptor subtypes and their sensitivity,
the action regions, and the specific physiological/pathological
conditions.

According to our findings, the ACC presynaptic LTP (pre-LTP)
in excitatory transmission shows a close relationship with injury-
induced anxiety (Koga et al., 2015). The kainate receptor-mediated
presynaptic LTP in the ACC contributed to long-lasting anxiety
induced by chronic pain, which also required the involvement
of AC and a protein kinase A (PKA). The application of 5-HT
could significantly inhibit excitatory synaptic transmission, and
decrease presynaptic glutamate release of the ACC via the 5-
HT) A receptor in brain slices of mice (Tian et al., 2017). Barthas
et al.’s (2015) results also confirmed the key role of the excitatory
neurons of the ACC in anxiety. Recently, a new study described
that regular aerobic exercise had significant effects in relieving
pain and concomitant anxiety in the chronic inflammatory pain
model. Regular aerobic exercise could increase 5-HT release and
attenuate pain-induced LTP occlusion in the ACC through the 5-
HTa and 5-HT; receptors (Zhou et al., 2022). Therefore, 5-HT
may be modulating injury-related anxiety by directly or indirectly
changing the pre-LTP of excitatory transmission in the ACC.

In addition, the IC is also identified as an important cortical
region involved in anxiety (Zhuo, 2016; Gogolla, 2017). Some
clinical results confirmed the correlation between IC activity and
anxiety (Etkin and Wager, 2007). Hyperactivation in the IC and
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amygdala of patients was frequently found in subjects with a social
anxiety disorder by functional magnetic resonance imaging and
positron emission tomography (PET). Some other PET studies
showed the decreased binding potential of 5-HT;s and 5-HT;4
receptors in the IC of patients and marmosets diagnosed with
social anxiety disorder and trait anxiety, respectively (Santangelo
et al,, 2019; Ju et al,, 2020). The synaptic plasticity in the IC
mainly depends on the mediation of glutamate receptors (Zhuo,
2016). Specifically, the electrophysiological results showed that the
kainate receptors contributed to fast synaptic transmission in the
IC. After the blockade of AMPA and NMDA receptors, kainate
receptor-mediated excitatory postsynaptic currents (EPSCs) were
observed (Koga et al., 2012). These findings suggest it is possible
that presynaptic kainate receptors in the IC participate in the
pre-LTP induction and promote persistent anxiety by a common
mechanism as we have seen in the ACC.

The amygdala is another important brain region for emotional
anxiety, as it can receive the serotonergic projections from the
raphe nucleus and connect with the ACC and IC simultaneously
(Gross and Hen, 2004; Hornung, 2010; Bliss et al., 2016). This
anatomical connection implies the involvement of the amygdala 5-
HT system in anxiety. A recent study showed that the serotonergic
projections from dorsal raphe nuclei to the amygdala promoted
anxiety-like behavior, causing a significant decrease of center time
in the open field test (Ren et al.,, 2018). It has been also reported
that 5-HT affects synaptic transmission in the amygdala. Local
5-HT,¢ receptor knockdown with the stereotaxic injection of 5-
HT,¢ receptor shRNA AAV vector in the BLA could significantly
decrease anxiety-like behaviors in the EPM and increase the
mechanical withdrawal thresholds in the SNL rats (Ji et al., 2017).

Taken together, it is clear that the 5-HT system promotes or
inhibits injury-related anxiety according to its receptor subtypes in
different brain regions—as seen with an anxiolytic effect in the ACC,
but an anxiogenic effect in the amygdala. 5-HT;/;,7 receptors
within the ACC, IC, and amygdala seem to be promising targets
for anxiety treatment. Further research into the mechanisms of the
5-HT system in the brain will help us explore new methods for
treating anxiety.

Synaptic mechanisms of the 5-HT
system in chronic pain and
injury-related anxiety

To date, there are several prevalent mechanisms to explain
the pathogeny of chronic pain and its related emotional disorders.
One prevalent mechanism is that neuroinflammation drives central
sensitization in the peripheral and central nervous systems.
A characteristic feature of neuroinflammation is the activation
of glial cells, such as microglia and astrocytes in the CNS. This
activation could promote the local release of proinflammatory
cytokines and chemokines, such as transforming growth factor
(TGF), brain-derived neurotrophic factor (BDNF), and interleukin
(Ji et al., 2018). Meanwhile, central cytokines and chemokines are
recognized as powerful neuromodulators and play a sufficient role
in neuropathic pain (Ding et al., 2020). Another mechanism is the
interaction between 5-HT and other neurotransmitters. 5-HT is
known to regulate the release of many neurotransmitters, such as
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GABA, glutamate, dopamine, and noradrenaline. The 5-HT system
also interacts with peptidergic transmissions, endocannabinoid
systems, and glial factors (De Deurwaerdere and Di Giovanni,
2021). For example, in the spine of neuropathic pain models, both
the activation of 5-HTj3 receptors and 5-HT7 receptors can recruit
GABA into the analgesic effects (Liu et al., 2020). This complexity
of the interaction confers 5-HT multiple potential roles in both
chronic pain and anxiety. Although there are many causes leading
to chronic pain and anxiety, the primary and direct cause is still the
long-term sensitization of the peripheral or central nervous system.
This long-term nervous system sensitization mainly results from
the change in synaptic transmission and plasticity. Here, we will
focus on the roles of the 5-HT system in synaptic transmission and
plasticity associated with chronic pain and anxiety.

Synaptic modulation mediated by 5-HT is an important
mechanism underlying its physiological function. Previous studies
have shown that 5-HT can produce both excitatory and inhibitory
modulation at spinal glutamatergic synapses, consistent with
the biphasic modulatory effects of 5-HT on spinal nociceptive
transmission and behavioral reflexes (Li and Zhuo, 1998). To
date, there is much more evidence supporting the diverse synaptic
modulation of the 5-HT system.

Effects of the 5-HT system on excitatory
and inhibitory synaptic transmission

As we know, the DH is the first-order center for pain
transmission. Hori et al. (1996) and Lopez-Garcia and King
(1996) studies showed that 5-HT could bidirectionally affect spinal
synaptic transmission by acting on presynaptic or postsynaptic
receptors. Li and Zhuo (1998) found that 5-HT could transform
silent glutamatergic synapses into functional ones in the rat spinal
cord. In this study, they demonstrated a dose-dependent and
biphasic modulation of 5-HT at spinal excitatory synapses. For
example, 5-HT at a high dose (50 wM) produced inhibition of
EPSCs, while a low dose (5 wM) of 5-HT induced facilitation
of fast EPSCs in rat spinal cord slices (Li and Zhuo, 1998).
This synaptic mechanism may contribute to plastic changes in
nociception after tissue or nerve injury. Recently, Tian et al. (2017)
investigated the role of 5-HT on glutamatergic neurotransmission
in the ACC. Bath application of 5-HT produced dose-dependent
inhibition of different EPSCs significantly. Meanwhile, the
increased paired-pulse ratio (PPR) indicated the serotonergic
presynaptic inhibitory effect. Finally, the application of the 5-HT o
receptor antagonist NAN-190 significantly reduced serotonergic
postsynaptic inhibition and abolished presynaptic inhibition,
indicating that both presynaptic and postsynaptic 5-HT receptors
contributed to this inhibitory synaptic modulation (Tian et al,
2017). This inhibition of the ACC potentiation should be analgesic
and anxiolytic in animal models of chronic pain (Zhuo, 2014;
Koga et al, 2015). The collective results indicate that the 5-HT
system has a significant effect on synaptic transmission through
both presynaptic and postsynaptic ways.

Serotonin regulates synaptic transmission by acting on its
presynaptic and postsynaptic receptors (Figure 2). Postsynaptic
application of G-protein inhibitor GDP-B-S abolished the
facilitatory effect induced by 5-HT in the spine, implying that
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postsynaptic 5-HT GPCRs were critical for the enhancement of
the response to noxious stimuli (Li and Zhuo, 1998). In addition,
postsynaptic Ca?*-dependent processes were required for 5-HT-
induced facilitation. 5-HT-induced facilitation disappeared by
postsynaptic application of the Ca?* chelator BAPTA, indicating
the essential role of postsynaptic increased Ca* (Zhuo, 2000).
Another study showed that postsynaptic activation of protein
kinase C (PKC) was required for synaptic potentiation induced by
5-HT in the spinal cord. Moreover, the PKC-mediated activation
of silent synapses was also dependent on the interactions between
AMPA receptor subunits GluR2/3 and PDZ-domain-containing
proteins (Li et al.,, 1999). The further study also found that in the
adult DH, co-application of AC activator forskolin and 5-HT could
induce long-lasting enhancement, including the recruitment of
functional AMPA receptor-mediated responses. Ca’*-sensitive,
calmodulin-regulated adenylyl cyclases (AC1 and ACS8) were
necessary for this enhancement (Wang and Zhuo, 2002). Besides,
Aira et al. (2013) found that activation of 5-HT,p receptors led
to the enrichment of postsynaptic PKC,, phosphorylated NMDA
receptor subunit, and neural hyperexcitation in the DH. 5-HT
could modulate the postsynaptic transmission to affect pain
perception by changing the distribution and activity of associative
molecules.

Besides postsynaptic modulation, presynaptic 5-HT receptors
(mainly 5-HT; and 5-HT, receptors) are involved in modulating
the subsequent release of 5-HT and other neurotransmitters
like glutamate and GABA appropriately in a feedback way. For
example, presynaptic 5-HT;a autoreceptors decreased neuronal
firing and 5-HT release by opening G-protein-gated inwardly
rectifying potassium channels (GIRKSs) in rat dorsal raphe 5-HT
neurons (Montalbano et al., 2015). 5-HTp autoreceptors were
also found to inhibit AC and/or close Ca?™ channels to decrease
presynaptic 5-HT release directly (Sharp et al., 2007). In addition,
5-HT could reduce the frequency of GABAergic mIPSCs and
glutamatergic mEPSCs through 5-HT;, and 5-HT)p receptors,
respectively, in a PKA-dependent pathway at the presynaptic
terminals of the rat hypothalamus (Lee et al., 2008). Presynaptic 5-
HT,a receptor activation enhanced presynaptic NMDA receptor
transmission and gated synaptic plasticity at thalamocortical
synapses in the PFC (Barre et al, 2016). Besides this direct
presynaptic modulation, 5-HT receptors coming from downstream
non-5-HT neurons can affect the activity of upstream 5-HT
neurons by the feedback projections indirectly (De Deurwaerdere
and Di Giovanni, 2021). Taken together, 5-HT with its receptors
have the great potential to modulate chronic pain and persistent
anxiety bidirectionally by affecting presynaptic and postsynaptic
transmission directly or indirectly. More efforts are needed to
explore further neurobiological mechanisms.

Effects of the 5-HT system on long-term
potentiation and long-term depression

Synaptic plasticity, such as LTP and long-term depression
(LTD), has been recognized as a key neural basis for sensory
processing under physiological and pathological conditions (Zhuo,
2007). Chronic pain is always accompanied by the occurrence of
CNS sensitization, such as the LTP in the ACC (Bliss et al., 2016).
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Hence, understanding the roles of the 5-HT system in the
modulation of synaptic plasticity is also important for the treatment
of chronic pain and its related emotion disorders. As a crucial
neuromodulator, 5-HT displays great modulatory potentials in
local synaptic plasticity (Barnes et al., 2021).

Currently, there are not so many studies about the serotonergic
effects on the regulation of LTP, however, some studies in the
spinal cord have revealed potential connections between 5-HT
and LTP. For example, it was reported that low dose 5-HT could
activate previously silent glutamatergic synapses and induce LTP
by enhancing postsynaptic AMPA receptor function in the DH (Li
and Zhuo, 1998; Li et al,, 1999). At the pure NMDA synapses on
sensory neurons in the spine, 5-HT alone does not produce any LTP,
but co-application of 5-HT and AC activator forskolin produced
long-lasting enhancement, including the recruitment of functional
AMPA receptors. This recruitment emphasized the significance of
the cAMP signaling pathway in 5-HT-mediated synaptic responses
and raised a synergistic mechanism of LTP regulation (Wang and
Zhuo, 2002). In the supraspinal regions, the 5-HT system is also
indicated in the modulation of LTP, for example, Huang and
Kandel (2007) found that 5-HT4 receptors mediated a late-phase
LTP (L-LTP) in the mouse amygdala. Recently, Zhou et al. (2022)
found that the increased 5-HT levels in mice ACC could restore
LTP induction in the complete Freund’s adjuvant (CFA)-induced
inflammatory pain model, which contributed to both pain and
anxiety relief.

In addition, the 5-HT system has potential critical effects on
the modulation of LTD. Tian et al. (2017) previously reported that
bath application of 5-HT could produce inhibitory modulation at
excitatory synapses in ACC. Both presynaptic and postsynaptic 5-
HT receptors contributed to this inhibitory synaptic modulation
(Tian et al, 2017). As a key form of synaptic plasticity, LTD
is mainly classified into two types: one is NMDA receptor-
mediated, and the other one is metabotropic glutamate receptor
(mGluR)-mediated (Bliss et al., 2016). Barre et al. (2016) showed
that stimulation of presynaptic 5-HT,a receptors gated the
induction of time-dependent LTD (t-LTD) mediated by NMDA
receptors at thalamocortical synapses. At the excitatory synapses
of PFC pyramidal neurons, 5-HT was found to induce LTD by
cooperating with 5-HT, receptors and mGluRs. This induction
needed the p38 MAPK/Rab5-mediated enhancement of AMPA
receptor internalization (Zhong et al., 2008).

Considering the complexity of 5-HT receptors and coupled
signaling pathways, the exploration of 5-HT-mediated synaptic
plasticity is still in its initial stages. More efforts are needed to
further interpret serotonergic roles in the regulatory mechanism
of synaptic plasticity, especially in the pain/anxiety-related cortical
regions, such as the ACC, IC, and amygdala.

Conclusion

In summary, recent studies consistently demonstrate that the
5-HT system has important effects on the multiple modulations
of pain perception and injury-related anxiety. The serotonergic
projections are often overlapped with pain-/anxiety-related
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pathways in the CNS, indicating both a strong correlation and
functional overlap between them. The complexity of 5-HT
receptors further provides a basis for diverse modulations of
neural excitability and synaptic transmission. Among many causes
leading to chronic pain and its related persistent anxiety, long-term
sensitization in the peripheral and central nervous systems is still
the crucial cause of persistent pain and mental disorders. In our
opinion, NMDA receptor-mediated postsynaptic LTP and kainate
receptor-mediated presynaptic LTP in the ACC are important for
chronic pain perception and injury-related anxiety, respectively. It’s
unclear whether these mechanisms of synaptic regulation are also
taking place in other pain- or anxiety-related regions. More studies
are needed to investigate the modulatory mechanisms of the 5-HT
system at both the synaptic and molecular levels.

Author contributions

SH, WS, WL, Q-YC, and MZ drafted the manuscript and
finished the final version of the manuscript. All authors read and
approved the final manuscript.

Funding

This study was funded by the EJLB-CIHR Michael Smith
Chair in Neurosciences and Mental Health in Canada, the Canada
Research Chair, the Ontario-China Research and Innovation
Fund (OC-RIF), and the Canadian Institute for Health Research
operating and project Grants (MOP-124807; PJT-148648 and
419286) for funding support to MZ.

Acknowledgments

We are grateful to Emily England for English editing.

Conflict of interest

SH, Q-YC, and MZ were employed by Forevercheer Medicine
Pharmac Inc.

The remaining 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.

frontiersin.org


https://doi.org/10.3389/fnsyn.2023.1122381
https://www.frontiersin.org/journals/synaptic-neuroscience
https://www.frontiersin.org/

Hao et al.

References

Aira, Z., Buesa, L., Garcia Del Cano, G., Bilbao, J., Dofiate, F., Zimmermann, M., et al.
(2013). Transient, 5-HT2B receptor-mediated facilitation in neuropathic pain: Up-
regulation of PKCy and engagement of the NMDA receptor in dorsal horn neurons.
Pain 154, 1865-1877. doi: 10.1016/j.pain.2013.06.009

Ambrose, K. R, and Golightly, Y. M. (2015). Physical exercise as non-
pharmacological treatment of chronic pain: Why and when. Best Pract. Res. Clin.
Rheumatol. 29, 120-130. doi: 10.1016/j.berh.2015.04.022

Apkarian, A. V., Bushnell, M. C., Treede, R. D., and Zubieta, J. K. (2005). Human
brain mechanisms of pain perception and regulation in health and disease. Eur. J. Pain
9, 463-484. doi: 10.1016/j.¢jpain.2004.11.001

Apkarian, A. V., Hashmi, J. A., and Baliki, M. N. (2011). Pain and the brain:
Specificity and plasticity of the brain in clinical chronic pain. Pain 152, S49-S64.
doi: 10.1016/j.pain.2010.11.010

Arora, V., Campbell, J. N,, and Chung, M. K. (2021). Fight fire with fire:
Neurobiology of capsaicin-induced analgesia for chronic pain. Pharmacol. Ther.
220:107743. doi: 10.1016/j.pharmthera.2020.107743

Avila-Rojas, S. H., Veldzquez-Lagunas, ., Salinas-Abarca, A. B., Barragan-Iglesias,
P., Pineda-Farias, J. B., and Granados-Soto, V. (2015). Role of spinal 5-HT5A, and 5-
HT1A/1B/1D, receptors in neuropathic pain induced by spinal nerve ligation in rats.
Brain Res. 1622, 377-385. doi: 10.1016/j.brainres.2015.06.043

Bandelow, B., Michaelis, S., and Wedekind, D. (2017). Treatment of anxiety
disorders. Dialogues Clin. Neurosci. 19, 93-107.

Bardin, L., Lavarenne, J., and Eschalier, A. (2000). Serotonin receptor subtypes
involved in the spinal antinociceptive effect of 5-HT in rats. Pain 86, 11-18. doi:
10.1016/s0304-3959(99)00307-3

Barnes, N. M., Ahern, G. P., Becamel, C., Bockaert, J., Camilleri, M., Chaumont-
Dubel, S., et al. (2021). International union of basic and clinical pharmacology.
CX. Classification of receptors for 5-hydroxytryptamine; pharmacology and function.
Pharmacol. Rev. 73, 310-520. doi: 10.1124/pr.118.015552

Barnes, N. M., and Sharp, T. (1999). A review of central 5-HT receptors and their
function. Neuropharmacology 38, 1083-1152. doi: 10.1016/50028-3908(99)00010-6

Barre, A., Berthoux, C., De Bundel, D., Valjent, E., Bockaert, J., Marin, P., et al.
(2016). Presynaptic serotonin 2A receptors modulate thalamocortical plasticity and
associative learning. Proc. Natl. Acad. Sci. U. S. A. 113, E1382-E1391. doi: 10.1073/
pnas.1525586113

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

Bliss, T. V. P, Collingridge, G. L., Kaang, B. K., and Zhuo, M. (2016). Synaptic
plasticity in the anterior cingulate cortex in acute and chronic pain. Nat. Rev. Neurosci.
17, 485-496. doi: 10.1038/nrn.2016.68

Borroto-Escuela, D. O., Ambrogini, P., Chruscicka, B., Lindskog, M., Crespo-
Ramirez, M., Herndndez-Mondragén, J. C., et al. (2021). The role of central serotonin
neurons and 5-HT heteroreceptor complexes in the pathophysiology of depression:
A historical perspective and future prospects. Int. J. Mol. Sci. 22:1927. doi: 10.3390/
ijms22041927

Brenchat, A., Nadal, X., Romero, L., Ovalle, S., Muro, A., Sinchez-Arroyos, R., et al.
(2010). Pharmacological activation of 5-HT7 receptors reduces nerve injury-induced
mechanical and thermal hypersensitivity. Pain 149, 483-494. doi: 10.1016/j.pain.2010.
03.007

Bushnell, M. C., Ceko, M., and Low, L. A. (2013). Cognitive and emotional control
of pain and its disruption in chronic pain. Nat. Rev. Neurosci. 14, 502-511. doi:
10.1038/nrn3516

Cai, Y. Q.,, Wang, W., Hou, Y. Y., and Pan, Z. Z. (2014). Optogenetic activation of
brainstem serotonergic neurons induces persistent pain sensitization. Mol. Pain 10:70.
doi: 10.1186/1744-8069-10-70

Calhoon, G. G., and Tye, K. M. (2015). Resolving the neural circuits of anxiety. Nat.
Neurosci. 18, 1394-1404. doi: 10.1038/nn.4101

Charnay, Y., and Leger, L. (2010). Brain serotonergic circuitries. Dialogues Clin.
Neurosci. 12, 471-487. doi: 10.31887/DCNS.2010.12.4/ycharnay

Chen, Q. Y., Li, X. H, and Zhuo, M. (2021). NMDA receptors and synaptic
plasticity in the anterior cingulate cortex. Neuropharmacology 197:108749. doi: 10.
1016/j.neuropharm.2021.108749

Cohen, S. P., Vase, L., and Hooten, W. M. (2021). Chronic pain: An update on
burden, best practices, and new advances. Lancet 397, 2082-2097. doi: 10.1016/S0140-
6736(21)00393-7

Cortes-Altamirano, J. L., Olmos-Hernandez, A., Jaime, H. B., Carrillo-Mora,
P, Bandala, C., Reyes-Long, S., et al. (2018). Review: 5-HT1, 5-HT2, 5-HT3
and 5-HT7 receptors and their role in the modulation of pain response in
the central nervous system. Curr. Neuropharmacol. 16, 210-221. doi: 10.2174/
1570159X15666170911121027

Frontiers in Synaptic Neuroscience

10

10.3389/fnsyn.2023.1122381

De Deurwaerdere, P., and Di Giovanni, G. (2021). 5-HT interaction with other
neurotransmitters: An overview. Progress Brain Res. 259, 1-5. doi: 10.1016/bs.pbr.
2021.01.001

Denk, F., McMahon, S. B, and Tracey, I. (2014). Pain vulnerability: A
neurobiological perspective. Nat. Neurosci. 17, 192-200. doi: 10.1038/nn.3628

Ding, H., Chen, J., Su, M, Lin, Z., Zhan, H., Yang, F., et al. (2020). BDNF promotes
activation of astrocytes and microglia contributing to neuroinflammation and
mechanical allodynia in cyclophosphamide-induced cystitis. J. Neuroinflammation
17:19. doi: 10.1186/512974-020-1704-0

Dogrul, A., and Seyrek, M. (2006). Systemic morphine produce antinociception
mediated by spinal 5-HT7, but not 5-HT1A and 5-HT2 receptors in the spinal cord.
Br. J. Pharmacol. 149, 498-505. doi: 10.1038/sj.bjp.0706854

Dogrul, A., Ossipov, M. H., and Porreca, F. (2009). Differential mediation of
descending pain facilitation and inhibition by spinal 5HT-3 and 5HT-7 receptors.
Brain Res. 1280, 52-59. doi: 10.1016/j.brainres.2009.05.001

Eide, P. K., Joly, N. M., and Hole, K. (1990). The role of spinal cord 5-HT1A and
5-HT1B receptors in the modulation of a spinal nociceptive reflex. Brain Res. 536,
195-200. doi: 10.1016/0006-8993(90)90025-7

Etkin, A., and Wager, T. D. (2007). Functional neuroimaging of anxiety: A
meta-analysis of emotional processing in PTSD, social anxiety disorder, and
specific phobia. Am. J. Psychiatry 164, 1476-1488. doi: 10.1176/appi.ajp.2007.0703
0504

Fitzcharles, M.-A., Cohen, S. P., Clauw, D. ], Littlejohn, G., Usui, C., and Hauser,
W. (2021). Nociplastic pain: Towards an understanding of prevalent pain conditions.
Lancet 397, 2098-2110. doi: 10.1016/S0140-6736(21)00392-5

Gautier, A., El Ouaraki, H., Bazin, N., Salam, S., Vodjdani, G., Bourgoin, S.,
et al. (2017). Lentiviral vector-driven inhibition of 5-HT synthesis in B3 bulbo-
spinal serotonergic projections - Consequences on nociception, inflammatory and
neuropathic pain in rats. Exp. Neurol. 288, 11-24. doi: 10.1016/j.expneurol.2016.1
0.016

Gehrlach, D. A., Dolensek, N., Klein, A. S., Roy Chowdhury, R.,, Matthys, A,
Junghinel, M., et al. (2019). Aversive state processing in the posterior insular cortex.
Nat. Neurosci. 22, 1424-1437. doi: 10.1038/s41593-019-0469- 1

Ghosh, M., and Pearse, D. D. (2015). The role of the serotonergic system in
locomotor recovery after spinal cord injury. Front. Neural Circuits 8:151. doi: 10.3389/
fncir.2014.00151

Godinez-Chaparro, B., Lopez-Santillan, F. J., Ordufia, P., and Granados-Soto, V.
(2012). Secondary mechanical allodynia and hyperalgesia depend on descending
facilitation mediated by spinal 5-HT4, 5-HTs and 5-HT7 receptors. Neuroscience 222,
379-391. doi: 10.1016/j.neuroscience.2012.07.008

Gogolla, N. (2017). The insular cortex. Curr. Biol. 27, R580-R586. doi: 10.1016/j.
cub.2017.05.010

Gross, C., and Hen, R. (2004). The developmental origins of anxiety. Nat. Rev.
Neurosci. 5, 545-552. doi: 10.1038/nrn1429

Haleem, D. J. (2019). Targeting SerotoninlA receptors for treating chronic
pain and depression. Curr. Neuropharmacol. 17, 1098-1108. doi: 10.2174/
1570159X17666190811161807

Hodges, M. R., and Richerson, G. B. (2008). Contributions of 5-HT neurons to
respiratory control: Neuromodulatory and trophic effects. Respir. Physiol. Neurobiol.
164, 222-232. doi: 10.1016/j.resp.2008.05.014

Hodges, M. R., and Richerson, G. B. (2010). Medullary serotonin neurons and their
roles in central respiratory chemoreception. Respir. Physiol. Neurobiol. 173, 256-263.
doi: 10.1016/j.resp.2010.03.006

Hori, Y., Endo, K., and Takahashi, T. (1996). Long-lasting synaptic facilitation
induced by serotonin in superficial dorsal horn neurones of the rat spinal cord.
J. Physiol. 492, 867-876. doi: 10.1113/jphysiol.1996.sp021352

Hornung, J. P. (2010). “CHAPTER 1.3 - The Neuronatomy of the Serotonergic
System,” in Handbook of the behavioral neurobiology of serotonin, eds C. P. Miiller
and B. L. Jacobs (Amsterdam: Elsevier), 51-64. doi: 10.1016/S1569-7339(10)7
0071-0

Huang, Y. Y., and Kandel, E. R. (2007). 5-Hydroxytryptamine induces a protein
kinase A/mitogen-activated protein kinase-mediated and macromolecular synthesis-
dependent late phase of long-term potentiation in the amygdala. J. Neurosci. 27,
3111-3119. doi: 10.1523/J]NEUROSCI.3908-06.2007

Jann, M. W, and Slade, J. H. (2007). Antidepressant agents for the treatment of
chronic pain and depression. Pharmacotherapy 27, 1571-1587. doi: 10.1592/phco.27.
11.1571

Ji, G., Zhang, W., Mahimainathan, L., Narasimhan, M., Kiritoshi, T., Fan, X., et al.
(2017). 5-HT2C receptor knockdown in the amygdala inhibits neuropathic-pain-
related plasticity and behaviors. J. Neurosci. 37, 1378-1393. doi: 10.1523/JNEUROSCI.
2468-16.2016

frontiersin.org


https://doi.org/10.3389/fnsyn.2023.1122381
https://doi.org/10.1016/j.pain.2013.06.009
https://doi.org/10.1016/j.berh.2015.04.022
https://doi.org/10.1016/j.ejpain.2004.11.001
https://doi.org/10.1016/j.pain.2010.11.010
https://doi.org/10.1016/j.pharmthera.2020.107743
https://doi.org/10.1016/j.brainres.2015.06.043
https://doi.org/10.1016/s0304-3959(99)00307-3
https://doi.org/10.1016/s0304-3959(99)00307-3
https://doi.org/10.1124/pr.118.015552
https://doi.org/10.1016/s0028-3908(99)00010-6
https://doi.org/10.1073/pnas.1525586113
https://doi.org/10.1073/pnas.1525586113
https://doi.org/10.1016/j.biopsych.2014.08.004
https://doi.org/10.1038/nrn.2016.68
https://doi.org/10.3390/ijms22041927
https://doi.org/10.3390/ijms22041927
https://doi.org/10.1016/j.pain.2010.03.007
https://doi.org/10.1016/j.pain.2010.03.007
https://doi.org/10.1038/nrn3516
https://doi.org/10.1038/nrn3516
https://doi.org/10.1186/1744-8069-10-70
https://doi.org/10.1038/nn.4101
https://doi.org/10.31887/DCNS.2010.12.4/ycharnay
https://doi.org/10.1016/j.neuropharm.2021.108749
https://doi.org/10.1016/j.neuropharm.2021.108749
https://doi.org/10.1016/S0140-6736(21)00393-7
https://doi.org/10.1016/S0140-6736(21)00393-7
https://doi.org/10.2174/1570159X15666170911121027
https://doi.org/10.2174/1570159X15666170911121027
https://doi.org/10.1016/bs.pbr.2021.01.001
https://doi.org/10.1016/bs.pbr.2021.01.001
https://doi.org/10.1038/nn.3628
https://doi.org/10.1186/s12974-020-1704-0
https://doi.org/10.1038/sj.bjp.0706854
https://doi.org/10.1016/j.brainres.2009.05.001
https://doi.org/10.1016/0006-8993(90)90025-7
https://doi.org/10.1176/appi.ajp.2007.07030504
https://doi.org/10.1176/appi.ajp.2007.07030504
https://doi.org/10.1016/S0140-6736(21)00392-5
https://doi.org/10.1016/j.expneurol.2016.10.016
https://doi.org/10.1016/j.expneurol.2016.10.016
https://doi.org/10.1038/s41593-019-0469-1
https://doi.org/10.3389/fncir.2014.00151
https://doi.org/10.3389/fncir.2014.00151
https://doi.org/10.1016/j.neuroscience.2012.07.008
https://doi.org/10.1016/j.cub.2017.05.010
https://doi.org/10.1016/j.cub.2017.05.010
https://doi.org/10.1038/nrn1429
https://doi.org/10.2174/1570159X17666190811161807
https://doi.org/10.2174/1570159X17666190811161807
https://doi.org/10.1016/j.resp.2008.05.014
https://doi.org/10.1016/j.resp.2010.03.006
https://doi.org/10.1113/jphysiol.1996.sp021352
https://doi.org/10.1016/S1569-7339(10)70071-0
https://doi.org/10.1016/S1569-7339(10)70071-0
https://doi.org/10.1523/JNEUROSCI.3908-06.2007
https://doi.org/10.1592/phco.27.11.1571
https://doi.org/10.1592/phco.27.11.1571
https://doi.org/10.1523/JNEUROSCI.2468-16.2016
https://doi.org/10.1523/JNEUROSCI.2468-16.2016
https://www.frontiersin.org/journals/synaptic-neuroscience
https://www.frontiersin.org/

Hao et al.

Ji, R R, Nackley, A, Huh, Y., Terrando, N., and Maixner, W. (2018).
Neuroinflammation and central sensitization in chronic and widespread pain.
Anesthesiology 129, 343-366. doi: 10.1097/ALN.0000000000002130

Ju, A., Fernandez-Arroyo, B., Wu, Y., Jacky, D., and Beyeler, A. (2020). Expression
of serotonin 1A and 2A receptors in molecular- and projection-defined neurons of the
mouse insular cortex. Mol. Brain 13:99. doi: 10.1186/s13041-020-00605-5

Koga, K., Descalzi, G., Chen, T., Ko, H. G., Ly, J., Li, S., et al. (2015). Coexistence
of two forms of LTP in ACC provides a synaptic mechanism for the interactions
between anxiety and chronic pain. Neuron 85, 377-389. doi: 10.1016/j.neuron.2014.1
2.021

Koga, K., Sim, S. E,, Chen, T., Wu, L. J., Kaang, B. K,, and Zhuo, M. (2012).
Kainate receptor-mediated synaptic transmissions in the adult rodent insular cortex.
J. Neurophysiol. 108, 1988-1998. doi: 10.1152/jn.00453.2012

Kuner, R, and Flor, H. (2017). Structural plasticity and reorganisation in chronic
pain. Nat. Rev. Neurosci. 18, 20-30. doi: 10.1038/nrn.2016.162

Lee, J. J., Hahm, E. T, Lee, C. H,, and Cho, Y. W. (2008). Serotonergic modulation
of GABAergic and glutamatergic synaptic transmission in mechanically isolated rat
medial preoptic area neurons. Neuropsychopharmacology 33, 340-352. doi: 10.1038/sj.
npp.1301396

Li, P., and Zhuo, M. (1998). Silent glutamatergic synapses and nociception in
mammalian spinal cord. Nature 393, 695-698. doi: 10.1038/31496

Li, P, Kerchner, G. A, Sala, C., Wei, F., Huettner, J. E., Sheng, M., et al. (1999).
AMPA receptor-PDZ interactions in facilitation of spinal sensory synapses. Nat.
Neurosci. 2,972-977. doi: 10.1038/14771

Li,S. F., Zhang, Y. Y., Li, Y. Y., Wen, S., and Xiao, Z. (2014). Antihyperalgesic effect
of 5-HT7 receptor activation on the midbrain periaqueductal gray in a rat model of
neuropathic pain. Pharmacol. Biochem. Behav. 127, 49-55. doi: 10.1016/j.pbb.2014.10.
007

Liu, Q. Q, Yao, X. X,, Gao, S. H,, Li, R,, Li, B. ], Yang, W, et al. (2020). Role of 5-
HT receptors in neuropathic pain: Potential therapeutic implications. Pharmacol. Res.
159:104949. doi: 10.1016/j.phrs.2020.104949

Lopez-Garcia, J. A., and King, A. E. (1996). Pre- and post-synaptic actions
of 5-hydroxytryptamine in the rat lumbar dorsal horn in vitro: Implications for
somatosensory transmission. Eur. J. Neurosci. 8, 2188-2197. doi: 10.1111/j.1460-9568.
1996.tb00740.x

Martin, S. L., Power, A., Boyle, Y., Anderson, I. M., Silverdale, M. A., and Jones,
A.K.P.(2017). 5-HT modulation of pain perception in humans. Psychopharmacology
234, 2929-2939. doi: 10.1007/s00213-017-4686-6

Matsuzawa-Yanagida, K., Narita, M., Nakajima, M., Kuzumaki, N., Niikura, K.,
Nozaki, H., et al. (2008). Usefulness of antidepressants for improving the neuropathic
pain-like state and pain-induced anxiety through actions at different brain sites.
Neuropsychopharmacology 33, 1952-1965. doi: 10.1038/sj.npp.1301590

Montalbano, A., Corradetti, R, and Mlinar, B. (2015). Pharmacological
characterization of 5-HT1A autoreceptor-coupled GIRK channels in rat dorsal
raphe 5-HT neurons. PLoS One 10:¢0140369. doi: 10.1371/journal.pone.0140369

Mosienko, V., Bert, B., Beis, D., Matthes, S., Fink, H., Bader, M., et al. (2012).
Exaggerated aggression and decreased anxiety in mice deficient in brain serotonin.
Transl. Psychiatry 2:e122. doi: 10.1038/tp.2012.44

Nakae, A., Nakai, K., Tanaka, T., Hagihira, S., Shibata, M., Ueda, K., et al. (2008).
The role of RNA editing of the serotonin 2C receptor in a rat model of oro-facial
neuropathic pain: mRNA editing in the spinal cord. Eur. J. Neurosci. 27, 2373-2379.
doi: 10.1111/j.1460-9568.2008.06205.x

O’Neil, R. T., and Emeson, R. B. (2012). Quantitative analysis of 5HT(2C) receptor
RNA editing patterns in psychiatric disorders. Neurobiol. Dis. 45, 8-13. doi: 10.1016/j.
nbd.2011.08.026

Okaty, B. W., Commons, K. G., and Dymecki, S. M. (2019). Embracing diversity in
the 5-HT neuronal system. Nat. Rev. Neurosci. 20, 397-424. doi: 10.1038/s41583-019-
0151-3

Ossipov, M. H., Morimura, K., and Porreca, F. (2014). Descending pain modulation
and chronification of pain. Curr. Opin. Support Palliat. Care 8, 143-151. doi: 10.1097/
SPC.0000000000000055

Oyama, T., Ueda, M., Kuraishi, Y., Akaike, A., and Satoh, M. (1996). Dual effect of
serotonin on formalin-induced nociception in the rat spinal cord. Neurosci. Res. 25,
129-135. doi: 10.1016/0168-0102(96)01034-6

Paredes, S., Cantillo, S., Candido, K. D., and Knezevic, N. N. (2019). An association
of serotonin with pain disorders and its modulation by estrogens. Int. J. Mol. Sci.
20:5729. doi: 10.3390/ijms20225729

Pineda-Farias, J. B., Barragan-Iglesias, P., Valdivieso-Sdnchez, A., Rodriguez-
Silverio, J., Flores-Murrieta, F. J., Granados-Soto, V., et al. (2017). Spinal 5-HT 4

and 5-HT 6 receptors contribute to the maintenance of neuropathic pain in rats.
Pharmacol. Rep. 69, 916-923. doi: 10.1016/j.pharep.2017.04.001

Popova, N. K., Tsybko, A. S., and Naumenko, V. S. (2022). The implication of 5-
HT receptor family members in aggression, depression and suicide: Similarity and
difference. Int. J. Mol. Sci. 23:8814. doi: 10.3390/ijms23158814

Frontiers in Synaptic Neuroscience

11

10.3389/fnsyn.2023.1122381

Qiu, S., Chen, T., Koga, K., Guo, Y., Xu, H,, Song, Q., et al. (2013). An increase in
synaptic NMDA receptors in the insular cortex contributes to neuropathic pain. Sci.
Signal. 6:ra34. doi: 10.1126/scisignal.2003778

Qiu, S., Zhang, M., Liu, Y., Guo, Y., Zhao, H.,, Song, Q., et al. (2014). GluAl
phosphorylation contributes to postsynaptic amplification of neuropathic pain in
the insular cortex. J. Neurosci. 34, 13505-13515. doi: 10.1523/JNEUROSCI.1431-14.
2014

Rahman, W., Suzuki, R., Webber, M., Hunt, S. P., and Dickenson, A. H. (2006).
Depletion of endogenous spinal 5-HT attenuates the behavioural hypersensitivity to
mechanical and cooling stimuli induced by spinal nerve ligation. Pain 123, 264-274.
doi: 10.1016/j.pain.2006.02.033

Ramboz, S., Oosting, R,, Amara, D. A., Kung, H. F,, Blier, P., Mendelsohn, M.,
et al. (1998). Serotonin receptor 1A knockout: An animal model of anxiety-related
disorder. Proc. Natl. Acad. Sci. U. S. A. 95, 14476-14481. doi: 10.1073/pnas.95.24.1
4476

Ren, J., Friedmann, D., Xiong, J., Liu, C. D., Ferguson, B. R., Weerakkody, T.,
et al. (2018). Anatomically defined and functionally distinct dorsal raphe serotonin
sub-systems. Cell 175, 472-487.e20. doi: 10.1016/j.cell.2018.07.043

Sahbaie, P., Irvine, K., Liang, D., Shi, X., and Clark, J. (2019). Mild traumatic brain
injury causes nociceptive sensitization through spinal chemokine upregulation. Sci.
Rep. 9:19500. doi: 10.1038/541598-019-55739-x

Santangelo, A. M., Sawiak, S. J., Fryer, T., Hong, Y., Shiba, Y., Clarke, H. F,,
et al. (2019). Insula serotonin 2A receptor binding and gene expression contribute to
serotonin transporter polymorphism anxious phenotype in primates. Proc. Natl. Acad.
Sci. U. S. A. 116, 14761-14768. doi: 10.1073/pnas.1902087116

Santello, M., and Nevian, T. (2015). Dysfunction of cortical dendritic integration in
neuropathic pain reversed by serotoninergic neuromodulation. Neuron 86, 233-246.
doi: 10.1016/j.neuron.2015.03.003

Sbrini, G., Hanswijk, S. I, Brivio, P., Middelman, A., Bader, M., Fumagalli, F.,
et al. (2022). Peripheral serotonin deficiency affects anxiety-like behavior and the
molecular response to an acute challenge in rats. Int. J. Mol. Sci. 23:4941. doi: 10.3390/
{jms23094941

Sharp, T., and Barnes, N. M. (2020). Central 5-HT receptors and their function;
present and future. Neuropharmacology 177:108155. doi: 10.1016/j.neuropharm.2020.
108155

Sharp, T., Boothman, L., Raley, J., and Quérée, P. (2007). Important messages in the
‘post’: Recent discoveries in 5-HT neurone feedback control. Trends Pharmacol. Sci.
28, 629-636. doi: 10.1016/j.tips.2007.10.009

Singh, A., Patel, D., Li, A., Hu, L., Zhang, Q., Liu, Y., et al. (2020). Mapping cortical
integration of sensory and affective pain pathways. Curr. Biol. 30, 1703-1715.e5. doi:
10.1016/j.cub.2020.02.091

Sufka, K. J., Schomburg, F. M., and Giordano, J. (1992). Receptor mediation of 5-
HT-induced inflammation and nociception in rats. Pharmacol. Biochem. Behav. 41,
53-56. doi: 10.1016/0091-3057(92)90058-n

Sun, H,, Xu, S., Yi, L., Chen, Y., Wu, P., Cao, Z., et al. (2016). Role of 5-HT1A
receptor in insular cortex mediating stress - induced visceral sensory dysfunction.
Neurogastroenterol. Motil. 28, 1104-1113. doi: 10.1111/nmo.12815

Szok, D., Tajti, J., Nydri, A., and Vécsei, L. (2019). Therapeutic Approaches for
Peripheral and Central Neuropathic Pain. Behav. Neurol. 2019:8685954. doi: 10.1155/
2019/8685954

Tian, Z., Yamanaka, M., Bernabucci, M. B., Zhao, M. G., and Zhuo, M. (2017).
Characterization of serotonin-induced inhibition of excitatory synaptic transmission
in the anterior cingulate cortex. Mol. Brain 10:21. doi: 10.1186/s13041-017-0303- 1

Trotter, P. D., Smith, S. A., Moore, D. J., O’Sullivan, N., McFarquhar, M. M.,
McGlone, F. P, et al. (2022). Acute tryptophan depletion alters affective touch
perception. Psychopharmacology 239, 2771-2785. doi: 10.1007/s00213-022-06151-3

Viguier, F., Michot, B., Hamon, M., and Bourgoin, S. (2013). Multiple roles of
serotonin in pain control mechanisms —Implications of 5-HT7 and other 5-HT
receptor types. Eur. J. Pharmacol. 716, 8-16. doi: 10.1016/j.ejphar.2013.01.074

Walker, Z., Walker, R. W., Robertson, M. M., and Stansfeld, S. (1998).
Antidepressant treatment of chronic tension-type headache: A comparison between
fluoxetine and desipramine. Headache 38, 523-528. doi: 10.1046/j.1526-4610.1998.
3807523.x

Wang, G. D., and Zhuo, M. (2002). Synergistic enhancement of glutamate-mediated
responses by serotonin and forskolin in adult mouse spinal dorsal horn neurons.
J. Neurophysiol. 87, 732-739. doi: 10.1152/jn.00423.2001

Wang, W., Zhang, M., Wang, Y., Jin, C, Yan, B, and Ma, S. (2010). 5-HT
modulation of pain in SI and SII revealed by fMRI. Zhong Nan Da Xue Xue Bao Yi
Xue Ban 35, 185-193. doi: 10.3969/j.issn.1672-7347.2010.03.001

Wei, F., Dubner, R., Zou, S., Ren, K., Bai, G., Wei, D, et al. (2010). Molecular
depletion of descending serotonin unmasks its novel facilitatory role in the
development of persistent pain. J. Neurosci. 30, 8624-8636. doi: 10.1523/JNEUROSCI.
5389-09.2010

frontiersin.org


https://doi.org/10.3389/fnsyn.2023.1122381
https://doi.org/10.1097/ALN.0000000000002130
https://doi.org/10.1186/s13041-020-00605-5
https://doi.org/10.1016/j.neuron.2014.12.021
https://doi.org/10.1016/j.neuron.2014.12.021
https://doi.org/10.1152/jn.00453.2012
https://doi.org/10.1038/nrn.2016.162
https://doi.org/10.1038/sj.npp.1301396
https://doi.org/10.1038/sj.npp.1301396
https://doi.org/10.1038/31496
https://doi.org/10.1038/14771
https://doi.org/10.1016/j.pbb.2014.10.007
https://doi.org/10.1016/j.pbb.2014.10.007
https://doi.org/10.1016/j.phrs.2020.104949
https://doi.org/10.1111/j.1460-9568.1996.tb00740.x
https://doi.org/10.1111/j.1460-9568.1996.tb00740.x
https://doi.org/10.1007/s00213-017-4686-6
https://doi.org/10.1038/sj.npp.1301590
https://doi.org/10.1371/journal.pone.0140369
https://doi.org/10.1038/tp.2012.44
https://doi.org/10.1111/j.1460-9568.2008.06205.x
https://doi.org/10.1016/j.nbd.2011.08.026
https://doi.org/10.1016/j.nbd.2011.08.026
https://doi.org/10.1038/s41583-019-0151-3
https://doi.org/10.1038/s41583-019-0151-3
https://doi.org/10.1097/SPC.0000000000000055
https://doi.org/10.1097/SPC.0000000000000055
https://doi.org/10.1016/0168-0102(96)01034-6
https://doi.org/10.3390/ijms20225729
https://doi.org/10.1016/j.pharep.2017.04.001
https://doi.org/10.3390/ijms23158814
https://doi.org/10.1126/scisignal.2003778
https://doi.org/10.1523/JNEUROSCI.1431-14.2014
https://doi.org/10.1523/JNEUROSCI.1431-14.2014
https://doi.org/10.1016/j.pain.2006.02.033
https://doi.org/10.1073/pnas.95.24.14476
https://doi.org/10.1073/pnas.95.24.14476
https://doi.org/10.1016/j.cell.2018.07.043
https://doi.org/10.1038/s41598-019-55739-x
https://doi.org/10.1073/pnas.1902087116
https://doi.org/10.1016/j.neuron.2015.03.003
https://doi.org/10.3390/ijms23094941
https://doi.org/10.3390/ijms23094941
https://doi.org/10.1016/j.neuropharm.2020.108155
https://doi.org/10.1016/j.neuropharm.2020.108155
https://doi.org/10.1016/j.tips.2007.10.009
https://doi.org/10.1016/j.cub.2020.02.091
https://doi.org/10.1016/j.cub.2020.02.091
https://doi.org/10.1016/0091-3057(92)90058-n
https://doi.org/10.1111/nmo.12815
https://doi.org/10.1155/2019/8685954
https://doi.org/10.1155/2019/8685954
https://doi.org/10.1186/s13041-017-0303-1
https://doi.org/10.1007/s00213-022-06151-3
https://doi.org/10.1016/j.ejphar.2013.01.074
https://doi.org/10.1046/j.1526-4610.1998.3807523.x
https://doi.org/10.1046/j.1526-4610.1998.3807523.x
https://doi.org/10.1152/jn.00423.2001
https://doi.org/10.3969/j.issn.1672-7347.2010.03.001
https://doi.org/10.1523/JNEUROSCI.5389-09.2010
https://doi.org/10.1523/JNEUROSCI.5389-09.2010
https://www.frontiersin.org/journals/synaptic-neuroscience
https://www.frontiersin.org/

Hao et al.

Weisstaub, N. V., Zhou, M., Lira, A., Lambe, E., Gonzélez-Maeso, J., Hornung, J.-P.,
et al. (2006). Cortical 5-HT2A receptor signaling modulates anxiety-like behaviors in
mice. Science 313, 536-540. doi: 10.1126/science.1123432

Yamauchi, N., Sato, K., Sato, K., Murakawa, S., Hamasaki, Y., Nomura, H., et al.
(2022). Chronic pain-induced neuronal plasticity in the bed nucleus of the stria
terminalis causes maladaptive anxiety. Sci. Adv. 8:eabj5586. doi: 10.1126/sciadv.
abj5586

Yang, J., Bae, H. B.,Ki, H. G., Oh, J. M,, Kim, W. M., Lee, H. G, et al. (2014). Different
role of spinal 5-HT(hydroxytryptamine)7 receptors and descending serotonergic
modulation in inflammatory pain induced in formalin and carrageenan rat models.
Br. J. Anaesth. 113, 138-147. doi: 10.1093/bja/aet336

Zhang, L., Yin, J. B,, Hu, W., Zhao, W. J,, Fan, Q. R,, Qiu, Z. C, et al. (2018).
Analgesic Effects of Duloxetine on Formalin-Induced Hyperalgesia and Its Underlying
Mechanisms in the CeA. Front. Pharmacol. 9:317. doi: 10.3389/fphar.2018.00317

Zhong, P., Liu, W.,, Gu, Z, and Yan, Z. (2008). Serotonin facilitates long-
term depression induction in prefrontal cortex via p38 MAPK/Rab5-mediated
enhancement of AMPA receptor internalization. J. Physiol. 586, 4465-4479. doi: 10.
1113/jphysiol.2008.155143

Frontiers in Synaptic Neuroscience

12

10.3389/fnsyn.2023.1122381

Zhou, Y. S., Meng, F. C, Cui, Y., Xiong, Y. L, Li, X. Y., Meng, F. B,, et al.
(2022). Regular Aerobic Exercise Attenuates Pain and Anxiety in Mice by Restoring
Serotonin-Modulated Synaptic Plasticity in the Anterior Cingulate Cortex. Med. Sci.
Sports Exerc. 54, 566-581. doi: 10.1249/MSS.0000000000002841

Zhuo, M. (2000). Silent glutamatergic synapses and long-term facilitation in spinal
dorsal horn neurons. Prog. Brain Res. 129, 101-113. doi: 10.1016/S0079-6123(00)
29008-0

Zhuo, M. (2007). A synaptic model for pain: Long-term potentiation in the anterior
cingulate cortex. Mol. Cells 23, 259-271.

Zhuo, M. (2008). Cortical excitation and chronic pain. Trends Neurosci. 31,199-207.
doi: 10.1016/j.tins.2008.01.003

Zhuo, M. (2014). Long-term potentiation in the anterior cingulate cortex and
chronic pain. Philos. Trans. R. Soc. Lond. B Biol. Sci. 369:20130146. doi: 10.1098/rstb.
2013.0146

Zhuo, M. (2016). Contribution of synaptic plasticity in the insular cortex
to chronic pain. Neuroscience 338, 220-229. doi: 10.1016/j.neuroscience.2016.0
8.014

frontiersin.org


https://doi.org/10.3389/fnsyn.2023.1122381
https://doi.org/10.1126/science.1123432
https://doi.org/10.1126/sciadv.abj5586
https://doi.org/10.1126/sciadv.abj5586
https://doi.org/10.1093/bja/aet336
https://doi.org/10.3389/fphar.2018.00317
https://doi.org/10.1113/jphysiol.2008.155143
https://doi.org/10.1113/jphysiol.2008.155143
https://doi.org/10.1249/MSS.0000000000002841
https://doi.org/10.1016/S0079-6123(00)29008-0
https://doi.org/10.1016/S0079-6123(00)29008-0
https://doi.org/10.1016/j.tins.2008.01.003
https://doi.org/10.1098/rstb.2013.0146
https://doi.org/10.1098/rstb.2013.0146
https://doi.org/10.1016/j.neuroscience.2016.08.014
https://doi.org/10.1016/j.neuroscience.2016.08.014
https://www.frontiersin.org/journals/synaptic-neuroscience
https://www.frontiersin.org/

	Multiple modulatory roles of serotonin in chronic pain and injury-related anxiety
	Introduction
	Overview of serotonergic projections throughout pain- and anxiety-related pathways
	5-HT receptor distribution and function across pain/anxiety-related brain regions
	Contributions of the 5-HT system to chronic pain
	Contributions of the 5-HT system to injury-related anxiety
	Synaptic mechanisms of the 5-HT system in chronic pain and injury-related anxiety
	Effects of the 5-HT system on excitatory and inhibitory synaptic transmission
	Effects of the 5-HT system on long-term potentiation and long-term depression

	Conclusion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


