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The rostral ventromedial medulla (RVM) is a bulbospinal nuclei in the descending
pain modulation system, and directly affects spinal nociceptive transmission
through pronociceptive ON cells and antinociceptive OFF cells in this area.
The functional status of ON and OFF neurons play a pivotal role in pain
chronification. As distinct pain modulative information converges in the RVM
and affects ON andOFF cell excitability, neural circuits and transmitters correlated
to RVM need to be defined for an in-depth understanding of central-mediated
pain sensitivity. In this review, neural circuits including the role of the
periaqueductal gray, locus coeruleus, parabrachial complex, hypothalamus,
amygdala input to the RVM, and RVM output to the spinal dorsal horn are
discussed. Meanwhile, the role of neurotransmitters is concluded, including
serotonin, opioids, amino acids, cannabinoids, TRPV1, substance P and
cholecystokinin, and their dynamic impact on both ON and OFF cell activities
in modulating pain transmission. Via clarifying potential specific receptors of ON
and OFF cells, more targeted therapies can be raised to generate pain relief for
patients who suffer from chronic pain.
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1 Introduction

Central sensitization plays a significant role in the endogenous modulation of
nociceptive transmission (Woolf, 1983). The descending pain modulation system
influences the sensitization of central nociceptive transmission predominantly by altering
the interconnections with the rostral ventromedial medulla (RVM) (Francois et al., 2017).
Therefore, it is essential to define a role for RVM in pain modulation.

Located in the lower bulbospinal area, the RVM mainly consists of the nucleus raphe
magnus (NRM), the nucleus reticularis gigantocellularis-pars alpha, and the nucleus
paragiganto-cellularis lateralis (Zhuo and Gebhart, 1990). Regarding its function, it has
been reported that when experiencing noxious heat stimuli or continuous neuropathic pain,
not only the contralateral RVM but also the ipsilateral/median RVM activity is increased, as
indicated in a functional magnetic resonance imaging (fMRI) study of human supraspinal
structures (Rempe et al., 2015; Mills et al., 2020). Furthermore, in opioid-mediated,
attentional, and placebo analgesia, a significant increase in correlated voxels was
observed primarily in the middle and ventral aspects of the RVM (Crawford et al., 2021;
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Oliva et al., 2022). In addition, other investigations have
subsequently conveyed the importance of the RVM in
modulating descending pain in male and female animal models
(Drake et al., 2007; M. M. Heinricher et al., 2009). These findings
confirmed the distinctive role of the RVM as the main gatekeeper of
descending pain modulation and facilitating bidirectional or
inhibitory pain modulatory effects. Moreover, variations in RVM
neuronal responses to nociceptive stimulation have been observed
through classic extracellular recording (Fields et al., 1983). ON cell
firing increases and OFF cell firing decreases, while Neutral cells
exert no responses to nociceptive stimulus (M. M. Heinricher et al.,
1987). Interestingly, other studies have suggested that Neutral cells
could participate in the development of hyperalgesia by responding
in an ON/OFF manner when applying noxious stimuli other than
tail heat (Ellrich et al., 2000). Thus, ON and OFF cells are pivotal for
RVM-related pain modulation.

Although studies have characterized the key role of the RVM in
pain modulation, there are still several questions that remain
unresolved in RVM-related pain modulation of neural networks,
which impede the development of new analgesic approaches
targeting the RVM and the corresponding pathways. These
limitations include, but are not limited to: 1) neural circuits and
neurotransmitters influencing the activities of RVM ON and OFF
cells have not been precisely elucidated; 2) neurotransmitters
participating in RVM ON and OFF cells driven spinal
nociceptive modulation remain elusive.

In reality, the RVM is an integral relay point between high-level
nerve systems and peripheral inputs in pain modulation.
Nociceptive information is transmitted to the RVM through
specific groups of spinal ascending neurons (Todd, 2010) and
through connective neurons in supraspinal structures involved in
pain modulation. The RVM receives nociceptive-related neural
afferents, including the parabrachial complex (PB) (Roeder et al.,
2016), locus coeruleus (LC) (Tanaka et al., 1996), midbrain (PAG)
(Behbehani and Fields, 1979), hypothalamus (Gu and Wessendorf,
2007), and the amygdala (Mcgaraughty and Heinricher, 2002), and
then projects to the trigeminal nucleus caudalis and the spinal dorsal
horn via ventrolateral funiculus and spinal dorsolateral funiculus
separately (Fields et al., 1995). Several key neurotransmitters have
been demonstrated to be involved in RVM-related pain modulation,
including opioids (Cheng et al., 1986; Lau et al., 2020), amino acids
(Winkler et al., 2006), serotonin (Wei et al., 2010), and cannabinoids
(Meng et al., 1998), which will also be discussed in this review. By
providing an overview of the potential neural circuits and
neurotransmitters corresponding to RVM ON and OFF cells, this
review will deepen our current understanding of RVM-driven
descending pain modulation.

2 Function and molecular
characteristics of RVM ON and OFF
cells

2.1 Functional definition of ON and OFF cells

According to cell discharge patterns and electroexcitation
reactions in response to tail heat stimulation (Fields et al., 1983),
Fields first confirmed that pronociceptive ON cells increased activity

immediately before facilitation of the withdrawal response.
Antinociceptive OFF cells decreased their relatively high
spontaneous activity up to a pause, which triggered the
nociceptive response. Neutral cells did not respond to painful
stimuli. ON and OFF cells exert different activities and pain
modulation effects under different circumstances. Under normal
conditions, ON and OFF cells exhibit alternating periods of activity
and silence (Barbaro et al., 1989). These synaptic interconnections
within the RVM play an important role in modulating pain. Within
the RVM, opioids directly inhibit the activities of ON cells, while
indirectly increasing the activities of OFF cells, exerting analgesic
effects (Cheng et al., 1986). Furthermore, when ON cells are
inhibited and OFF cells are activated, this leads to responses of
attentional analgesia (Oliva et al., 2021), placebo analgesia
(Crawford et al., 2021), and stress-induced analgesia (Martenson
et al., 2009). In the presence of nerve injury (Lopez-Canul et al.,
2015) and in diabetic models (Silva et al., 2013; Palazzo et al., 2022)
of hyperalgesia, increased ON cell activities and decreased OFF cell
activities are observed, sustaining central sensitization and
neuropathic pain responses. Therefore, any change in the balance
of activity between ON and OFF cells produces bidirectional
stimulatory or inhibitory modulatory effects on pain, regardless
of normal circumstances or neuropathic and inflammatory
situations.

2.2 Molecular expression characteristics of
ON and OFF cells

Notwithstanding the electrophysiological properties of ON and
OFF cells having been thoroughly investigated, the lack of specific
cell markers encourages speculation into the neurotransmitters and
receptors expressed by ON and OFF cells.

The RVM is considered the main site for opioid analgesia and
opioid receptors are abundantly expressed in the RVM, including
the μ-opioid receptor (MOR), κ-opioid receptor (KOR), δ-opioid
receptor (DOR), and nociception/orphanin FQ receptors (NOPR),
with especially high expression of MOR on ON cells. Previously,
MOR has been considered a specific marker for ON cells (M. M.
Heinricher et al., 1992). After injection of the micro-opioid MOR
agonist DAMGO into the RVM in vivo, ON cell firing is directly
inhibited through a postsynaptic mechanism (M. M. Heinricher
et al., 1994). Indeed, MOR are positively expressed on part of OFF
cells (Harasawa et al., 2016), and it has been assumed that the MOR
agonists DAMGO activated OFF cells predominantly through two
distinct mechanisms: one was direct activation via inducing
glutamate release, while the other involved indirect disinhibition
of RVM OFF cells by pre-synaptic inhibition of GABAergic
terminals with the resulting release of endogenous opioids (M.
M. Heinricher et al., 1992; M. M. Heinricher et al., 1994). KOR
has limited expression on ON cells (approximately 13%) (Winkler
et al., 2006). RVM microinjection of the KOR agonist U69593 did
not affect tail flick latencies, although it did attenuate the ON cell
burst (Meng et al., 2005), suggesting that OFF cells play a significant
role in analgesia medicated by KOR. Approximately 86% of OFF
cells are positive for KOR expression (Winkler et al., 2006), while
functionally, administration of KOR agonists U69,593 into the RVM
directly suppressed OFF cells activity through a postsynaptic
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mechanism and inhibited glutamatergic input to OFF cells
presynaptically, and thus could elicit mechanical hypersensitivity
under normal conditions or following injuries (Winkler et al., 2006;
Lau et al., 2020). Furthermore, KOR was found to be necessary and
sufficient to mediate stress induced analgesia (SIA) since activation
of KOR exerted similar effects as SIA, which were not enhanced by
stress (Bagley and Ingram, 2020). Moreover, Nguyen et al. (2022)
demonstrated that chemogenetic activation of KOR-positive
neurons in the RVM increased thresholds of heat and
mechanical pain and reversed hypersensitivity in acute and
chronic pain states, which was consistent with presynaptic
inhibition of excitatory inputs to ON cells and direct facilitation
of OFF cells activity. Taken together, these results strongly indicate
that KOR is expressed mainly on OFF cells but not on ON cells.
After microinfusion of the DOR agonist DELT, ON cells activities
decrease, while OFF cells activity is increased and behavioral
antinociception is observed (Harasawa et al., 2000). Similar to
MOR, the activation of DOR inhibits ON cells directly,
disinhibits OFF cells, and induces analgesia. NOPR is co-
expressed with MOR on ON cells, and both agonists exhibit the
same suppression effects on ON cells, although the effects are not a
crucial step in opioid-mediated analgesia (M. M. Heinricher et al.,
1997). Previous studies have shown that under the circumstances of
naloxone-precipitated withdrawal from opioids, infusing NOPR
inhibited ON cell activity, removed the pronociceptive influence
and counteracted the opioid withdrawal-induced hyperalgesia
(Kaplan and Fields, 1991; Pan et al., 2000). Interestingly, NOPR
activity induces pain-increasing effects via reversing the
disinhibitory effect of facilitating OFF cells in the presence of
stress stimulation, in which KOR participated (Pan et al., 2000).
Thus, endogenous opioids interact with both ON and OFF cells,
which fail to be identified as specific markers of any cell groups.

The effects of GABA and glutamate on RVM ON and OFF cells
cannot be overlooked, as their dysfunction may represent a specific
marker of ON or OFF cells. Approximately two-thirds of RVM ON
cells contain express γ-aminobutyric acid (GABA) (Winkler et al.,
2006). However, after administration of the GABAA receptor
antagonist bicuculline methiodide, analgesic effects were
observed, although ON cells did not show a consistent change in
activity (M. M. Heinricher and Tortorici, 1994). Further research is
still needed to determine whether other GABA receptors mediate
ON cell modulation. Interestingly, RVM GABA transporter positive
(VGAT+) GABAergic neurons express immune-responsive MOR
(MOR-ir), and approximately 67% of MOR-ir RVM neurons are
vesicular VGAT+ (Francois et al., 2017), indicating co-expression of
MOR and GABA in ON cells. Activation of MOR or DOR produces
a concentration-dependent decrease of GABA overflow in the RVM,
reduces inhibitory GABAergic activity, and directly hyperpolarizes
ON cells (Schepers et al., 2008; C. Zhang et al., 2020). Meanwhile,
recent research by Jiao et al. (2022) confirmed that the G protein-
coupled estrogen receptor (GPER) was expressed specifically in
GABAergic ON cells, as activation of GPER caused
depolarization of ON cells through modulation of MOR and
potentiated pain. These findings may explain the major role of
GABA and MOR in ON cell modulation, although GPER are found
to be specific only in GABAergic groups. Furthermore, GAD67
(GABA markers) were identified in approximately 93% of OFF cells
by immunostaining, indicating that OFF cells are also GABAergic

neurons (Winkler et al., 2006). Since only 22% of GABAB-expressing
neurons in the RVM were retrogradely labeled, activating GABAB

receptors at low doses facilitates OFF cells, while these were
inhibited at high doses (Pinto et al., 2008). Following
administration of the GABAA receptor antagonist bicuculline,
OFF cells enter a prolonged period of continuous firing and exert
behaviorally measurable antinociception (M. M. Heinricher and
Tortorici, 1994), reiterating the importance of the OFF cell
disinhibition on GABAA receptor-induced antinociception.

Regarding glutamate, repeated intramuscular injections increase
the response of ON cells to glutamate by altering the activity of the
N-methyl-D-aspartate receptor (NMDA), a glutamate receptor (Da
Silva et al., 2010). By microinjecting the NMDA receptor antagonist
AP5 into the RVM, Xu et al. (2007) found that only ON cell activities
were inhibited, while activated OFF cells and Neutral cells were not
affected, exerting a block of hyperalgesia. By applying the NMDA
receptor antagonist ketamine to the RVM, ON cells were inhibited,
which caused a reversal of chronic morphine-induced heat
hypersensitivity (Viisanen et al., 2020). Moreover, the injection of
low-dose glutamate into the RVM facilitated nociception in models
of neuropathic and inflammatory pain, where the expression of
cannabinoid receptor 1 (CB1R) and NMDA/AMPA receptors
(glutamate receptors) on RVM ON cells was increased
(Radhakrishnan and Sluka, 2009; Boadas-Vaello et al., 2016; Li
et al., 2017). In general, we believe that NMDA receptors and
glutamate in RVM could enhance ON cell activities and produce
hyperalgesia. Conversely, OFF cells exert stronger activity and
produce antinociceptive effects following application of glutamate
or the specific activation of metabotropic receptors 8 (mGluR8)
(Hosseini et al., 2021). Consequently, infusing the D-2-amino-5-
phosophonopentanoic acid (NMDA) receptor antagonists into the
RVM could attenuate or block the activation of OFF cells, which
congruently confirmed the expression of glutamate receptors on
OFF cells (M. M. Heinricher et al., 2001).

The transient receptor potential vanilloid-1 (TRPV1) is also
expressed by both ON and OFF cells. Through immunoreactivity
studies, Starowicz et al. (2007) found that in naïve rats, TRPV1/
MOR was colocalized in 84% ± 5% of RVM neurons, while 21% ±
3% of TRPV1-labeled cells were surrounded by positive nerve
terminals for VGAT, and of these, 80% ± 7% also expressed
vesicular glutamate transporter 1 (VGLUT1). As MORs are
mainly expressed in ON cells, we prefer to consider the existence
of TRPV1 in ON cells under normal conditions. Interestingly, in the
streptozotocin (STZ)-induced diabetic rat model, administering the
capsaicin agonist TRPV1 increased TRPV1 expression and
decreased hyperalgesia in the formalin test, with no effect in
control animals (Silva et al., 2016). It is reasonable to suggest
that during diabetic neuropathy, rats tend to be more sensitive to
modulation of TRPV1 activity and changes in TRPV1 expression
may be involved in glutamatergic circuits, namely OFF cells (Maione
et al., 2009).

Microinjection of cholecystokinin (CCK) at low doses (10 ng/
200 nL) attenuated opioid activation of OFF cells and blocked
opioid-mediated analgesia; however, it exerted no direct effects
on ON or OFF cells (Heinricher, 2001). Only administration of
CCK at higher doses (30 ng/200 nL) selectively activated ON cells
and produced behavioral hyperalgesia (M. M. Heinricher and
Neubert, 2004). Therefore, the anti-opioid and pronociceptive
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effects induced by CCK within the RVM are mediated by OFF and
ON cells separately. Furthermore, Zhang et al. (2009) confirmed that
80% of RVM neurons co-expressed MOR and the CCK type
2 receptor (CCK2), and that MOR was specifically expressed in
ON cells. After microinjecting L365,260 (a selective antagonist for
CCK2) rather than a CCK1 antagonist into the RVM, the thermal
hypersensitivity of rats with spinal injury was reversed (Kovelowski
et al., 2000). Meanwhile, in female rats after plantar incision,
injecting the CCK2 receptor agonist CCK-8 into the RVM
produced hyperalgesia, while the CCK2 receptor antagonist
YM022 decreased sensitivity to pain (Jiang et al., 2019). These
studies provide evidence that CCK acts through CCK2 on ON
cells and contributes to hyperalgesia under normal and
pathological conditions. However, it remains unclear whether
CCK2 can be regarded a specific marker of ON cells, as there has
been no study investigating whether all ON cells express CCK2 and
the direct effects on ON or OFF cells when facilitating or
inhibiting CCK2.

Immunohistochemical studies have shown that the neurokinin-
1 receptor (NK-1R) of substance P (SP) is co-expressed with NMDA
receptors in RVMON cells (Budai et al., 2007). Activation of NK-1R
through microinjection of the NK-1R agonist SP or capsaicin
actually improved ON cell responses evoked by NMDA receptors
but not those of OFF cells and promoted hyperalgesia; these changes
were attenuated by iontophoretic application of the NK-1R
antagonist L-733,060 (Budai et al., 2007). However, NK-1R
cannot be considered a specific marker of ON cells, although SP

and NK-1R have been confirmed to promote descending facilitation
and contribute to central sensitization and hyperalgesia. First, NK-1
positive neurons were a relatively small proportion of all neurons in
the RVM, therefore, it is not clear whether all ON cells express NK-
1R. Moreover, in the absence of inflammation, injecting L-
733,060 or SP fails to change mechanical antinociception but
alters thermal antinociception (Hamity et al., 2010). Meanwhile,
pretreatment with L-733,060 in the RVM decreases nociception
sensitivity only after injecting capsaicin, rather than complete
Freud’s adjuvant (CFA) (Hamity et al., 2010; Brink et al., 2012),
indicating its limit in the processing of different pain stimuli
(Khasabov et al., 2012).

Neurotensin (NT) is mainly expressed in the RVM and exerts
nociceptive or antinociceptive effects in different states of pain (Feng
et al., 2015). The low dose of NT in the RVM selectively activates the
CCK2R in ON cells, increases the release of CCK, and produces
thermal hyperalgesia, while high doses of NT recruit OFF cells and
activate NT receptors, resulting in antinociception (Neubert et al.,
2004; Li et al., 2021). Both the high-affinity NT receptor (NTR1) and
the low-affinity NT receptor (NTR2) are expressed in RVM, of
which NTR1 is predominantly co-expressed with 5-HT, whereas
NTR2 is rarely expressed in 5-HTergic neurons. Antinociception
produced by PD149163 (NTR1 agonists) is blocked by methysergide
(non-selective serotonergic receptor antagonists) and is partially
blocked by intrathecal yohimbine (NA receptor antagonists),
although β-LT (NTR2 agonists) induced antinociception is only
inhibited by yohimbine (Buhler et al., 2005; Buhler et al., 2008; Li

FIGURE 1
Molecular characteristics of theON andOFF cells in RVM. (A, B) shows the anatomical location of the RVMnucleus in themouse brain. (C) shows that
GPER along with opioid, cannabinoid, GABA, TRPV1, glutamate, NK-1 and CCK2 receptors are expressed on ON cells, where GPER, CCK2R and NK-1R
may be specific. Likewise, OFF cells mainly express opioid, cannabinoid, GABA, TRPV1 and glutamate receptors.
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et al., 2021). Taken together, it is plausible that NTR1-mediated
antinociception is mediated by noradrenaline (NA) and 5-HT
release, while NTR2-mediated antinociception involves spinal
release of NE alone. For the aim of pain relief, we conclude that
through activating MOR, DOR, GPER and GABA, or inhibiting
KOR, NMDA, TRPV1, CCK2R, CB1, NK-1R and NTR1, ON cells
firing can be inhibited and OFF cells firing can be facilitated, leading
to analgesia (Figure 1).

Although the role of neutral cells in pain modulation remains
unknown, studies have suggested that they could develop ON or
OFF cell-like properties under pathological conditions (Ellrich et al.,
2000; Miki et al., 2002). Approximately 80% of neutral cells express
GAD67, with a similar proportion expressing KOR (Winkler et al.,
2006). In the RVM, approximately 23% of all neurons were found to
be serotoninergic (5-HTergic), among which the vast majority were
Neutral cells, while slightly fewer were OFF cells and the least were
ON cells (Gu andWessendorf, 2007; Lima et al., 2017). Serotonin (5-
HT) has also been found to be expressed exclusively in a subset of
neutral cells (36%), while none of ON or OFF cells exhibit 5-HT
immunoreactivity (Winkler et al., 2006; Wang et al., 2017). It is
worth paying closer attention to the exact function of 5-HTergic
neutral cells in chronic pain modulation.

3 Neural circuits and neurotransmitters
modulating RVM ON and OFF cells

3.1 Periaqueductal gray

3.1.1 Neural circuits involved in PAG-driven
descending modulation of RVM

As the first discovered nuclei modulating descending pain in the
brain, the periaqueductal gray (PAG) plays a key role in modulating
descending pain, with direct projection to the RVM, and this
projection terminates in superficial laminae (laminae I and II) of
the spinal dorsal horn (Fields and Basbaum, 1978; Lau et al., 2020).
Projections from PAG to RVM ON and OFF cells react to noxious
stimuli and generated protective or defensive effects on pain
sensation as defined using animal studies (M. M. Heinricher
et al., 1987), which were also clearly confirmed by human brain
imaging studies (Oliva et al., 2021). In-depth observations further
provided stronger evidence indicating that opioid-triggered
analgesia was mediated by ventrolateral projections of the PAG
(vlPAG)-RVM, while non-opioid-triggered analgesia could be
aroused by projections of the lateral PAG and the dorsolateral
PAG (lPAG/dlPAG)-RVM (Crawford et al., 2021). As there have
been no subsequent investigations, the delicate circuit constructions
from the PAG to RVM for pain modulation are still far from being
clarified.

3.1.2 Neurotransmitters mediating PAG-driven
descending modulation of RVM

As the descending pain modulation circuit of the brain, the
transmitters in the PAG-RVM projections have been
comprehensively studied and include mainly GABA, glutamate,
opioid, cannabinoid, and dopamine (DA) neurotransmitters. The
vlPAG has direct GABAergic projections to RVMON andOFF cells.
Through immunochemistry studies, approximately 71% of the

synapses in the PAG appeared to be GABAergic (containing
GAD67 immunoreactivity), and directly projected to the RVM
ON, OFF, and Neutral cells (Morgan et al., 2008). Microinjecting
the GABAA receptor antagonist bicuculline into vlPAG, the
spontaneous activity of OFF cells increased while that of ON
cells decreased, resulting in pain inhibition (Moreau and Fields,
1986). When exposed to repeated restraint stress, GABA release into
the RVM was increased, facilitating ON cells activity and inhibiting
OFF cells activity, hence leading to mechanical hypersensitivity
(Kohn et al., 2020). Several studies have suggested that GABA
plays a major role in opioid and cannabinoid induced analgesia
through the PAG-RVM pathway and is discussed below.

Glutamate also plays an important role in pain modulation via
the PAG-RVM pathway with a pattern similar to that of GABA. Ho
et al. (2013) found that when exposed to nerve injury, the α-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA, another
ionotropic transmembrane receptor for glutamate) receptor
response was decreased, while the response of the NMDA
receptor increased in vlPAG, decreasing the activities of OFF
cells, thus initiating and facilitating hyperalgesia. Furthermore,
the researchers identified eight subtypes of glutamate
metabotropic receptors (mGluR1-8) in PAG exert different effects
on nociception modulation, of which hyperalgesia was elicited by
activating mGluR1 and mGluR5 (Group I), while activation of
mGluR2, mGluR3 (Group II), and mGluR4, 6, 7, 8 (Group III)
led to analgesia. Studies conducted by Hosseini et al. (2020) showed
that after administration of mGluR8 agonists (S)-3,4-
dicarboxyphenylglycine (DCPG) in PAG, glutamate transmission
increased, then RVM ON cell firings were reduced and OFF cell
activities were enhanced, and predominantly generated
antinociceptive effects. However, Marabese et al. (2007) reported
a disturbing finding in which intra-PAG microinjection of
AMN082, a selective mGluR7 agonist, increased RVM ON cell
activity while abrogating OFF cell activity and then induced
hyperalgesia. It is plausible that hyperalgesia was attributed to the
activation of mGluR7 in the PAG before that of mGluR4/8, which
overlaps the antinociceptive effects triggered by mGluR4/8.

Opioid mediated analgesia mainly through PAG-RVM circuit.
Via the presynaptic inhibition of PAG GABAergic interneurons and
glutamatergic transmission, the microinjection of morphine into the
PAG inhibited GABAergic projections to the RVM (Beitz, 1990;
Park et al., 2010; Lau et al., 2020), indirectly activated (disinhibited)
RVM OFF cells and directly inhibited ON cell activity, thereby
leading to analgesia (Basbaum and Fields, 1984; M. M. Heinricher
et al., 1987; Fang et al., 1989; M. M. Heinricher et al., 1994).
Although opioids released from PAG to RVM play a pivotal role
in endogenous analgesia, more in-depth studies are needed to clarify
the expression of different opioid receptors in this system. Similar to
the observations in the RVM, MOR, DOR, KOR, and NOPR were
also prevalent in the PAG region (Gutstein et al., 1998). MOR
expression in the PAG is located primarily in GABAergic projection
neurons to the RVM (Commons et al., 2000). Vaughan et al. (1997)
found that MOR coupled to a voltage-dependent K+ conductance in
the GABAergic terminals via the PLA2/arachidonic acid/12-
lipoxygenase cascade system, inhibits GABAergic interneurons in
the PAG. G protein-coupled inwardly rectifying potassium channels
(GIRKs) were also found to be activated by MOR, leading to
hyperpolarization of PAG-RVM projections (Morgan et al.,
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2020). These findings enhanced the reliability of the disinhibition
theory. Regarding DOR, the mechanisms of pain modulation and
the effects of DOR in the PAG-RVM circuit were similar to MOR,
except for the indirect inhibition of GABAergic projections
(Kalyuzhny and Wessendorf, 1998). Accumulating evidence
suggests that DOR is located mainly in terminals containing
enkephalins of the PAG, and when released, glutamatergic inputs
to GABAergic projections in the vlPAG would be inhibited,
including the metabolic pathways involving CB1R and
phospholipase A (Commons et al., 2001; Z. Zhang and Pan,
2012; Bushlin et al., 2012). NOPR can presynaptically inhibit
GABAergic and glutamatergic neurons in the vlPAG and
postsynaptically inhibit PAG-RVM projections, leading to
hyperalgesia and reverse opioid-induced analgesia (Morgan et al.,
1997; Vaughan et al., 1997; Lu et al., 2010).

Interestingly, the PAG-RVM opioidergic projections are closely
related to the sexual dimorphism of pain modulation. Studies have
shown that antinociceptive effects of morphine were reduced in
intact gonadal females compared to males, while MOR and KOR
agonists were more potent or effective in one sex or the other in
more than 60% of cases (Craft, 2003). Additionally, Tonsfeldt et al.
(2016) observed that antagonists or negative allosteric modulators of
the GABAA receptor appeared to be more efficient in morphine-
induced analgesia of female rats compared to that of male rats
during continuous inflammation. Therefore, it is reasonable to
suspect that sexually dependent neurotransmitters may modulate
opioid-mediated analgesia. Craft et al. (2004) suggested that
compared to males, morphine-mediated antinociception could be
attributed at least in part to higher levels of estradiol in females, since
in female rats the baseline ON cell burst and OFF cell pause were
depressed. Meanwhile, researchers found that estrogen receptor
alpha was required for estrogen-induced internalization of MOR
(Micevych et al., 2003). Loyd et al. (2007) further demonstrated that
the PAG-RVM projections contained less MOR immunoreactivity
in vlPAG in females compared to males, resulting in the attenuation
of opioid-mediated analgesia. Furthermore, reproductive hormone
levels have been found to influence the distribution of KOR in RVM,
which, in turn, modulates opioid-mediated analgesia (Drake et al.,
2007). All of these results have confirmed the crucial role of the
opioid system in PAG-RVM projections to mediate pain-related
sexual dimorphism.

Endocannabinoid also participates in analgesia through PAG-
RVM pathway. The endocannabinoid system consists of the
endogenous synthesis enzyme lipid signals 2-arachidonoylglycerol
and the degraded enzyme anandamide, and also the cannabinoid
receptors. Except in some cortex regions, PAG is a key nucleus that
synthesizes endocannabinoids, which are in turn released to the
RVM. The projections of the PAG-RVM mediate cannabinoid-
induced analgesia and contribute to SIA (Ossipov et al., 2010).
Microinjection of cannabinoid receptor agonists WIN55,212-2 into
the RVM decreased the firing of ON cells while increased ongoing
OFF cells activities, thus increasing the rat tail-flick latency (Rea
et al., 2007; Ossipov et al., 2010). Therefore, the endogenous
cannabinoids can modulate the tonic increase in OFF cells
activity and diminish ON cells firing, modulating baseline
nociceptive thresholds and exerting antinociceptive effects.
Cannabinoid receptors consist of cannabinoid receptor 1 and 2
(CB1R, CB2R), among which CB1R is expressed in approximately

one-third of PAG neurons and is co-expressed with MOR.
Activation of PAG CB1R decreases GABA release and activates
mGlu5R, leading to the inhibition of ON cells and disinhibition of
OFF cells, ultimately resulting in SIA, as well as analgesia in both
normal and neuropathic pain situations (Novellis et al., 2005; Rea
et al., 2007; Ossipov et al., 2010). However, CB2R expression appears
to be highly dynamic and depends on the microenvironment, since
CB2R expression increases in inflammation and neuropathic pain
(Bouchet and Ingram, 2020). Through in vivo recording assays, the
CB1R agonists SR141716 activated OFF cells, which was consistent
with their analgesic effects on pain behavior, while through ex vivo
slice recording, SR141716 significantly decreased the frequency of
miniature inhibitory postsynaptic potential (mIPSC, related to
GABA release) frequency and inhibited GABA release to ON
cells (Li et al., 2015; Bouchet and Ingram, 2020; Milligan et al.,
2020). Of note, CB2R agonists AM1241 and GW405833 inhibited
presynaptic GABA release and ON cell activities in the RVM in
CFA-treated but not in naïve rats (Bouchet and Ingram, 2020).
Alternatively, it has been fully demonstrated that endogenous
cannabinoids activate opioid-insensitive SIA predominantly
through the CB1R rather than the CB2R, and inhibiting
endogenous cannabinoids hydrolysis in the RVM can enhance
SIA (Ossipov et al., 2010).

Compared to opioid-related analgesia, the contribution of
PAG dopaminergic neurons (DAergic) to pain modulation via
the vlPAG-RVM pathway is obscure. To our knowledge, there are
indeed DAergic neurons in vlPAG, but no direct DAergic
projections from the PAG to RVM (Li et al., 2016). However,
DA may activate the dopamine receptor 2 (D2R), which was
expressed in PAG GABAergic neurons (Li et al., 2016; Ferrari
et al., 2021). Meyer et al. (2009) determined that injection of the
D2R agonist quinpirole but not dopamine receptor 1 (D1R)
agonists chloro-APB into the vlPAG modulated PAG-RVM
projections, and increased the threshold for the paw-
withdrawal response and generating protective reactions to
pain, while suppressing DAergic neurons reduced opioid-
mediated analgesia (Ferrari et al., 2021). Li et al. (2016)
determined D2R activation blocked MOR-induced inhibition
of GABAergic neurons and reduced presynaptic GABAergic
neurotransmission, leading to a decrease in inhibitory input to
vlPAG DA neurons and antinociception. In contrast, the
administration of D-amphetamine to vlPAG led to an
inhibition of RVM ON cells by PAG GABAergic neurons,
although increased PAG glutamatergic projections to RVM
OFF cells were not involved in antinociception effects (Ferrari
et al., 2021). Collectively, it has been speculated that the analgesic
effects of PAG DA neurons are mediated by indirect modulation
of the RVM, mainly by interfering with the opioid- and GABA-
mediated descending pathway of PAG-RVM.

Melatonin (MLT) participates in analgesia across different states
of abnormal pain. Specifically, MLT acts primarily through
melatonin 2 (MT2) receptors in vlPAG, inhibiting ON cell
activities and facilitating OFF cells, leading to analgesia (Lopez-
Canul et al., 2015). Interestingly, researchers found that only 0.2% of
MORwas co-expressed with melatonin 2 (MT2) receptors in vlPAG,
but all MT2 receptors, which did not show expression in RVM,
required MOR to exert antinociceptive effects (Posa et al., 2022)
(Figure 2).
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3.2 Parabrachial complex

3.2.1 Neural circuits involved in PB-driven
descending modulation of RVM

The parabrachial complex (PB) functions as a significant
supraspinal relay region in the midbrain for nociceptive
transmission, not only under normal situations but also under
pathological pain conditions. PB was shown to project directly to
the RVM using bulk tracer methods (Verner et al., 2008).
Interestingly, electrophysiological investigations determined
that during the PB block, the extent of OFF cell pauses and
ON cell bursts was attenuated, but not eliminated, suggesting a
modest rather than robust decisive contribution to modulation to
RVM ON and OFF cell activities in the pain process.
Additionally, optogenetic inhibition of archaerhodopsin
(ArchT) expressing PB terminals in the RVM can substantially
attenuate ON cell (62%) and OFF cell (71%) activity during in
vivo recording, leading to antinociception (Chen et al., 2017).
Furthermore, blocking contralateral PB, but not ipsilateral PB,
significantly attenuated the burst of ON cells and the pause of
OFF cells in the first hour after CFA injection and substantially
reversed mechanical hypersensitivity, while during the ~1–6 days
after CFA injection, blocking the contralateral PB did not alter
the firing of ON or OFF cells and did not exert any effects on
hyperalgesia. In contrast, during the ~5–6 days after CFA
administration, only activating the ipsilateral PB interfered
with the evoked responses in the RVM, which resulted in an
increase in overall ON cell firing and a reduction in OFF cell
activities, exacerbating the inflamed hind paw, and ultimately
improving and maintaining pain hypersensitivity (Chen and
Heinricher, 2019b). Altogether, the general consensus
indicates that PB receives substantial projections from
nociceptive neurons in the contralateral superficial dorsal
horn, and less dense inputs from the ipsilateral superficial
dorsal horn and deeper lamina, more specifically, the PB
projects directly to RVM ON and OFF cells. Under
physiological conditions and when exposed to acute pain
stimuli, it is the contralateral PB that transmits projections to
the RVM ON and OFF cells and then triggers acute hyperalgesia,
while the ipsilateral PB is involved in the RVMON and OFF cells-
induced modulation of persistent inflammation and
chronic pain.

3.2.2 Neurotransmitters mediating PB-driven
descending modulation of RVM

PB-RVM circuits exert hyperalgesia mainly through GABAergic
and glutamatergic projections. Most PB neurons were glutamatergic
(72%) or GABAergic (28%) (Geerling et al., 2017; Chiang et al.,
2019). In particular, by whole cell patch clamp recordings, Chen
et al. found that light stimulation of PB neuron terminals that
expressed ChR2 in RVM slices elicited synaptic currents in
29 neurons, of which 21 neurons were blocked by glutamate
antagonists KA or NBQX, while the remaining 8 neurons were
inhibited by bicuculine, a GABAAR antagonist. Furthermore, the
GABAergic inputs observed in slice experiments formed inhibitory
nociceptive inputs to OFF cells, while the glutamatergic inputs
corresponded to excitatory projections to ON cells and some
were concomitant with Neutral cells (Chen et al., 2017).

Importantly, under stress, lPB neurons, specifically those
projecting onto RVM GABAergic neurons (that is, ON cells),
cooperate with cannabinoids and CB2R and participated in
hyperalgesia (Francois et al., 2017) (Figure 2).

3.3 Locus coeruleus

As an important mental stress-responsive nucleus, the locus
coeruleus (LC) is also a pivotal region involved in the modulation of
descending pain, mainly through direct spinal cord projections and
effects on RVM activity via NAergic projections. Through a
retrograde tracing study, Braz et al. (2009) found that ventrally
located LC neurons were labeled after injecting pseudorabies virus
(PRV) into the RVM, which is consistent with the results that in
attentional analgesia, an fMRI parameter of LC-RVM connections
was improved (Tanaka et al., 1996; Hickey et al., 2014; Oliva et al.,
2022). Moreover, studies by Dehkordi. et al., 2019 demonstrated that
stimulation of LC NAergic neurons increased the release of NA and
increased 1-adrenoceptor concentrations of α1-adrenoceptors
(NAα1R) in NRM, leading to analgesia (Dehkordi. et al., 2019).
In contrast, it was also possible that LC-NRM projecting NAergic
neurons induced hyperalgesia by activating NRM NAα1R. As Bie
et al. (2003) showed, during opioid withdrawal, administration of
the NAα1R antagonist prazosin in NRM significantly decreased the
activities of NAergic projections of the LC and suppressed
hyperalgesia. RVM ON cells received NAergic inputs from LC
and contained NAα1R, which contributed to hyperalgesia during
opioid withdrawal, while inhibition of NAα2R-expressed ON cells
by clonidine suppressed DAMGO-mediated analgesia instead of
modulating hyperalgesia during opioid withdrawal. OFF cells also
received dense NAergic input from the LC, and mainly expressed
NAα1R and some co-expressed NAα2R (Bie et al., 2003). Overall,
these results suggest that LC-RVM projections on NAergic neurons
trigger not only antinociceptive but also pronociceptive effects by
modulating RVM ON and OFF cells, although the precise role of
LC-RVM projections in different pain conditions requires further
investigation (Figure 2).

3.4 Hypothalamus

Hypothalamus-RVM circuits participate in pain modulation
mainly in dorsal medial hypothalamus (DMH) via endomorphin-
2 and CCK containing projections. After microinjection of Fluoro-
Gold (FG) into the RVM, retrogradely labeled neurons were
detected in the hypothalamus, the majority of which were
present in the lateral hypothalamus (LH) and DMH (Gu and
Wessendorf, 2007). DMH stimulation directly induced robust
activation of ON cells along with suppression of OFF cell firing,
leading to behavioral hyperalgesia, in contrast to other research
showing that stimulation of the hypothalamus produced analgesia
that could be inhibited by systemic naloxone (Adams and
Hosobuchi, 1977; Martenson et al., 2009). Hyperalgesia induced
by DMH stimulation recruits ON cells under mild and persistent
stress, a response known as stress-induced hyperalgesia (SIH).
However, microinjection of lidocaine into the RVM potentiates
hypothalamic-mediated analgesia, as observed by the increase in
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the pain threshold and inhibition of the tail flick reflex (Gu and
Wessendorf, 2007). Collectively, these findings confirm that the
hypothalamus projects directly to the RVM and influences the
activities of ON and OFF cells; thus, exerting bidirectional pain
modulation. In terms of neurotransmitters and receptors,
endomorphin-2 (EM-2, an endogenous ligand of MOR)
containing neurons exist primarily in the DMH and project to
the RVM, and EM-2 has been found to participate in hypothalamus
stimulation-induced analgesia, replicating its antinociceptive effects
through MOR and endogenous opioids (Gu and Wessendorf, 2007;
Bagley and Ingram, 2020). Furthermore, in stress states, DMH has
been identified as the only supraspinal source of CCK input to the
RVM, acting with CCK2R in ON cells and can elicit hyperalgesia as
observed experimentally under abundant abnormal pain states via
retrograde tract tracing combined with electrophysiological and
immunohistochemistry (Wagner et al., 2013). Moreover, infusion
of 1 nmol excitatory amino acid receptor cytonurenate into the
RVM blocked the DMH-induced ON cell activation and
suppression of OFF cells, alleviating hyperalgesia. Similar results
can also be observed after infusion of the GABAA receptor agonist
muscimol (Martenson et al., 2009). In conclusion, the hypothalamus-
RVM projection modulates pain sensitivity primarily through

endogenous opioid synaptic transmission and communicates with
CCK2R and MOR (Figure 2).

3.5 Amygdala

The amygdala is characterized by direct and indirect projections
to the RVM, and participates in pain modulation. After
microinjection of morphine into different sites of the amygdala,
several significant findings suggest that its analgesic effects were
mainly attributed to the direct projections from the amygdala to the
RVM, for instance: 1) infusing morphine into the basolateral nuclei
increased OFF cell activity, modestly decreased ON cell activity,
remarkably attenuated the OFF cell pause, and increased tail flick
latency; 2) administering morphine into the cortical and medial
nuclei exerted smaller effects on ON and OFF cells than infusion
directly into basolateral nuclei, but did not significantly eliminate the
OFF cell pause and only the increased tail flick latency to a small
degree; 3) introducing morphine within the central, medial, and
dorsal lateral nuclei failed to modulate activities of the RVMON and
OFF cells and the tail flick latency (Mcgaraughty and Heinricher,
2002). In fact, the basolateral nucleus of the amygdala is relayed

FIGURE 2
Molecular characteristics of neural circuits and transmitters modulating RVM ON and OFF cells. (A) shows the anatomical location of nucleus and
neural circuits projecting to the RVMON andOFF cells in themouse brain. (B) shows the transmitters and receptors which participate in modulating RVM
ON and OFF cells. CeA mainly act on glutamate receptors to exert modulations on RVM ON and OFF cells. By binding to MOR and CCK2R, DMH EM-2
containing inputs and CCK-containing inputs modulate RVM ON and OFF cells. Via acting on opioid, cannabinoid, GABA, glutamate, dopamine,
TRPV1, and melatonin receptors, PAG GABAergic and glutamatergic inputs modulate RVM ON and OFF cells. PB GABAergic and glutamatergic neurons
modulate RVM ON and OFF cells by binding to cannabinoid, and GABA receptors. LC NAergic neurons act on Naα receptors to modulate RVM ON and
OFF cells.
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through the central nucleus of the amygdala (CeA), and then
recruited RVM OFF cells, and conducts opioid-induced analgesia
under states of SIA to replenish DMH-induced SIA (Martenson
et al., 2009). Despite the ineffective function of CeA under normal
conditions, it is currently agreed that amygdala-mediated
hyperalgesia in pain-related disorders occurs in CeA through the
interactions with mGluR1/5, since there are large amounts of
nociceptive neurons at this pivotal site and an increase in
excitability of CeA is detected even under conditions of chronic
pain (Palazzo et al., 2011). Meanwhile, CeA exerts antinociceptive
effects by acting on the mGluR8. Under carrageenan-triggered
inflammatory pain conditions, intra-CeA microinjections of
mGluR8 agonists (S)-3,4-DCPG increase OFF cell activities while
decrease ON cell activities, thus creating antinociceptive effects.
(Palazzo et al., 2011). Hence, amygdala-RVM pathway, particularly
CeA-RVM projections, modulate pain through acting at mGluRs
(Figure 2).

4 Neural circuits and neurotransmitters
modulating projections from RVM ON
and OFF cells to spinal cord

4.1 Neural circuits involved in RVM-driven
descending modulation

There exist RVM-spinal cord circuits modulating pain
through 5-HTergic and GABAergic projections. It is generally
accepted that descending projections from the RVM to the spinal
cord predominantly target the laminae V dorsal horn (Martins
and Tavares, 2017), although the axons of most spinal ascending
projection neurons terminate in many areas of the brain,
including the forebrain, pons, and midbrain, rather than in
the RVM, suggesting that RVM does not receive afferents
from the spinal cord (Wang et al., 2022). By injecting rabies
virus into the spinal cord, Francois et al. (2017) used retrograded
transsynaptic tracing to identify regions corresponding to
descending pain control and found that the virus was strongly
expressed in RVM neurons; thus, indicating that RVM projects to
the spinal cord. Furthermore, more than 90% of the RVM spinal
cord projection neurons responded to the opioid agonists
DAMGO, of which a large proportion of the neurons
responded only to MOR agonists (64%), while a smaller
proportion responded only to KOR agonists (9%), and
approximately 18% responded to both MOR and KOR
agonists (Marinelli et al., 2002). In fact, the RVM descending
projection neurons that participate in pain modulation mainly
consist of GABAergic and 5-HTergic neurons, so how these
inhibitory GABAergic neurons facilitate spinal pain
transmission was previously a mystery. Francois et al.
demonstrated that downstream of RVM GABAergic neurons
were spinal GABAergic/enkephalinergic interneurons, and
activation of the RVM GABAergic neurons would inhibit
spinal inhibitory interneurons, thus inducing disinhibition of
spinal pain transmission (Francois et al., 2017). The study
revealed a potential circuit mechanism for ON cells-induced
pain facilitation, although it is still urgent to understand how
OFF cells and 5-HTergic neurons modulate spinal pain

transmission and how these RVM neurons cooperate in
different pain states.

4.2 Neurotransmitters mediating RVM-
driven descending modulation

GABAergic projections from the RVM to the spinal cord take
part in pain modulation through altering the activities of RVM ON
and OFF cells. Most RVM neurons that project to the spinal cord are
not 5-HTergic (60%, i.e., GABAergic), of these, 40% also express
enkephalin (PENK), while the remaining 40% are 5-HTergic
(Hossaini et al., 2012; Kohn et al., 2020; Talluri et al., 2022). The
RVM GABAergic neurons express GAD1 and GAD2 receptors,
forming axosomatic and axo-axonic inhibitory synapses,
accordingly (Fink et al., 2014; Mende et al., 2016). Under
physiological conditions, PENK+/GAD2+ neurons (that is, OFF
cells) directly communicate with the primary afferent of DRG
neurons and tonically inhibit pain responses (Francois et al.,
2017), counteracting 5-HTergic-induced pronociception. When
under conditions of mechanical pain, PENK/GAD1+ neurons
(namely ON cells) synapse onto Penk + dorsal horn
interneurons, disinhibit PENK + neurons, and facilitate the
transmission of mechanical pain stimuli. Furthermore,
GABAergic PENK + neurons contribute to stress-induced
modulation of pain, since acute stress increases activities of
GABAergic PENK + neurons, exerting analgesia while chronic
stress decreases the expression of GABAergic PENK + neurons
and induces hyperalgesia (Francois et al., 2017).

With regard to 5-HTergic neurons, its effects on RVM-spinal
cord pathway are confirmed, however the concrete influence on
RVM ON, OFF or Neutral cells remain controversial, which were
discussed aftermentioned. 5-HT is produced primarily in the
NRM, although retrograde labeling studies have demonstrated
that 5-HTergic projections to the spinal dorsal horn simply arise
from the NRM and terminate densely in the superficial laminae
(laminae I and II) and in the deeper laminae (laminae IV-VI) of
the dorsal horn. Meanwhile, stimulation of RVM leads to
increased 5-HT release in the spinal cord, contributing to
bidirectional effects on nociceptive modulation (Ossipov et al.,
2010; Kort et al., 2022). In reality, there are two populations of 5-
HTergic neurons in the RVM, those involved in spinal projections
and in local modulation. Although some RVM 5-HTergic neurons
express MOR (13.8% ± 3.9%) and GABA (8%), only about half of
these project to the spinal cord, which suggests the existence of 5-
HTergic neurons for local modulation (Wei et al., 2010; Lau et al.,
2020). With regard to local 5-HTergic neurons in the RVM, direct
microinjection of 5-HT increased the release of 5-HT in the NRM,
modulating ON and OFF cells in RVM through 5-HT1R and 5-
HT2R, which ultimately decrease tail flick latency, and exert an
inhibitory influence on pain modulation (Brito et al., 2017; Wang
et al., 2017). These findings indicate that 5-HTergic neurons could
modulate the pain response by affecting the excitability of ON and
OFF cells. For the spinal projection of 5-HT-ergic neurons,
Sagalajev et al. (2017) explored some interesting findings in a
pharmacological study involving the microinjection of NT in the
RVM, which resulted in reduced ON cell discharge and facilitated
OFF cell activation, thus inducing antinociceptive effects (Buhler
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et al., 2005). Meanwhile, injection of EM-2 into the RVM activated
MOR in spinal projection of 5-HTergic neurons and increased
descending 5-HTergic facilitatory influences, although these
descending 5-HTergic projections were neither necessary nor
sufficient for RVM MOR- or KOR-mediated modulation of
descending pain in acute pain conditions (Gu and Wessendorf,
2007; Chen and Heinricher, 2019a; Kohn et al., 2020). Hence, it is
reasonable that under physiological conditions, activation of RVM
5-HTergic neurons will inhibit spinal nociceptive
neurotransmission. In experimental models of diabetic
neuropathy and chemotherapy-induced neuropathy, the
excitability of 5-HTergic neurons in RVM increased, inducing
increased recruitment of descending 5-HTergic projections to the
spinal cord and resulting in pain hypersensitivity (Sikandar et al.,
2012). Through molecular engineering approaches using shRNA
plasmids and electroporation, RVM 5-HTergic neurons were
found to function as modulators of pain in the promotion and
maintenance, rather than triggering, of inflammatory or
neuropathic pain (Wei et al., 2010). Taken together, the
existing evidence suggests that two types of RVM 5-HTergic
neurons can modulate spinal pain transmission in direct and
indirect ways, which may be responsible for the bidirectional
effects on modulating pain in physiology and pathophysiology
conditions. Conversely, bidirectional projections in nociception
also closely depend on the activation of various subtypes of the 5-
HT receptor (5-HT1R-7R). Generally, 5-HT1AR, 5-HT2AR, and
5-HT4R generate bidirectional effects, while 5-HT1B/DR and 5-
HT2CR are primarily antinociceptive (Bardoni, 2019; Heijmans
et al., 2021; Fauss et al., 2022). In contrast, 5-HT2BR is activated by
facilitating CCK2R in RVM ON cells and induces hyperalgesia
(Jiang et al., 2019). Furthermore, the function of 5-HT3R and 5-

HT7R remains uncertain. In neuropathic or inflammatory pain
states, blocking the 5-HT3R specifically attenuates 5-HT
pronociceptive actions in the RVM while activation of the 5-
HT3R plays a facilitatory role in nociceptive responses. These
findings were in parallel with the observations that a descending
release of 5-HT from the RVM combined with the upregulation of
5-HT3R expression in spinal cord neurons was detected after
inflammation and nerve injury (Wei et al., 2010; Wang et al., 2019;
Liu et al., 2020). Thus, it is confirmed that spinal 5-HT3R mainly
mediates descending facilitation under abnormal pain conditions.
Specifically, activation of the p38 mitogen-induced protein kinase
(p38MAPK) pathway in the RVM increases the expression of
tryptophan hydroxylase (Tph), resulting in increased activities of
ON cells and expression of 5-HT along with the silencing of OFF
cells, which then act on the spinal 5-HT3R to activate ATP-gated
P2X7 receptors in the microglia, and ultimately exerting pain
hypersensitivity (Liu et al., 2020). As 5-HT3R is also expressed on
inhibitory GABAergic interneurons, antinociceptive effects are
confirmed to correspond to activation of OFF cells in
subcutaneously excited RVM 5-HT3R and GABA release in the
GABA spinal cord in acute pain models (Nasirinezhad et al., 2016;
Kort et al., 2022). With regard to 5-HT7R, under conditions of
neuropathic pain, the study conducted by Brenchat et al. (2010)
showed that the spinal 5-HT7R was expressed mainly on the
GABAergic and Penk + interneurons, which stimulate OFF
cells, release 5-HT, GABA, and enkephalins, and therefore
enhance nociceptive inhibition, in contrast to the
pronociceptive effects exerted in the periphery. In healthy
conditions, spinal 5-HT7R only shows antinociceptive effects,
in which the exact mechanism remains to be defined (Wang
et al., 2015) (Figure 3).

FIGURE 3
Molecular characteristics of RVM-spinal cord circuits modulating nociception. Via acting on GAD, 5-HTRs, NT and opioid receptors, the projections
from RVM ON and OFF cells to the spinal cord contain GABAergic, NTergic, opioidergic and 5-HTergic inputs.
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5 Conclusion

As the final relay nuclei of the descending pain modulation
system, the RVM converges on the comprehensive modulation
input from different nuclei like the PAG, amygdala, PB, LC,
and the hypothalamus, as reviewed herein, and then integrates
this information to influence the excitability status of ON, OFF,
and even Neutral cells in this area, whose descending
projections lead to the spinal cord, where they exert
facilitation or inhibition of spinal pain transmission, and
finally control the nociceptive intensity received by the brain
from the periphery. In this process, GABA, 5-HT, endogenous
opioids, endogenous cannabinoids, and their corresponding
receptors are the main mediators involved in the facilitation
and inhibition of pain. Moreover, it has been generally
accepted that RVM related circuits and neurotransmitters
play a pivotal role in the maintenance and persistence of
chronic pain; thus, the RVM is a major therapeutic nucleus
for the development of novel strategies for alleviation of pain.
Conversely, in order to successfully obtain further scientific
understanding of RVM or clinical pain treatment targeting
RVM, we first need to identify a suitable model for specific
modulation of ON and OFF cells, as well as clarify the
molecular and circuit changes associated with the RVM
under pathological conditions.

Author contributions

WY and YF conceptualized this study and organized the
manuscript. BP and YJ co-wrote the manuscript, YZ, SL, SC, SX,
and PG contributed to the critical reading and the useful comments
on the manuscript.

Funding

This review was supported by The National Natural Science
Foundation of China (32030043, 81971223, 82270916, and
82101287), Shanghai Science and Technology Commission Medical
Innovation Research Special Fund (21Y11906000), Shanghai Municipal
Key Clinical Specialty (shslczdzk03601) and Innovation Program of
Shanghai Municipal Education Commission (2019-01-07-00-01-
E00074). Innovative Research Team of High-level Local Universities
in Shanghai (SHSMU-ZDCX20211102).

Acknowledgments

We also gratefully acknowledge support from Shanghai
Engineering Research Center of Peri-operative Organ Support
and Function Preservation (20DZ2254200).

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

Adams, J. E., and Hosobuchi, Y. (1977). Technique and technical problems.
Neurosurgery 1, 196–199. doi:10.1097/00006123-197709000-00017

Bagley, E. E., and Ingram, S. L. (2020). Endogenous opioid peptides in the descending
pain modulatory circuit. Neuropharmacology 173, 108131. doi:10.1016/j.neuropharm.
2020.108131

Barbaro, N. M., Heinricher, M. M., and Fields, H. L. (1989). Putative nociceptive
modulatory neurons in the rostral ventromedial medulla of the rat display highly
correlated firing patterns. Somatosens. Mot. Res. 6, 413–425. doi:10.3109/
08990228909144684

Bardoni, R. (2019). Serotonergic modulation of nociceptive circuits in spinal cord
dorsal horn. Curr. Neuropharmacol. 17, 1133–1145. doi:10.2174/
1570159X17666191001123900

Basbaum, A. I., and Fields, H. L. (1984). Endogenous pain control systems: Brainstem
spinal pathways and endorphin circuitry. Annu. Rev. Neurosci. 7, 309–338. doi:10.1146/
annurev.ne.07.030184.001521

Behbehani, M. M., and Fields, H. L. (1979). Evidence that an excitatory
connection between the periaqueductal gray and nucleus raphe magnus
mediates stimulation produced analgesia. Brain Res. 170, 85–93. doi:10.1016/
0006-8993(79)90942-9

Beitz, A. J. (1990). Relationship of glutamate and aspartate to the periaqueductal
gray-raphe magnus projection: Analysis using immunocytochemistry and
microdialysis. J. Histochem Cytochem 38, 1755–1765. doi:10.1177/38.12.1701457

Bie, B., Fields, H. L., Williams, J. T., and Pan, Z. Z. (2003). Roles of alpha1-and alpha2-
adrenoceptors in the nucleus raphe magnus in opioid analgesia and opioid abstinence-
induced hyperalgesia. J. Neurosci. 23, 7950–7957. doi:10.1523/JNEUROSCI.23-21-
07950.2003

Boadas-Vaello, P., Castany, S., Homs, J., Álvarez-Pérez, B., Deulofeu, M., and Verdú,
E. (2016). Neuroplasticity of ascending and descending pathways after somatosensory
system injury: Reviewing knowledge to identify neuropathic pain therapeutic targets.
Spinal Cord. 54, 330–340. doi:10.1038/sc.2015.225

Bouchet, C. A., and Ingram, S. L. (2020). Cannabinoids in the descending pain
modulatory circuit: Role in inflammation. Pharmacol. Ther. 209, 107495. doi:10.1016/j.
pharmthera.2020.107495

Braz, J. M., Enquist, L. W., and Basbaum, A. I. (2009). Inputs to serotonergic neurons
revealed by conditional viral transneuronal tracing. J. Comp. Neurol. 514, 145–160.
doi:10.1002/cne.22003

Brenchat, A., Nadal, X., Romero, L., Ovalle, S., Muro, A., Sánchez-Arroyos, R., et al. (2010).
Pharmacological activation of 5-HT7 receptors reduces nerve injury-inducedmechanical and
thermal hypersensitivity. Pain 149, 483–494. doi:10.1016/j.pain.2010.03.007

Brink, T. S., Pacharinsak, C., Khasabov, S. G., Beitz, A. J., and Simone, D. A. (2012).
Differential modulation of neurons in the rostral ventromedial medulla by neurokinin-1
receptors. J. Neurophysiol. 107, 1210–1221. doi:10.1152/jn.00678.2011

Brito, R. G., Rasmussen, L. A., and Sluka, K. A. (2017). Regular physical activity
prevents development of chronic muscle pain through modulation of supraspinal
opioid and serotonergic mechanisms. Pain Rep. 2, e618. doi:10.1097/PR9.
0000000000000618

Budai, D., Khasabov, S. G., Mantyh, P. W., and Simone, D. A. (2007). NK-1 receptors
modulate the excitability of ON cells in the rostral ventromedial medulla.
J. Neurophysiol. 97, 1388–1395. doi:10.1152/jn.00450.2006

Buhler, A. V., Choi, J., Proudfit, H. K., and Gebhart, G. F. (2005). Neurotensin activation of
the NTR1 on spinally-projecting serotonergic neurons in the rostral ventromedial medulla is
antinociceptive. Pain 114, 285–294. doi:10.1016/j.pain.2004.12.031

Frontiers in Pharmacology frontiersin.org11

Peng et al. 10.3389/fphar.2023.1159753

https://doi.org/10.1097/00006123-197709000-00017
https://doi.org/10.1016/j.neuropharm.2020.108131
https://doi.org/10.1016/j.neuropharm.2020.108131
https://doi.org/10.3109/08990228909144684
https://doi.org/10.3109/08990228909144684
https://doi.org/10.2174/1570159X17666191001123900
https://doi.org/10.2174/1570159X17666191001123900
https://doi.org/10.1146/annurev.ne.07.030184.001521
https://doi.org/10.1146/annurev.ne.07.030184.001521
https://doi.org/10.1016/0006-8993(79)90942-9
https://doi.org/10.1016/0006-8993(79)90942-9
https://doi.org/10.1177/38.12.1701457
https://doi.org/10.1523/JNEUROSCI.23-21-07950.2003
https://doi.org/10.1523/JNEUROSCI.23-21-07950.2003
https://doi.org/10.1038/sc.2015.225
https://doi.org/10.1016/j.pharmthera.2020.107495
https://doi.org/10.1016/j.pharmthera.2020.107495
https://doi.org/10.1002/cne.22003
https://doi.org/10.1016/j.pain.2010.03.007
https://doi.org/10.1152/jn.00678.2011
https://doi.org/10.1097/PR9.0000000000000618
https://doi.org/10.1097/PR9.0000000000000618
https://doi.org/10.1152/jn.00450.2006
https://doi.org/10.1016/j.pain.2004.12.031
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1159753


Buhler, A. V., Proudfit, H. K., and Gebhart, G. F. (2008). Neurotensin-produced
antinociception in the rostral ventromedial medulla is partially mediated by spinal cord
norepinephrine. Pain 135, 280–290. doi:10.1016/j.pain.2007.06.010

Bushlin, I., Gupta, A., Stockton, S. D., Miller, L. K., and Devi, L. A. (2012).
Dimerization with cannabinoid receptors allosterically modulates delta opioid
receptor activity during neuropathic pain. PLoS One 7, e49789. doi:10.1371/journal.
pone.0049789

Chen, Q., and Heinricher, M. M. (2019a). Descending control mechanisms and
chronic pain. Curr. Rheumatol. Rep. 21, 13. doi:10.1007/s11926-019-0813-1

Chen, Q., and Heinricher, M. M. (2019b). Plasticity in the link between pain-
transmitting and pain-modulating systems in acute and persistent inflammation.
J. Neurosci. 39, 2065–2079. doi:10.1523/JNEUROSCI.2552-18.2019

Chen, Q., Roeder, Z., Li, M. H., Zhang, Y., Ingram, S. L., and Heinricher, M. M. (2017).
Optogenetic evidence for a direct circuit linking nociceptive transmission through the
parabrachial complex with pain-modulating neurons of the rostral ventromedial medulla
(RVM). eNeuro 4, 0202–2017. doi:10.1523/ENEURO.0202-17.2017

Cheng, Z. F., Fields, H. L., and Heinricher, M. M. (1986). Morphine microinjected
into the periaqueductal gray has differential effects on 3 classes of medullary neurons.
Brain Res. 375, 57–65. doi:10.1016/0006-8993(86)90958-3

Chiang, M. C., Bowen, A., Schier, L. A., Tupone, D., Uddin, O., and Heinricher, M. M.
(2019). Parabrachial complex: A hub for pain and aversion. J. Neurosci. 39, 8225–8230.
doi:10.1523/JNEUROSCI.1162-19.2019

Commons, K. G., Aicher, S. A., Kow, L. M., and Pfaff, D. W. (2000). Presynaptic and
postsynaptic relations of mu-opioid receptors to gamma-aminobutyric acid-
immunoreactive and medullary-projecting periaqueductal gray neurons.
J. Comp. Neurol. 419, 532–542. doi:10.1002/(sici)1096-9861(20000417)419:4<532:
aid-cne8>3.0.co;2-6
Commons, K. G., Beck, S. G., Rudoy, C., and Van Bockstaele, E. J. (2001). Anatomical

evidence for presynaptic modulation by the delta opioid receptor in the ventrolateral
periaqueductal gray of the rat. J. Comp. Neurol. 430, 200–208. doi:10.1002/1096-
9861(20010205)430:2<200:aid-cne1025>3.0.co;2-b
Craft, R. M., Morgan, M. M., and Lane, D. A. (2004). Oestradiol dampens reflex-

related activity of on- and off-cells in the rostral ventromedial medulla of female rats.
Neuroscience 125, 1061–1068. doi:10.1016/j.neuroscience.2003.12.015

Craft, R. M. (2003). Sex differences in opioid analgesia: "from mouse to man. Clin.
J. Pain 19, 175–186. doi:10.1097/00002508-200305000-00005

Crawford, L. S., Mills, E. P., Hanson, T., Macey, P. M., Glarin, R., Macefield, V. G.,
et al. (2021). Brainstem mechanisms of pain modulation: A within-subjects 7T fMRI
study of placebo analgesic and nocebo hyperalgesic responses. J. Neurosci. 41,
9794–9806. doi:10.1523/JNEUROSCI.0806-21.2021

Da Silva, L. F., Desantana, J. M., and Sluka, K. A. (2010). Activation of NMDA
receptors in the brainstem, rostral ventromedial medulla, and nucleus reticularis
gigantocellularis mediates mechanical hyperalgesia produced by repeated
intramuscular injections of acidic saline in rats. J. Pain 11, 378–387. doi:10.1016/j.
jpain.2009.08.006

Dehkordi, S B, Sajedianfard, J., and Owji, A. A. (2019). The effect of intra-
cerebroventricular injection of insulin on the levels of monoamines on the raphe
magnus nucleus of non-diabetic and short-term diabetic rats in the formalin test. Iran.
J. Basic Med. Sci. 22, 915–921. doi:10.22038/ijbms.2019.35580.8485

Drake, C. T., De Oliveira, A. X., Harris, J. A., Connor, D. M., Winkler, C. W., and
Aicher, S. A. (2007). Kappa opioid receptors in the rostral ventromedial medulla of male
and female rats. J. Comp. Neurol. 500, 465–476. doi:10.1002/cne.21184

Ellrich, J., Ulucan, C., and Schnell, C. (2000). Are ’neutral cells’ in the rostral ventro-
medial medulla subtypes of on- and off-cells? Neurosci. Res. 38, 419–423. doi:10.1016/
s0168-0102(00)00190-5

Fang, F. G., Haws, C. M., Drasner, K., Williamson, A., and Fields, H. L. (1989). Opioid
peptides (DAGO-enkephalin, dynorphin A(1-13), BAM 22P) microinjected into the rat
brainstem: Comparison of their antinociceptive effect and their effect on neuronal firing
in the rostral ventromedial medulla. Brain Res. 501, 116–128. doi:10.1016/0006-
8993(89)91033-0

Fauss, G. N. K., Hudson, K. E., and Grau, J. W. (2022). Role of descending
serotonergic fibers in the development of pathophysiology after spinal cord injury
(SCI): Contribution to chronic pain, spasticity, and autonomic dysreflexia. Biol. (Basel)
11, 234. doi:10.3390/biology11020234

Feng, Y. P., Wang, J., Dong, Y. L., Wang, Y. Y., and Li, Y. Q. (2015). The roles of
neurotensin and its analogues in pain. Curr. Pharm. Des. 21, 840–848. doi:10.2174/
1381612820666141027124915

Ferrari, L. F., Pei, J., Zickella, M., Rey, C., Zickella, J., Ramirez, A., et al. (2021).
D2 receptors in the periaqueductal gray/dorsal raphe modulate peripheral
inflammatory hyperalgesia via the rostral ventral medulla. Neuroscience 463,
159–173. doi:10.1016/j.neuroscience.2021.03.035

Fields, H. L., and Basbaum, A. I. (1978). Brainstem control of spinal pain-transmission
neurons. Annu. Rev. Physiol. 40, 217–248. doi:10.1146/annurev.ph.40.030178.001245

Fields, H. L., Bry, J., Hentall, I., and Zorman, G. (1983). The activity of neurons in the
rostral medulla of the rat during withdrawal from noxious heat. J. Neurosci. 3,
2545–2552. doi:10.1523/JNEUROSCI.03-12-02545.1983

Fields, H. L., Malick, A., and Burstein, R. (1995). Dorsal horn projection targets of ON
and OFF cells in the rostral ventromedial medulla. J. Neurophysiol. 74, 1742–1759.
doi:10.1152/jn.1995.74.4.1742

Fink, A. J., Croce, K. R., Huang, Z. J., Abbott, L. F., Jessell, T. M., and Azim, E. (2014).
Presynaptic inhibition of spinal sensory feedback ensures smooth movement. Nature
509, 43–48. doi:10.1038/nature13276

Francois, A., Low, S. A., Sypek, E. I., Christensen, A. J., Sotoudeh, C., Beier, K. T., et al.
(2017). A brainstem-spinal cord inhibitory circuit for mechanical pain modulation by
GABA and enkephalins. Neuron 93, 822–839. doi:10.1016/j.neuron.2017.01.008

Geerling, J. C., Yokota, S., Rukhadze, I., Roe, D., and Chamberlin, N. L. (2017).
Kolliker-Fuse GABAergic and glutamatergic neurons project to distinct targets.
J. Comp. Neurol. 525, 1844–1860. doi:10.1002/cne.24164

Gu, M., and Wessendorf, M. (2007). Endomorphin-2-immunoreactive fibers
selectively appose serotonergic neuronal somata in the rostral ventral medial
medulla. J. Comp. Neurol. 502, 701–713. doi:10.1002/cne.21343

Gutstein, H. B., Mansour, A., Watson, S. J., Akil, H., and Fields, H. L. (1998). Mu and
kappa opioid receptors in periaqueductal gray and rostral ventromedial medulla.
Neuroreport 9, 1777–1781. doi:10.1097/00001756-199806010-00019

Hamity, M. V., White, S. R., and Hammond, D. L. (2010). Effects of neurokinin-1
receptor agonism and antagonism in the rostral ventromedial medulla of rats with acute
or persistent inflammatory nociception. Neuroscience 165, 902–913. doi:10.1016/j.
neuroscience.2009.10.064

Harasawa, I., Fields, H. L., and Meng, I. D. (2000). Delta opioid receptor mediated
actions in the rostral ventromedial medulla on tail flick latency and nociceptive
modulatory neurons. Pain 85, 255–262. doi:10.1016/s0304-3959(99)00280-8

Harasawa, I., Johansen, J. P., Fields, H. L., Porreca, F., and Meng, I. D. (2016).
Alterations in the rostral ventromedial medulla after the selective ablation of mu-
opioid receptor expressing neurons. Pain 157, 166–173. doi:10.1097/j.pain.
0000000000000344

Heijmans, L., Mons, M. R., and Joosten, E. A. (2021). A systematic review on
descending serotonergic projections and modulation of spinal nociception in
chronic neuropathic pain and after spinal cord stimulation. Mol. Pain 17,
17448069211043965. doi:10.1177/17448069211043965

Heinricher, M M., McGaraughty, S., and Tortorici, V. (2001). Circuitry underlying
antiopioid actions of cholecystokinin within the rostral ventromedial medulla.
J. Neurophysiol. 85, 280–286. doi:10.1152/jn.2001.85.1.280

Heinricher, M. M., Cheng, Z. F., and Fields, H. L. (1987). Evidence for two classes of
nociceptive modulating neurons in the periaqueductal gray. J. Neurosci. 7, 271–278.
doi:10.1523/JNEUROSCI.07-01-00271.1987

Heinricher, M. M., McGaraughty, S., and Grandy, D. K. (1997). Circuitry underlying
antiopioid actions of orphanin FQ in the rostral ventromedial medulla. J. Neurophysiol.
78, 3351–3358. doi:10.1152/jn.1997.78.6.3351

Heinricher, M. M., Morgan, M. M., and Fields, H. L. (1992). Direct and indirect
actions of morphine on medullary neurons that modulate nociception. Neuroscience 48,
533–543. doi:10.1016/0306-4522(92)90400-v

Heinricher, M. M., Morgan, M. M., Tortorici, V., and Fields, H. L. (1994).
Disinhibition of off-cells and antinociception produced by an opioid action within
the rostral ventromedial medulla.Neuroscience 63, 279–288. doi:10.1016/0306-4522(94)
90022-1

Heinricher, M. M., and Neubert, M. J. (2004). Neural basis for the hyperalgesic action
of cholecystokinin in the rostral ventromedial medulla. J. Neurophysiol. 92, 1982–1989.
doi:10.1152/jn.00411.2004

Heinricher, M. M., Schouten, J. C., and Jobst, E. E. (2001). Activation of brainstem
N-methyl-D-aspartate receptors is required for the analgesic actions of morphine given
systemically. Pain 92, 129–138. doi:10.1016/s0304-3959(00)00480-2

Heinricher, M. M., Tavares, I., Leith, J. L., and Lumb, B. M. (2009). Descending
control of nociception: Specificity, recruitment and plasticity. Brain Res. Rev. 60,
214–225. doi:10.1016/j.brainresrev.2008.12.009

Heinricher, M. M., and Tortorici, V. (1994). Interference with GABA transmission in
the rostral ventromedial medulla: Disinhibition of off-cells as a central mechanism in
nociceptive modulation. Neuroscience 63, 533–546. doi:10.1016/0306-4522(94)90548-7

Hickey, L., Li, Y., Fyson, S. J., Watson, T. C., Perrins, R., Hewinson, J., et al. (2014).
Optoactivation of locus ceruleus neurons evokes bidirectional changes in thermal
nociception in rats. J. Neurosci. 34, 4148–4160. doi:10.1523/JNEUROSCI.4835-13.2014

Ho, Y. C., Cheng, J. K., and Chiou, L. C. (2013). Hypofunction of glutamatergic
neurotransmission in the periaqueductal gray contributes to nerve-injury-induced
neuropathic pain. J. Neurosci. 33, 7825–7836. doi:10.1523/JNEUROSCI.5583-12.2013

Hossaini, M., Goos, J. A. C., Kohli, S. K., and Holstege, J. C. (2012). Distribution of
glycine/GABA neurons in the ventromedial medulla with descending spinal projections
and evidence for an ascending glycine/GABA projection. PLoS One 7, e35293. doi:10.
1371/journal.pone.0035293

Hosseini, M., Parviz, M., Shabanzadeh, A. P., and Zamani, E. (2021). Evaluation of the
effect of (S)-3,4-Dicarboxyphenylglycine as a metabotropic glutamate receptors subtype
8 agonist on thermal nociception following central neuropathic pain. Asian Spine J. 15,
200–206. doi:10.31616/asj.2019.0367

Frontiers in Pharmacology frontiersin.org12

Peng et al. 10.3389/fphar.2023.1159753

https://doi.org/10.1016/j.pain.2007.06.010
https://doi.org/10.1371/journal.pone.0049789
https://doi.org/10.1371/journal.pone.0049789
https://doi.org/10.1007/s11926-019-0813-1
https://doi.org/10.1523/JNEUROSCI.2552-18.2019
https://doi.org/10.1523/ENEURO.0202-17.2017
https://doi.org/10.1016/0006-8993(86)90958-3
https://doi.org/10.1523/JNEUROSCI.1162-19.2019
https://doi.org/10.1002/(sici)1096-9861(20000417)419:4<532:aid-cne8>3.0.co;2-6
https://doi.org/10.1002/(sici)1096-9861(20000417)419:4<532:aid-cne8>3.0.co;2-6
https://doi.org/10.1002/1096-9861(20010205)430:2<200:aid-cne1025>3.0.co;2-b
https://doi.org/10.1002/1096-9861(20010205)430:2<200:aid-cne1025>3.0.co;2-b
https://doi.org/10.1016/j.neuroscience.2003.12.015
https://doi.org/10.1097/00002508-200305000-00005
https://doi.org/10.1523/JNEUROSCI.0806-21.2021
https://doi.org/10.1016/j.jpain.2009.08.006
https://doi.org/10.1016/j.jpain.2009.08.006
https://doi.org/10.22038/ijbms.2019.35580.8485
https://doi.org/10.1002/cne.21184
https://doi.org/10.1016/s0168-0102(00)00190-5
https://doi.org/10.1016/s0168-0102(00)00190-5
https://doi.org/10.1016/0006-8993(89)91033-0
https://doi.org/10.1016/0006-8993(89)91033-0
https://doi.org/10.3390/biology11020234
https://doi.org/10.2174/1381612820666141027124915
https://doi.org/10.2174/1381612820666141027124915
https://doi.org/10.1016/j.neuroscience.2021.03.035
https://doi.org/10.1146/annurev.ph.40.030178.001245
https://doi.org/10.1523/JNEUROSCI.03-12-02545.1983
https://doi.org/10.1152/jn.1995.74.4.1742
https://doi.org/10.1038/nature13276
https://doi.org/10.1016/j.neuron.2017.01.008
https://doi.org/10.1002/cne.24164
https://doi.org/10.1002/cne.21343
https://doi.org/10.1097/00001756-199806010-00019
https://doi.org/10.1016/j.neuroscience.2009.10.064
https://doi.org/10.1016/j.neuroscience.2009.10.064
https://doi.org/10.1016/s0304-3959(99)00280-8
https://doi.org/10.1097/j.pain.0000000000000344
https://doi.org/10.1097/j.pain.0000000000000344
https://doi.org/10.1177/17448069211043965
https://doi.org/10.1152/jn.2001.85.1.280
https://doi.org/10.1523/JNEUROSCI.07-01-00271.1987
https://doi.org/10.1152/jn.1997.78.6.3351
https://doi.org/10.1016/0306-4522(92)90400-v
https://doi.org/10.1016/0306-4522(94)90022-1
https://doi.org/10.1016/0306-4522(94)90022-1
https://doi.org/10.1152/jn.00411.2004
https://doi.org/10.1016/s0304-3959(00)00480-2
https://doi.org/10.1016/j.brainresrev.2008.12.009
https://doi.org/10.1016/0306-4522(94)90548-7
https://doi.org/10.1523/JNEUROSCI.4835-13.2014
https://doi.org/10.1523/JNEUROSCI.5583-12.2013
https://doi.org/10.1371/journal.pone.0035293
https://doi.org/10.1371/journal.pone.0035293
https://doi.org/10.31616/asj.2019.0367
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1159753


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

Jiang, M., Bo, J., Lei, Y., Hu, F., Xia, Z., Liu, Y., et al. (2019). Anxiety-induced
hyperalgesia in female rats is mediated by cholecystokinin 2 receptor in rostral
ventromedial medulla and spinal 5-hydroxytryptamine 2B receptor. J. Pain Res. 12,
2009–2026. doi:10.2147/JPR.S187715

Jiao, Y., Gao, P., Dong, L., Ding, X., Meng, Y., Qian, J., et al. (2022). Molecular
identification of bulbospinal ON neurons by GPER which drives pain and morphine
tolerance. J. Clin. Invest. 133, e154588. doi:10.1172/JCI154588

Kalyuzhny, A. E., and Wessendorf, M. W. (1998). Relationship of mu- and delta-
opioid receptors to GABAergic neurons in the central nervous system, including
antinociceptive brainstem circuits. J. Comp. Neurol. 392, 528–547. doi:10.1002/(sici)
1096-9861(19980323)392:4<528:aid-cne9>3.0.co;2-2
Kaplan, H., and Fields, H. L. (1991). Hyperalgesia during acute opioid abstinence:

Evidence for a nociceptive facilitating function of the rostral ventromedial medulla.
J. Neurosci. 11, 1433–1439. doi:10.1523/JNEUROSCI.11-05-01433.1991

Khasabov, S. G., Brink, T. S., Schupp, M., Noack, J., and Simone, D. A. (2012).
Changes in response properties of rostral ventromedial medulla neurons during
prolonged inflammation: Modulation by neurokinin-1 receptors. Neuroscience 224,
235–248. doi:10.1016/j.neuroscience.2012.08.029

Kohn, J. F., Trenk, A., Denham, W., Linn, J. G., Haggerty, S., Joehl, R., et al.
(2020). Long-term outcomes after subtotal reconstituting cholecystectomy: A
retrospective case series. Am. J. Surg. 220, 736–740. doi:10.1016/j.amjsurg.2020.
01.030

Kort, A. R., Joosten, E. A., Versantvoort, E. M., Patijn, J., Tibboel, D., and van den
Hoogen, N. J. (2022). Anatomical changes in descending serotonergic projections
from the rostral ventromedial medulla to the spinal dorsal horn following
repetitive neonatal painful procedures. Int. J. Dev. Neurosci. 82, 361–371.
doi:10.1002/jdn.10185

Kovelowski, C. J., Ossipov, M. H., Sun, H., Lai, J., Malan, T. P., and Porreca, F. (2000).
Supraspinal cholecystokinin may drive tonic descending facilitation mechanisms to
maintain neuropathic pain in the rat. Pain 87, 265–273. doi:10.1016/S0304-3959(00)
00290-6

Lau, B. K., Winters, B. L., and Vaughan, C. W. (2020). Opioid presynaptic
disinhibition of the midbrain periaqueductal grey descending analgesic pathway. Br.
J. Pharmacol. 177, 2320–2332. doi:10.1111/bph.14982

Li, Y., Kang, D. H., Kim, W. M., Lee, H. G., Kim, S. H., You, H. E., et al. (2021).
Systemically administered neurotensin receptor agonist produces antinociception
through activation of spinally projecting serotonergic neurons in the rostral
ventromedial medulla. Korean J. Pain 34, 58–65. doi:10.3344/kjp.2021.34.1.58

Li, M H., Suchland, K. L., and Ingram, S. L. (2017). Compensatory activation of
cannabinoid CB2 receptor inhibition of GABA release in the rostral ventromedial
medulla in inflammatory pain. J. Neurosci. 37, 626–636. doi:10.1523/JNEUROSCI.1310-
16.2016

Li, M M, Suchland, K. L., and Ingram, S. L. (2015). GABAergic transmission and
enhanced modulation by opioids and endocannabinoids in adult rat rostral
ventromedial medulla. J. Physiol. 593, 217–230. doi:10.1113/jphysiol.2014.275701

Li, C, Sugam, J. A., Lowery-Gionta, E. G., McElligott, Z. A., McCall, N.M., Lopez, A. J.,
et al. (2016). Mu opioid receptor modulation of dopamine neurons in the
periaqueductal gray/dorsal raphe: A role in regulation of pain.
Neuropsychopharmacology 41, 2122–2132. doi:10.1038/npp.2016.12

Lima, L. V., DeSantana, J. M., Rasmussen, L. A., and Sluka, K. A. (2017). Short-
duration physical activity prevents the development of activity-induced hyperalgesia
through opioid and serotoninergic mechanisms. Pain 158, 1697–1710. doi:10.1097/j.
pain.0000000000000967

Liu, X., Wang, G., Ai, G., Xu, X., Niu, X., and Zhang, M. (2020). Selective ablation of
descending serotonin from the rostral ventromedial medulla unmasks its pro-
nociceptive role in chemotherapy-induced painful neuropathy. J. Pain Res. 13,
3081–3094. doi:10.2147/JPR.S275254

Lopez-Canul, M., Palazzo, E., Dominguez-Lopez, S., Luongo, L., Lacoste, B., Comai,
S., et al. (2015). Selective melatonin MT2 receptor ligands relieve neuropathic pain
through modulation of brainstem descending antinociceptive pathways. Pain 156,
305–317. doi:10.1097/01.j.pain.0000460311.71572.5f

Loyd, D. R., Morgan, M. M., and Murphy, A. Z. (2007). Morphine preferentially
activates the periaqueductal gray-rostral ventromedial medullary pathway in the male
rat: A potential mechanism for sex differences in antinociception. Neuroscience 147,
456–468. doi:10.1016/j.neuroscience.2007.03.053

Lu, N., Han, M., Yang, Z. L., Wang, Y. Q., Wu, G. C., and Zhang, Y. Q. (2010).
Nociceptin/Orphanin FQ in PAG modulates the release of amino acids, serotonin and
norepinephrine in the rostral ventromedial medulla and spinal cord in rats. Pain 148,
414–425. doi:10.1016/j.pain.2009.11.025

Maione, S., Starowicz, K., Cristino, L., Guida, F., Palazzo, E., Luongo, L., et al. (2009).
Functional interaction between TRPV1 and mu-opioid receptors in the descending
antinociceptive pathway activates glutamate transmission and induces analgesia.
J. Neurophysiol. 101, 2411–2422. doi:10.1152/jn.91225.2008

Marabese, I., Rossi, F., Palazzo, E., de Novellis, V., Starowicz, K., Cristino, L., et al.
(2007). Periaqueductal gray metabotropic glutamate receptor subtype 7 and 8 mediate
opposite effects on amino acid release, rostral ventromedial medulla cell activities, and
thermal nociception. J. Neurophysiol. 98, 43–53. doi:10.1152/jn.00356.2007

Marinelli, S., Vaughan, C. W., Schnell, S. A., Wessendorf, M. W., and Christie, M. J.
(2002). Rostral ventromedial medulla neurons that project to the spinal cord express
multiple opioid receptor phenotypes. J. Neurosci. 22, 10847–10855. doi:10.1523/
JNEUROSCI.22-24-10847.2002

Martenson, M. E., Cetas, J. S., and Heinricher, M. M. (2009). A possible neural basis
for stress-induced hyperalgesia. Pain 142, 236–244. doi:10.1016/j.pain.2009.01.011

Martins, I., and Tavares, I. (2017). Reticular Formation and pain: The past and the
future. Front. Neuroanat. 11, 51. doi:10.3389/fnana.2017.00051

McGaraughty, S., and Heinricher, M. M. (2002). Microinjection of morphine into
various amygdaloid nuclei differentially affects nociceptive responsiveness and RVM
neuronal activity. Pain 96, 153–162. doi:10.1016/s0304-3959(01)00440-7

Mende, M., Fletcher, E. V., Belluardo, J. L., Pierce, J. P., Bommareddy, P. K., Weinrich,
J. A., et al. (2016). Sensory-derived glutamate regulates presynaptic inhibitory terminals
in mouse spinal cord. Neuron 90, 1189–1202. doi:10.1016/j.neuron.2016.05.008

Meng, I. D., Johansen, J. P., Harasawa, I., and Fields, H. L. (2005). Kappa opioids
inhibit physiologically identified medullary pain modulating neurons and reduce
morphine antinociception. J. Neurophysiol. 93, 1138–1144. doi:10.1152/jn.00320.2004

Meng, I. D., Manning, B. H., Martin, W. J., and Fields, H. L. (1998). An analgesia
circuit activated by cannabinoids. Nature 395, 381–383. doi:10.1038/26481

Meyer, P. J., Morgan, M. M., Kozell, L. B., and Ingram, S. L. (2009). Contribution of
dopamine receptors to periaqueductal gray-mediated antinociception.
Psychopharmacol. Berl. 204, 531–540. doi:10.1007/s00213-009-1482-y

Micevych, P. E., Rissman, E. F., Gustafsson, J. A., and Sinchak, K. (2003). Estrogen
receptor-alpha is required for estrogen-induced mu-opioid receptor internalization.
J. Neurosci. Res. 71, 802–810. doi:10.1002/jnr.10526

Miki, K., Zhou, Q. Q., Guo, W., Guan, Y., Terayama, R., Dubner, R., et al. (2002).
Changes in gene expression and neuronal phenotype in brain stem pain modulatory
circuitry after inflammation. J. Neurophysiol. 87, 750–760. doi:10.1152/jn.00534.2001

Milligan, A. L., Szabo-Pardi, T. A., and Burton, M. D. (2020). Cannabinoid receptor
type 1 and its role as an analgesic: An opioid alternative? J. Dual Diagn 16, 106–119.
doi:10.1080/15504263.2019.1668100

Mills, E. P., Alshelh, Z., Kosanovic, D., Di Pietro, F., Vickers, E. R., Macey, P. M., et al.
(2020). Altered brainstem pain-modulation circuitry connectivity during spontaneous
pain intensity fluctuations. J. Pain Res. 13, 2223–2235. doi:10.2147/JPR.S252594

Moreau, J. L., and Fields, H. L. (1986). Evidence for GABA involvement in midbrain
control of medullary neurons that modulate nociceptive transmission. Brain Res. 397,
37–46. doi:10.1016/0006-8993(86)91367-3

Morgan, M. M., Grisel, J. E., Robbins, C. S., and Grandy, D. K. (1997).
Antinociception mediated by the periaqueductal gray is attenuated by orphanin FQ.
Neuroreport 8, 3431–3434. doi:10.1097/00001756-199711100-00003

Morgan, M. M., Tran, A., Wescom, R. L., and Bobeck, E. N. (2020). Differences in
antinociceptive signalling mechanisms following morphine and fentanyl
microinjections into the rat periaqueductal gray. Eur. J. Pain 24, 617–624. doi:10.
1002/ejp.1513

Morgan, M. M., Whittier, K. L., Hegarty, D. M., and Aicher, S. A. (2008).
Periaqueductal gray neurons project to spinally projecting GABAergic neurons in
the rostral ventromedial medulla. Pain 140, 376–386. doi:10.1016/j.pain.2008.09.009

Nasirinezhad, F., Hosseini, M., Karami, Z., Yousefifard, M., and Janzadeh, A. (2016).
Spinal 5-HT3 receptor mediates nociceptive effect on central neuropathic pain; possible
therapeutic role for tropisetron. J. Spinal Cord. Med. 39, 212–219. doi:10.1179/
2045772315Y.0000000047

Neubert, M. J., Kincaid, W., and Heinricher, M. M. (2004). Nociceptive facilitating
neurons in the rostral ventromedial medulla. Pain 110, 158–165. doi:10.1016/j.pain.
2004.03.017

Nguyen, E., Smith, K. M., Cramer, N., Holland, R. A., Bleimeister, I. H., Flores-Felix,
K., et al. (2022). Medullary kappa-opioid receptor neurons inhibit pain and itch through
a descending circuit. Brain 145, 2586–2601. doi:10.1093/brain/awac189

Novellis, V d, Mariani, L., Palazzo, E., Vita, D., Marabese, I., Scafuro, M., et al. (2005).
Periaqueductal grey CB1 cannabinoid and metabotropic glutamate subtype 5 receptors
modulate changes in rostral ventromedial medulla neuronal activities induced by
subcutaneous formalin in the rat. Neuroscience 134, 269–281. doi:10.1016/j.
neuroscience.2005.03.014

Oliva, V., Gregory, R., Davies, W. E., Harrison, L., Moran, R., Pickering, A. E., et al.
(2021). Parallel cortical-brainstem pathways to attentional analgesia. Neuroimage 226,
117548. doi:10.1016/j.neuroimage.2020.117548

Oliva, V., Hartley-Davies, R., Moran, R., Pickering, A. E., and Brooks, J. C. (2022).
Simultaneous brain, brainstem, and spinal cord pharmacological-fMRI reveals
involvement of an endogenous opioid network in attentional analgesia. Elife 11,
e71877. doi:10.7554/eLife.71877

Ossipov, M. H., Dussor, G. O., and Porreca, F. (2010). Central modulation of pain.
J. Clin. Invest. 120, 3779–3787. doi:10.1172/JCI43766

Frontiers in Pharmacology frontiersin.org13

Peng et al. 10.3389/fphar.2023.1159753

https://doi.org/10.1080/01616412.2020.1747730
https://doi.org/10.2147/JPR.S187715
https://doi.org/10.1172/JCI154588
https://doi.org/10.1002/(sici)1096-9861(19980323)392:4<528:aid-cne9>3.0.co;2-2
https://doi.org/10.1002/(sici)1096-9861(19980323)392:4<528:aid-cne9>3.0.co;2-2
https://doi.org/10.1523/JNEUROSCI.11-05-01433.1991
https://doi.org/10.1016/j.neuroscience.2012.08.029
https://doi.org/10.1016/j.amjsurg.2020.01.030
https://doi.org/10.1016/j.amjsurg.2020.01.030
https://doi.org/10.1002/jdn.10185
https://doi.org/10.1016/S0304-3959(00)00290-6
https://doi.org/10.1016/S0304-3959(00)00290-6
https://doi.org/10.1111/bph.14982
https://doi.org/10.3344/kjp.2021.34.1.58
https://doi.org/10.1523/JNEUROSCI.1310-16.2016
https://doi.org/10.1523/JNEUROSCI.1310-16.2016
https://doi.org/10.1113/jphysiol.2014.275701
https://doi.org/10.1038/npp.2016.12
https://doi.org/10.1097/j.pain.0000000000000967
https://doi.org/10.1097/j.pain.0000000000000967
https://doi.org/10.2147/JPR.S275254
https://doi.org/10.1097/01.j.pain.0000460311.71572.5f
https://doi.org/10.1016/j.neuroscience.2007.03.053
https://doi.org/10.1016/j.pain.2009.11.025
https://doi.org/10.1152/jn.91225.2008
https://doi.org/10.1152/jn.00356.2007
https://doi.org/10.1523/JNEUROSCI.22-24-10847.2002
https://doi.org/10.1523/JNEUROSCI.22-24-10847.2002
https://doi.org/10.1016/j.pain.2009.01.011
https://doi.org/10.3389/fnana.2017.00051
https://doi.org/10.1016/s0304-3959(01)00440-7
https://doi.org/10.1016/j.neuron.2016.05.008
https://doi.org/10.1152/jn.00320.2004
https://doi.org/10.1038/26481
https://doi.org/10.1007/s00213-009-1482-y
https://doi.org/10.1002/jnr.10526
https://doi.org/10.1152/jn.00534.2001
https://doi.org/10.1080/15504263.2019.1668100
https://doi.org/10.2147/JPR.S252594
https://doi.org/10.1016/0006-8993(86)91367-3
https://doi.org/10.1097/00001756-199711100-00003
https://doi.org/10.1002/ejp.1513
https://doi.org/10.1002/ejp.1513
https://doi.org/10.1016/j.pain.2008.09.009
https://doi.org/10.1179/2045772315Y.0000000047
https://doi.org/10.1179/2045772315Y.0000000047
https://doi.org/10.1016/j.pain.2004.03.017
https://doi.org/10.1016/j.pain.2004.03.017
https://doi.org/10.1093/brain/awac189
https://doi.org/10.1016/j.neuroscience.2005.03.014
https://doi.org/10.1016/j.neuroscience.2005.03.014
https://doi.org/10.1016/j.neuroimage.2020.117548
https://doi.org/10.7554/eLife.71877
https://doi.org/10.1172/JCI43766
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1159753


Palazzo, E., Boccella, S., Marabese, I., Perrone, M., Belardo, C., Iannotta, M., et al.
(2022). Homo-AMPA in the periaqueductal grey modulates pain and rostral
ventromedial medulla activity in diabetic neuropathic mice. Neuropharmacology
212, 109047. doi:10.1016/j.neuropharm.2022.109047

Palazzo, E., Marabese, I., Soukupova, M., Luongo, L., Boccella, S., Giordano, C., et al.
(2011). Metabotropic glutamate receptor subtype 8 in the amygdala modulates thermal
threshold, neurotransmitter release, and rostral ventromedial medulla cell activity in
inflammatory pain. J. Neurosci. 31, 4687–4697. doi:10.1523/JNEUROSCI.2938-10.2011

Pan, Z., Hirakawa, N., and Fields, H. L. (2000). A cellular mechanism for the
bidirectional pain-modulating actions of orphanin FQ/nociceptin. Neuron 26,
515–522. doi:10.1016/s0896-6273(00)81183-6

Park, C., Kim, J. H., Yoon, B. E., Choi, E. J., Lee, C. J., and Shin, H. S. (2010). T-type
channels control the opioidergic descending analgesia at the low threshold-spiking
GABAergic neurons in the periaqueductal gray. Proc. Natl. Acad. Sci. U. S. A. 107,
14857–14862. doi:10.1073/pnas.1009532107

Pinto, M., Sousa, M., Lima, D., and Tavares, I. (2008). Participation of mu-opioid,
GABA(B), and NK1 receptors of major pain control medullary areas in pathways
targeting the rat spinal cord: Implications for descending modulation of nociceptive
transmission. J. Comp. Neurol. 510, 175–187. doi:10.1002/cne.21793

Posa, L., De Gregorio, D., Lopez-Canul, M., He, Q., Darcq, E., Rullo, L., et al. (2022).
Supraspinal melatonin MT(2) receptor agonism alleviates pain via a neural circuit that
recruits mu opioid receptors. J. Pineal Res. 73, e12825. doi:10.1111/jpi.12825

Radhakrishnan, R., and Sluka, K. A. (2009). Increased glutamate and decreased
glycine release in the rostral ventromedial medulla during induction of a pre-clinical
model of chronic widespread muscle pain. Neurosci. Lett. 457, 141–145. doi:10.1016/j.
neulet.2009.03.086

Rea, K., Roche, M., and Finn, D. P. (2007). Supraspinal modulation of pain by
cannabinoids: The role of GABA and glutamate. Br. J. Pharmacol. 152, 633–648. doi:10.
1038/sj.bjp.0707440

Rempe, T., Wolff, S., Riedel, C., Baron, R., Stroman, P. W., Jansen, O., et al. (2015).
Spinal and supraspinal processing of thermal stimuli: An fMRI study. J. Magn. Reson
Imaging 41, 1046–1055. doi:10.1002/jmri.24627

Roeder, Z., Chen, Q., Davis, S., Carlson, J. D., Tupone, D., and Heinricher, M. M.
(2016). Parabrachial complex links pain transmission to descending pain modulation.
Pain 157, 2697–2708. doi:10.1097/j.pain.0000000000000688

Sagalajev, B., Viisanen, H., Wei, H., and Pertovaara, A. (2017). Descending
antinociception induced by secondary somatosensory cortex stimulation in
experimental neuropathy: Role of the medullospinal serotonergic pathway.
J. Neurophysiol. 117, 1200–1214. doi:10.1152/jn.00836.2016

Schepers, R. J., Mahoney, J. L., Zapata, A., Chefer, V., and Shippenberg, T. S. (2008).
The effects of local perfusion of DAMGO on extracellular GABA and glutamate
concentrations in the rostral ventromedial medulla. J. Neurochem. 104, 806–817.
doi:10.1111/j.1471-4159.2007.05017.x

Sikandar, S., Bannister, K., and Dickenson, A. H. (2012). Brainstem facilitations and
descending serotonergic controls contribute to visceral nociception but not pregabalin
analgesia in rats. Neurosci. Lett. 519, 31–36. doi:10.1016/j.neulet.2012.05.009

Silva, M., Amorim, D., Almeida, A., Tavares, I., Pinto-Ribeiro, F., and Morgado, C.
(2013). Pronociceptive changes in the activity of rostroventromedial medulla (RVM)
pain modulatory cells in the streptozotocin-diabetic rat. Brain Res. Bull. 96, 39–44.
doi:10.1016/j.brainresbull.2013.04.008

Silva, M., Martins, D., Charrua, A., Piscitelli, F., Tavares, I., Morgado, C., et al. (2016).
Endovanilloid control of pain modulation by the rostroventromedial medulla in an
animal model of diabetic neuropathy. Neuropharmacology 107, 49–57. doi:10.1016/j.
neuropharm.2016.03.007

Starowicz, K., Maione, S., Cristino, L., Palazzo, E., Marabese, I., Rossi, F., et al. (2007).
Tonic endovanilloid facilitation of glutamate release in brainstem descending
antinociceptive pathways. J. Neurosci. 27, 13739–13749. doi:10.1523/JNEUROSCI.
3258-07.2007

Talluri, B., Hoelzel, F., Medda, B. K., Terashvili, M., Sanvanson, P., Shaker, R., et al.
(2022). Identification and characterization of rostral ventromedial medulla neurons
synaptically connected to the urinary bladder afferents in female rats with or without
neonatal cystitis. J. Comp. Neurol. 530, 1129–1147. doi:10.1002/cne.25260

Tanaka, M., Matsumoto, Y., Murakami, T., Hisa, Y., and Ibata, Y. (1996). The origins
of catecholaminergic innervation in the rostral ventromedial medulla oblongata of the
rat. Neurosci. Lett. 207, 53–56. doi:10.1016/0304-3940(96)12487-3

Todd, A. J. (2010). Neuronal circuitry for pain processing in the dorsal horn.Nat. Rev.
Neurosci. 11, 823–836. doi:10.1038/nrn2947

Tonsfeldt, K. J., Suchland, K. L., Beeson, K. A., Lowe, J. D., Li, M. H., and Ingram, S. L.
(2016). Sex differences in GABAA signaling in the periaqueductal gray induced by
persistent inflammation. J. Neurosci. 36, 1669–1681. doi:10.1523/JNEUROSCI.1928-15.
2016

Vaughan, C. W., Ingram, S. L., and Christie, M. J. (1997). Actions of the ORL1 receptor
ligand nociceptin on membrane properties of rat periaqueductal gray neurons in vitro.
J. Neurosci. 17, 996–1003. doi:10.1523/JNEUROSCI.17-03-00996.1997

Vaughan, C.W., Ingram, S. L., Connor, M. A., and Christie, M. J. (1997). How opioids
inhibit GABA-mediated neurotransmission. Nature 390, 611–614. doi:10.1038/37610

Verner, T. A., Pilowsky, P. M., and Goodchild, A. K. (2008). Retrograde projections to
a discrete apneic site in the midline medulla oblongata of the rat. Brain Res. 1208,
128–136. doi:10.1016/j.brainres.2008.02.028

Viisanen, H., Lilius, T. O., Sagalajev, B., Rauhala, P., Kalso, E., and Pertovaara, A.
(2020). Neurophysiological response properties of medullary pain-control neurons
following chronic treatment with morphine or oxycodone: Modulation by acute
ketamine. J. Neurophysiol. 124, 790–801. doi:10.1152/jn.00343.2020

Wagner, K. M., Roeder, Z., Desrochers, K., Buhler, A. V., Heinricher, M. M., and
Cleary, D. R. (2013). The dorsomedial hypothalamus mediates stress-induced
hyperalgesia and is the source of the pronociceptive peptide cholecystokinin in the
rostral ventromedial medulla. Neuroscience 238, 29–38. doi:10.1016/j.neuroscience.
2013.02.009

Wang, L H, Ding, W. Q., and Sun, Y. G. (2022). Spinal ascending pathways for
somatosensory information processing. Trends Neurosci. 45, 594–607. doi:10.1016/j.
tins.2022.05.005

Wang, C T, Feng, D. Y., Li, Z. H., Feng, B., Zhang, H., Zhang, T., et al. (2015).
Activation of the mammalian target of rapamycin in the rostral ventromedial medulla
contributes to the maintenance of nerve injury-induced neuropathic pain in rat. Neural
Plast. 2015: 394820. doi:10.1155/2015/394820

WangMao, C. J., Zhang, X. Q., Zhang, C. Y., Lv, D. J., Yang, Y. P., et al. (2017).
Attenuation of hyperalgesia responses via the modulation of 5-hydroxytryptamine
signalings in the rostral ventromedial medulla and spinal cord in a 6-hydroxydopamine-
induced rat model of Parkinson’s disease. Mol. Pain 13, 1744806917691525. doi:10.
1177/1744806917691525

Wang, W, Zhong, X., Li, Y., Guo, R., Du, S., Wen, L., et al. (2019). Rostral
ventromedial medulla-mediated descending facilitation following P2X7 receptor
activation is involved in the development of chronic post-operative pain.
J. Neurochem. 149, 760–780. doi:10.1111/jnc.14650

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

Winkler, C. W., Hermes, S. M., Chavkin, C. I., Drake, C. T., Morrison, S. F., and
Aicher, S. A. (2006). Kappa opioid receptor (KOR) and GAD67 immunoreactivity are
found in OFF and NEUTRAL cells in the rostral ventromedial medulla. J. Neurophysiol.
96, 3465–3473. doi:10.1152/jn.00676.2006

Woolf, C. J. (1983). Evidence for a central component of post-injury pain
hypersensitivity. Nature 306, 686–688. doi:10.1038/306686a0

Xu, M., Kim, C. J., Neubert, M. J., and Heinricher, M. M. (2007). NMDA receptor-
mediated activation of medullary pro-nociceptive neurons is required for secondary
thermal hyperalgesia. Pain 127, 253–262. doi:10.1016/j.pain.2006.08.020

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, W., Gardell, S., Zhang, D., Xie, J. Y., Agnes, R. S., Badghisi, H., et al. (2009).
Neuropathic pain is maintained by brainstem neurons co-expressing opioid and
cholecystokinin receptors. Brain 132, 778–787. doi:10.1093/brain/awn330

Zhang, Z., and Pan, Z. Z. (2012). Signaling cascades for delta-opioid receptor-
mediated inhibition of GABA synaptic transmission and behavioral antinociception.
Mol. Pharmacol. 81, 375–383. doi:10.1124/mol.111.076307

Zhuo, M., and Gebhart, G. F. (1990). Characterization of descending inhibition and
facilitation from the nuclei reticularis gigantocellularis and gigantocellularis pars alpha
in the rat. Pain 42, 337–350. doi:10.1016/0304-3959(90)91147-B

Frontiers in Pharmacology frontiersin.org14

Peng et al. 10.3389/fphar.2023.1159753

https://doi.org/10.1016/j.neuropharm.2022.109047
https://doi.org/10.1523/JNEUROSCI.2938-10.2011
https://doi.org/10.1016/s0896-6273(00)81183-6
https://doi.org/10.1073/pnas.1009532107
https://doi.org/10.1002/cne.21793
https://doi.org/10.1111/jpi.12825
https://doi.org/10.1016/j.neulet.2009.03.086
https://doi.org/10.1016/j.neulet.2009.03.086
https://doi.org/10.1038/sj.bjp.0707440
https://doi.org/10.1038/sj.bjp.0707440
https://doi.org/10.1002/jmri.24627
https://doi.org/10.1097/j.pain.0000000000000688
https://doi.org/10.1152/jn.00836.2016
https://doi.org/10.1111/j.1471-4159.2007.05017.x
https://doi.org/10.1016/j.neulet.2012.05.009
https://doi.org/10.1016/j.brainresbull.2013.04.008
https://doi.org/10.1016/j.neuropharm.2016.03.007
https://doi.org/10.1016/j.neuropharm.2016.03.007
https://doi.org/10.1523/JNEUROSCI.3258-07.2007
https://doi.org/10.1523/JNEUROSCI.3258-07.2007
https://doi.org/10.1002/cne.25260
https://doi.org/10.1016/0304-3940(96)12487-3
https://doi.org/10.1038/nrn2947
https://doi.org/10.1523/JNEUROSCI.1928-15.2016
https://doi.org/10.1523/JNEUROSCI.1928-15.2016
https://doi.org/10.1523/JNEUROSCI.17-03-00996.1997
https://doi.org/10.1038/37610
https://doi.org/10.1016/j.brainres.2008.02.028
https://doi.org/10.1152/jn.00343.2020
https://doi.org/10.1016/j.neuroscience.2013.02.009
https://doi.org/10.1016/j.neuroscience.2013.02.009
https://doi.org/10.1016/j.tins.2022.05.005
https://doi.org/10.1016/j.tins.2022.05.005
https://doi.org/10.1155/2015/394820
https://doi.org/10.1177/1744806917691525
https://doi.org/10.1177/1744806917691525
https://doi.org/10.1111/jnc.14650
https://doi.org/10.1523/JNEUROSCI.5389-09.2010
https://doi.org/10.1152/jn.00676.2006
https://doi.org/10.1038/306686a0
https://doi.org/10.1016/j.pain.2006.08.020
https://doi.org/10.1186/s13020-020-0289-y
https://doi.org/10.1186/s13020-020-0289-y
https://doi.org/10.1093/brain/awn330
https://doi.org/10.1124/mol.111.076307
https://doi.org/10.1016/0304-3959(90)91147-B
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1159753

	Bulbospinal nociceptive ON and OFF cells related neural circuits and transmitters
	1 Introduction
	2 Function and molecular characteristics of RVM ON and OFF cells
	2.1 Functional definition of ON and OFF cells
	2.2 Molecular expression characteristics of ON and OFF cells

	3 Neural circuits and neurotransmitters modulating RVM ON and OFF cells
	3.1 Periaqueductal gray
	3.1.1 Neural circuits involved in PAG-driven descending modulation of RVM
	3.1.2 Neurotransmitters mediating PAG-driven descending modulation of RVM

	3.2 Parabrachial complex
	3.2.1 Neural circuits involved in PB-driven descending modulation of RVM
	3.2.2 Neurotransmitters mediating PB-driven descending modulation of RVM

	3.3 Locus coeruleus
	3.4 Hypothalamus
	3.5 Amygdala

	4 Neural circuits and neurotransmitters modulating projections from RVM ON and OFF cells to spinal cord
	4.1 Neural circuits involved in RVM-driven descending modulation
	4.2 Neurotransmitters mediating RVM-driven descending modulation

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


