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Disruption of the inhibitory control provided by the glycinergic system is one of the major
mechanisms underlying chronic pain. In line with this concept, recent studies have
provided robust proof that pharmacological intervention of glycine receptors (GlyRs)
restores the inhibitory function and exerts anti-nociceptive effects on preclinical models
of chronic pain. A targeted regulation of the glycinergic system requires the identification
of the GlyR subtypes involved in chronic pain states. Nevertheless, the roles of individual
GlyR subunits in nociception and in chronic pain are yet not well defined. This review
aims to provide a systematic outline on the contribution of GlyR subtypes in chronic
pain mechanisms, with a particular focus on molecular pathways of spinal glycinergic
dis-inhibition mediated by post-translational modifications at the receptor level. The
current experimental evidence has shown that phosphorylation of synaptic α1β and α3β

GlyRs are involved in processes of spinal glycinergic dis-inhibition triggered by chronic
inflammatory pain. On the other hand, the participation of α2-containing GlyRs and of β

subunits in pain signaling have been less studied and remain undefined. Although many
questions in the field are still unresolved, future progress in GlyR research may soon
open new exciting avenues into understanding and controlling chronic pain.
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THE GLYCINERGIC SYSTEM

Glycine receptors (GlyRs) are pentameric ligand-gated ion channels (pLGICs). The binding of
the neurotransmitter glycine to the receptor protein opens a chloride-permeable pore, allowing
the hyperpolarization of the membrane potential (Lynch, 2009; Zeilhofer et al., 2012). Functional
GlyRs can be composed exclusively by α subunits (i.e., homomeric) or by α and β subunits (i.e.,
heteromeric). Four isoforms of the a subunits (α1-4) and one β subunit have been identified
(Lynch, 2009; Zeilhofer et al., 2012, 2018). The a subunits display a high level of amino acid
sequence identity (>80% by comparing human α1, α2, and α3 subunits) and share the prototypical
structure of a pLGIC subunit: an amino-terminal extracellular domain (ECD), four transmembrane
(TM1-4) domains, and a large intracellular domain between the TM3 and TM4 domains (ICD).
Each subunit contains an ECD and an ICD that control the agonist binding and intracellular
modulation, while the TM2 domains shape the ion pore (Du et al., 2015; Huang et al., 2015).
The β subunit does not form functional homomeric channels but is key for GlyR clustering and
stabilization at synapses through the interaction of the ICD of β subunit with the scaffolding protein
gephyrin (Tyagarajan and Fritschy, 2014; Groeneweg et al., 2018). Growing progress in structural
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biology have allowed the resolution of diverse GlyR subtypes
structures, including homomeric and heteromeric GlyRs (Du
et al., 2015; Huang et al., 2015; Yu et al., 2021; Zhu and Gouaux,
2021). In parallel, GlyR pharmacology has been also expanded
in recent years (Burgos et al., 2016; Cioffi, 2017). Interestingly,
the combination of structural biology with receptor ligands
have yielded structures showing the binding sites for agonists,
antagonists, and a synthetic modulator, and thus providing
mechanistic insights into GlyR function (Huang et al., 2015, 2017;
Zhu and Gouaux, 2021).

Other key proteins of the glycinergic system are the plasma
membrane glycine transporters (GlyT1 and GlyT2) and the
vesicular amino acid transporter VGAT/VIAAA (Zeilhofer et al.,
2012; Marques et al., 2020). GlyT2 is abundantly expressed
in the spinal cord and brain stem. This distribution profile
matches well with the presence of prominent phasic glycinergic
activity, which is translated into detectable glycinergic inhibitory
post-synaptic currents (Gly-IPSCs). The existence of Gly-IPSCs
is also supported by the widespread expression of α1 and
β GlyR subunits along the spinal cord (Zeilhofer et al.,
2012). Interestingly, the distribution of α3-containting GlyRs is
restricted to the superficial laminae of dorsal horn, where they
are possibly integrated in mixed post-synaptic domains together
with α1 and β subunits (Harvey et al., 2004). Apart from fast
synaptic inhibition, it has been reported that GlyRs modulate
neuronal excitability via tonic inhibition (McCracken et al., 2017;
Molchanova et al., 2018; Muñoz et al., 2020) and presynaptic
modulation (Turecek and Trussell, 2001; Jeong et al., 2003).

Glycine receptors activation controls key neurophysiological
functions, such as respiratory rhythm, muscle tone and motor
coordination (Lynch, 2009; Callister and Graham, 2010; Zeilhofer
et al., 2012). Cumulative data from human studies and mouse
models have helped to establish the neurophysiological relevance
of GlyR subunits in health and disease. A well stablished example
of the pathological GlyR relevance is human hyperekplexia,
a neuromotor disorder frequently associated with genetic
alterations in the genes encoding α1 and β GlyRs (Glra1 and Glrb)
(Bode and Lynch, 2014). Other studies have shed light on the
physiological roles of GlyRs composed of α2 and α3 subunits.
These studies have determined that α2 GlyRs are involved in
cortical migration, neurogenesis, and recognition memory (Avila
et al., 2013; Pilorge et al., 2016; Lin et al., 2017), while GlyRs
containing α3 subunits contribute to breathing control and
hearing (Manzke et al., 2010; Dlugaiczyk et al., 2016; Tziridis et al.,
2017). Noteworthy, additional reports have revealed central roles
of α2 and α3 GlyRs in neurological diseases, including autism
(Pilorge et al., 2016), epilepsy (Winkelmann et al., 2014) and
alcohol addiction (Gallegos et al., 2021).

GLYCINERGIC NEUROTRANSMISSION
IN CHRONIC PAIN

Chronic pain is a widespread pathological state that affects
around 20% of the adult population worldwide. Different
peripheral and central mechanisms contribute to chronic pain
(Zeilhofer et al., 2012; Yekkirala et al., 2017). The role of the

glycinergic system in pain has been extensively studied in the
dorsal horn. Pioneering studies using intrathecal injections of
strychnine were the first to suggest a role of spinal GlyRs in
pain control (Beyer et al., 1985; Yaksh, 1989). The GlyR activity
on dorsal horn is also critical to set a correct maturation of the
neural circuits controlling pain and touch (Koch et al., 2012; Koch
and Fitzgerald, 2013). Additional studies have shown that the
selective ablation and chemogenetic manipulation of dorsal horn
glycinergic neurons exert a direct control of pain and itch (Foster
et al., 2015). These results together with others (Miraucourt et al.,
2007; Lu et al., 2013; Petitjean et al., 2015) have established the
contribution of the glycinergic system to the spinal control of
innocuous and painful signals.

Further insights have demonstrated that the glycinergic tone
in the dorsal horn is diminished in chronic pain models.
The glycinergic dis-inhibition has been shown in paradigms
of persistent pain induced by peripheral inflammation, nerve
injury and diabetes-induced neuropathy (Harvey et al., 2004;
Chiu et al., 2016; Imlach et al., 2016; Zhang et al., 2019a).
In line with these observations, the exogenous application
of pain-related mediators (e.g., PGE2 and IL1β) to naïve
spinal tissue also generated short-term alterations of glycinergic
neurotransmission (Ahmadi et al., 2002; Kawasaki et al., 2008:
Chirila et al., 2014).

The mechanisms underlying the glycinergic dysfunction in
chronic pain are related to diverse plastic changes at peripheral
and central sites. These processes include, for instance, apoptosis
of inhibitory neurons, alterations of chloride homeostasis,
microglial proliferation and activation, long-term potentiation
or depression, activity-dependent C-fiber stimulation, and post-
translational modification of inhibitory receptors (Scholz et al.,
2005; Pernia-Andrade et al., 2009; Thacker et al., 2009; Kim
et al., 2012; Zeilhofer et al., 2012; Chirila et al., 2014;
Zhang et al., 2019a).

The evidence discussed above has led to the development
of pharmacological tools for the restoration of glycinergic
activity. Recent studies have provided robust proof-of-concept
that positive allosteric modulators (PAMs) of GlyRs exert anti-
nociceptive effects on preclinical models of chronic pain (Cioffi,
2017; Zeilhofer et al., 2018, 2021). Thus, it is likely that
the integration of basic research and translational approaches
with focus on the glycinergic system may identify novel drugs
against chronic pain.

GLYCINE RECEPTOR SUBTYPES
INVOLVED IN NOCICEPTION AND
CHRONIC PAIN

A targeted pharmacological intervention in the glycinergic
system requires the identification of GlyR subtypes involved in
chronic pain states of different origins. The absence of subunit
selective GlyR pharmacological agents (Yevenes and Zeilhofer,
2011; Cioffi, 2017) and the limited quantity of genetically
modified mouse models have hampered our insights into the
contribution of specific GlyR subtypes in disease states. Despite
these limitations, recent reports have shed light on GlyR subunits
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FIGURE 1 | Signaling pathways and molecular mechanisms involved on processes of glycinergic disinhibition in chronic pain. (A) Phosphorylation of dorsal horn
GlyRs containing the α1ins subunit. The activation of mGluR5 triggers the ERK-dependent phosphorylation of synaptic α1ins GlyRs. On the other hand, activation of
the A1Rs promotes its PP1-mediated de-phosphorylation. Activation of mGluR5 signaling with DHPG decreases the amplitude of Gly-IPSCs, whereas GABA-IPSCs
were not affected. (B) IL-1β potentiation of glycinergic synapses. The IL-1β mediated activation of IL1-R generates a long-term potentiation of the Gly-IPSCs on
dorsal horn GABAergic neurons. The glycinergic potentiation involves increases on intracellular Ca2+ and p38-MAPK activity. The IL-1β signaling did not affect the
GABA-IPSCs. Whether this mechanism preferentially target synaptic α1 or α3-containing GlyRs is unknown. (C) Phosphorylation of dorsal horn GlyRs containing the
α3 subunit. Activation of EP2-R by PGE2 decreases the Gly-IPSCs on dorsal horn neurons through the PKA-mediated phosphorylation of synaptic α3 GlyRs. The
stimulation of EP2-R did not modify the GABA-IPSCs. The molecular identity of potential GPCRs involved in the de-phosphorylation of dorsal horn α3GlyRs remains
undetermined. (D) Molecular mechanisms underlying the mGluR5-mediated glycinergic dis-inhibition. Activation of mGluR5 stimulate the binding of ERK to a
consensus site located on the splice cassette (380SPMLNLPQ) within the ICD of α1insGlyR. ERK targets and phosphorylate the S380 residue and stimulate the
subsequent ubiquitination of the L379 residue through the E3 ubiquitin ligase HUWE, triggering the proteasomal degradation of α1ins GlyRs. (E) Molecular
mechanisms underlying the EP2-R mediated glycinergic dis-inhibition. Activation of EP2-Rs triggers the PKA-dependent phosphorylation of S346 of α3GlyRs,
leading to alterations on the ion channel function and to enhanced lateral mobility of the receptor.
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TABLE 1 | Participation of GlyR α subunits in nociception and chronic pain states.

GlyR subunit Species Behavioral models Genetic modifications Main technical
approaches

References

α1 Mouse Complete Freund’s
adjuvant model of
inflammatory pain

Transgenic EGFP-expressing inhibitory
neuron (GIN) line

Electrophysiology
Immunocytochemistry

Takazawa et al., 2017

Human Not applicable Diagnosed hyperekplexia (mutations on
Glra1 and Grlb genes)

Battery of quantitative
sensory tests

Vuilleumier et al., 2018

Mouse Formalin model of
inflammatory pain

None Electrophysiology
Immunocytochemistry
Inmunoprecipitation
Gene knock-down
Behavioral tests

Zhang et al., 2019a

Mouse Complete Freund’s
adjuvant model of
inflammatory pain

None Biotinylation
Electrophysiology
Gene knock-down

Diao et al., 2020

α2 Mouse Formalin, Zymosan A
and Complete Freund’s
adjuvant models of
inflammatory pain
Spare nerve injury
model of neuropathic
pain

Global knock-out In situ hybridization
Behavioral tests

Kallenborn-Gerhardt
et al., 2012

Rat Partial nerve ligation
model of neuropathic
pain

None Electrophysiology
Western blot

Imlach et al., 2016

Mouse Spinal nerve ligation
model of neuropathic
pain

None RNA-Seq Yu et al., 2019

α3 Mouse Zymosan A and
Complete Freund’s
adjuvant models of
inflammatory pain

Global knock-out Electrophysiology
Behavioral tests
Immunocytochemistry

Harvey et al., 2004

Mouse Formalin model of
inflammatory pain
Chronic constriction
injury model of
neuropathic pain

Global knock-out Behavioral tests Hösl et al., 2006

Mouse Zymosan A model of
inflammatory pain
Chronic constriction
injury model of
neuropathic pain

α3GlyR-S346A knock-in Electrophysiology
Behavioral tests

Werynska et al., 2021

involved in mechanisms of spinal glycinergic dysfunction in
chronic pain (summarized in Figure 1 and Table 1).

Glycine Receptors Composed of α1
Subunit
As briefly described above, α1GlyRs are widely expressed
along the spinal cord and brainstem and contribute to
essential physiological functions. Accordingly, the global genetic
inactivation of the Glra1 gene is lethal, and mutations
in Glra1 cause hyperekplexic phenotypes in mice (Schaefer
et al., 2013; Bode and Lynch, 2014). Nonetheless, a recent
report has established the significance of α1GlyRs on pain
processing in humans by studying patients with hyperekplexia

(Vuilleumier et al., 2018). Using a battery of quantitative
sensory tests, this study showed that patients with diverse
mutations in the Glra1 gene have lower pain thresholds than
healthy volunteers.

A diminished glycinergic transmission in the superficial
dorsal horn of inflamed rodents has been found in studies from
different groups (Chirila et al., 2014; Takazawa et al., 2017;
Zhang et al., 2019a). Although the prominent expression
of synapses containing α1β GlyRs on the dorsal horn
suggest an expected main role of α1-containing GlyRs in
pain plasticity, experimental proof of spinal dis-inhibition
processes directly driven by modifications on α1GlyRs were
not reported until recently. A key article by Zhang et al.
(2019a,b) demonstrated that ERK-mediated phosphorylation
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of the S380 residue within the longer splice variant of α1GlyR,
α1insGlyR, promotes the ubiquitination and endocytosis of the
receptor, leading to a reduction of glycinergic neurotransmission
(Figures 1A–D). A role of this pathway in inflammatory pain
was determined using the formalin model. The dorsal horn
ipsilateral to the formalin injection showed an enhanced
phosphorylation and ubiquitination of α1insGlyRs, and
intrathecal application of a synthetic peptide comprising
the putative ERK docking domain of α1insGlyRs attenuated
the second-phase nociceptive behaviors of formalin-injected
mice (Zhang et al., 2019a). In contrast, other studies have
shown that altered glycinergic neurotransmission does not
necessarily correlate with a weakened expression of spinal GlyRs.
For example, Takazawa et al. (2017) showed that glycinergic
dis-inhibition triggered by peripheral inflammation takes place
without detectable changes either in the density of inhibitory
synapses or in the percentage of inhibitory synapses containing
α1GlyR subunits, suggesting the absence of a significant
receptor endocytosis.

Further studies have shown that the phosphorylation
state of the S380 residue of α1insGlyRs on the dorsal horn is
dynamically controlled by G-protein coupled receptors (GPCRs)
(Figure 1A). Bai et al. (2017) reported the potentiation of
Gly-IPSCs mediated by the activation of adenosine A1 receptor
(A1R). Using chemical inhibitors and recombinant GlyRs, the
authors showed that A1R activation potentiated glycine-evoked
currents of α1insGlyR, but not of α1GlyRs. In a follow up study,
the same research group showed that intrathecal application of
adenosine reduced the phosphorylation of S380 of α1insGlyRs
in inflamed mice and attenuated pain hypersensitivity through
a mechanism involving dephosphorylation of α1insGlyRs
by protein phosphatase-1 (PP1) (Diao et al., 2020). On the
other hand, it was reported that the activation of mGluR5
reduces dorsal horn Gly-IPSCs by specifically promoting
ERK mediated phosphorylation of S380 of α1insGlyRs
(Zhang et al., 2019a). Together, these studies suggest that
the phosphorylation state of the S380 residue of α1insGlyRs
determines the strength of glycinergic neurotransmission in the
dorsal horn.

Another signaling pathway modulating spinal glycinergic
synapses was described by Chirila et al. (2014). The
authors demonstrated the presence of a rapid potentiation
of Gly-IPSCs on GABAergic neurons following the
acute application of interleukin-1β (IL-1β) (Figure 1B).
Interestingly, others have explored the mechanism
underlying IL-1β induced glycinergic plasticity at the
molecular level (Patrizio et al., 2017). Using tagged
GlyR subunits combined with photoactivated localization
microscopy (PALM) and single molecule tracking, Patrizio
and collaborators determined that IL-1β reduced the
number of α1-containing GlyRs at spinal synapses, while
the synaptic occupancy of α3-containing GlyRs was
not modified. Hence, although these data sets appear
to be contradictory, the current evidence suggests that
inflammatory mediators involved in pain processes
may exert diverse plastic modifications on glycinergic
synapses.

Glycine Receptors Composed of α2
Subunit
The contribution of α2-containing GlyRs to nociception and
chronic pain is not yet clear. Considering the very low or absent
expression of α2GlyRs in the dorsal horn of adult mammals
(Lynch, 2009; Zeilhofer et al., 2012), a major contribution
of the α2 subunits to spinal pain processing seems unlikely.
However, mice lacking the expression of α2GlyRs (α2−/−)
have given first insights into its potential relevance. Behavioral
assessments performed in α2−/− mice showed an altered
pain sensitization recovery after peripheral inflammation with
Zymosan A (Kallenborn-Gerhardt et al., 2012). Further assays
showed an unaltered pain hypersensitivity in other two models
of inflammatory pain. The α2−/− mice displayed normal acute
nociception and unchanged pain sensitization after peripheral
nerve injury. Other studies have shown that α2GlyRs may
participate in the plasticity mechanisms underlying neuropathic
pain. Imlach et al. (2016) showed that nerve injury induced
an enhanced expression of α2GlyRs in a subset of dorsal horn
neurons (identified as radial neurons), which correlated well with
a reduced efficacy of glycinergic transmission. In line with these
observations, a report based on RNA-Seq of dorsal horn tissue
from mice that had undergone spinal nerve ligation revealed an
increased expression of the Glra2 gene after 7 days (Yu et al.,
2019). Altogether, these results suggest that the spinal inhibitory
dysfunction after peripheral nerve injury may involve changes in
α2GlyRs expression.

Glycine Receptors Composed of α3
Subunit
Increasing evidence points to a critical role of dorsal horn
α3-containing GlyRs in chronic inflammatory pain (Zeilhofer
et al., 2021; Figure 1C). Initial electrophysiological studies
showed that the activation of EP2 receptors (EP2-R) by
prostaglandin E2 (PGE2) decreased Gly-IPSCs in dorsal horn
neurons through a PKA-dependent mechanism (Ahmadi et al.,
2002). Using mice lacking the expression of α3GlyRs (α3−/−)
or EP2-R (EP2−/−), two follow up studies demonstrated a
direct involvement of α3GlyR and EP2-R in glycinergic dis-
inhibition in inflammatory pain (Harvey et al., 2004; Reinold
et al., 2005). Electrophysiological recordings showed that the
Gly-IPSC inhibition driven by EP2-R activation described in
wild-type mice was absent on tissue from α3−/− or EP2−/−

mice. Moreover, behavioral studies showed that both α3−/−

or EP2−/− animals developed a similar reduced time window
of pain hypersensitivity induced by peripheral inflammation.
Moreover, both α3−/− or EP2−/− mice were not significantly
sensitized by intrathecal application of PGE2. Interestingly,
α3−/− mice showed a normal acute nociception (Harvey
et al., 2004; Acuña et al., 2016) and displayed an unaltered
pain sensitization after peripheral nerve injury (Hösl et al.,
2006).

Using recombinant expression of mutant GlyRs, Harvey
et al. (2004) identified the S346 residue within the ICD
of α3GlyRs as the residue targeted by PKA. The recent
generation of a knock-in mouse line carrying the S346A
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mutation in the Glra3 gene allowed direct examination
of the relevance of this chronic pain mechanism in vivo
(Werynska et al., 2021). Behavioral experiments demonstrated
that α3GlyR-S346A mice are devoid of pain sensitization
elicited by intrathecal PGE2 and display a diminished
inflammatory pain hyperalgesia. The in vivo observations
correlated well with electrophysiological recordings performed
on dorsal horn tissue from α3GlyR-S346A mice, which
did not show the PGE2-mediated reduction of Gly-
IPSCs seen in wild-type mice. These results confirm the
role of PKA-dependent phosphorylation of α3GlyRs in
inflammatory pain and highlight the significance of α3-
containing GlyRs as pharmacological targets (Cioffi, 2017;
Zeilhofer et al., 2018, 2021).

The relevance of α3GlyRs has fostered studies exploring the
molecular mechanisms connecting the S346 phosphorylation
to decreased glycinergic currents (Figure 1E). Using voltage
clamp fluorometry, Han et al. (2013) proposed that the
S346 phosphorylation promotes a wave of conformational
changes that affect the glycine-binding site. Further studies
revealed a direct link between S346 phosphorylation and
alterations of ion channel conductance (Moraga-Cid et al.,
2020). Single-channel experiments showed that the optogenetic
or chemical activation of PKA signaling reduced the unitary
conductance of wild-type α3GlyRs. The lower conductance
was mirrored by a phospho-mimetic α3GlyR construct
(S346E) and was reproducible on chimeric channels lacking
the α3GlyR ECD. The single channel results indicated a
reduction of the unitary current amplitudes by about 35%
in wild-type or phospho-mimetic receptors, which is similar
to the decrease of the Gly-IPSCs observed in dorsal horn
slices (Ahmadi et al., 2002; Harvey et al., 2004; Acuña et al.,
2016). Besides direct alterations on the ion channel function,
phosphorylation processes have also been associated with
changes in receptor mobility. In spinal neurons expressing
GlyRs in fusion with the fluorescent protein Dendra2, Niwa
et al. (2019) found a differential effect of PKA signaling
on synaptic α1β or α3β GlyRs. Single-particle tracking
experiments showed that forskolin treatment increased
the synaptic diffusion coefficient of Dendra2-α3GlyRs,
while Dendra2-α1GlyRs remained unaltered. Thus, these
experiments suggest that S346 phosphorylation may also
promote glycinergic dis-inhibition by increasing the mobility of
synaptic α3GlyRs.

Glycine Receptor β Subunit
To date, there is no direct evidence connecting the β GlyR subunit
with sensory processing or chronic pain. However, the lack of
evidence does not mean that β subunits are irrelevant in the
control of pain. As the β GlyR is modified by post-translational
modifications that adjust its subcellular localization (Specht et al.,
2011; Grünewald et al., 2018) and function (Caraiscos et al.,
2002; Muñoz et al., 2021), it is likely that pain-related plasticity
phenomena associated with glycinergic neurotransmission are
linked with modifications of the β subunits. Future studies and
novel models (Maynard et al., 2021) may contribute to clarify the
specific roles of β GlyR subunit on pain signaling.

CONCLUSION

The results summarized here allow us to conclude that
GlyR subtypes differentially contribute to nociception and
chronic pain. The current evidence strongly suggests that
post-translational modifications on synaptic α1β and α3β

GlyRs are involved in processes of spinal glycinergic dis-
inhibition and chronic inflammatory pain. On the other
hand, the roles of the α2 and β subunits remain largely
unknown. The diverse molecular mechanisms involved
suggest a highly dynamic plasticity of GlyRs and of other
proteins of the glycinergic system. The signaling pathways
controlling GlyR phosphorylation appear to be critical
for the fine tuning of the inhibitory synaptic strength. So
far, the available data suggest that GlyR phosphorylation
works as a molecular switch regulating plasma membrane
expression, synaptic localization, and ion channel function.
Whether these mechanisms act in parallel or independently at
glycinergic synapses affected by pain-related signals remains
to be determined.

Despite an increasing number of recent reports, it should
be noted that the characterization of the GlyR subtypes
roles in nociception and chronic pain is far from complete,
as many open questions in the field have not yet been
addressed. Of significant concern is the relevance of glycinergic
tonic inhibition and presynaptic GlyRs in pain control.
Whether supra-spinal GlyR subtypes (Husson et al., 2014;
Muñoz et al., 2018) or GlyRs expressed in non-neuronal cells
(Van den Eynden et al., 2009) also participate in the regulation
of pain is another question that is almost entirely unexplored.
Similarly, the expression and potential significance of GlyRs on
primary afferents remains controversial (Wilke et al., 2020; Yao
et al., 2021). Finally, the relevance of autoantibodies targeting
GlyRs in pain control in humans is largely unknown (Crisp
et al., 2019; Rauschenberger et al., 2020). The identification
and characterization of novel protein kinases, protein-protein
interactions and post-translational modifications involved in
the regulation of GlyRs may open exciting new avenues
in pain research. Hopefully, future progress in terms of
the development of subunit selective GlyR pharmacological
agents and the generation of novel genetic models will clarify
some of these issues and expand our current knowledge in
the coming years.

AUTHOR CONTRIBUTIONS

VSM, AS, EU, GM-C, and GEY participated in the conception of
the review and wrote the manuscript. All authors contributed to
the article and approved the submitted version.

FUNDING

This work was supported by grants ANID-FONDECYT 1211095
(to GM-C), 1191552 (to EU), and 1211082 (to GEY). This

Frontiers in Molecular Neuroscience | www.frontiersin.org 6 March 2022 | Volume 15 | Article 848642

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-15-848642 March 22, 2022 Time: 10:22 # 7

San Martín et al. Glycine Receptor Subtypes in Pain

work was also supported by the Millennium Nucleus
for the Study of Pain (MiNuSPain). MiNuSPain is a
Millennium Nucleus supported by the Millennium Science
Initiative of the Ministry of Science, Technology, Knowledge
and Innovation, Chile. VSM was supported by ANID-
CONICYT doctoral fellowship 21201722, University of
Concepcion and Ministry of Education, Chile (Fortalecimiento
Institucional, DFI).

ACKNOWLEDGMENTS

We thank Felipe Serrano (www.illustrative-science.com) for the
figure artwork. We also thank Christian G. Specht (Diseases
and Hormones of the Nervous System (DHNS), Inserm U1195,
Université Paris-Saclay, France) and Braulio Muñoz (Department
of Pharmacology and Toxicology, Indiana University School of
Medicine, United States) for critically reviewing the manuscript.

REFERENCES
Acuña, M. A., Yévenes, G. E., Ralvenius, W. T., Benke, D., Di Lio, A., Lara,

C. O., et al. (2016). Phosphorylation state–dependent modulation of spinal
glycine receptors alleviates inflammatory pain. J. Clin. Invest. 126, 2547–2560.
doi: 10.1172/JCI83817

Ahmadi, S., Lippross, S., Neuhuber, W. L., and Zeilhofer, H. U. (2002).
PGE 2 selectively blocks inhibitory glycinergic neurotransmission onto rat
superficial dorsal horn neurons. Nat. Neurosci. 5, 34–40. doi: 10.1038/n
n778

Avila, A., Vidal, P. M., Dear, T. N., Harvey, R. J., Rigo, J. M., and Nguyen, L.
(2013). Glycine receptor α2 subunit activation promotes cortical interneuron
migration. Cell rep. 4, 738–750. doi: 10.1016/j.celrep.2013.07.016

Bai, H. H., Liu, J. P., Yang, L., Zhao, J. Y., Suo, Z. W., Yang, X., et al. (2017).
Adenosine A1 receptor potentiated glycinergic transmission in spinal cord
dorsal horn of rats after peripheral inflammation. Neuropharmacology 126,
158–167. doi: 10.1016/j.neuropharm.2017.09.001

Beyer, C., Roberts, L. A., and Komisaruk, B. R. (1985). Hyperalgesia induced by
altered glycinergic activity at the spinal cord. Life sci. 37, 875–882. doi: 10.1016/
0024-3205(85)90523-5

Bode, A., and Lynch, J. W. (2014). The impact of human hyperekplexia mutations
on glycine receptor structure and function. Mol. brain 7:2. doi: 10.1186/1756-
6606-7-2

Burgos, C. F., Yévenes, G. E., and Aguayo, L. G. (2016). Structure and
pharmacologic modulation of inhibitory glycine receptors. Mol. Pharmacol. 90,
318–325. doi: 10.1124/mol.116.105726

Callister, R. J., and Graham, B. A. (2010). Early history of glycine receptor biology in
mammalian spinal cord circuits. Front. Mol. Neurosci. 3:13. doi: 10.3389/fnmol.
2010.00013

Caraiscos, V. B., Mihic, S. J., MacDonald, J. F., and Orser, B. A. (2002). Tyrosine
kinases enhance the function of glycine receptors in rat hippocampal neurons
and human α1β glycine receptors. J. Physiol. 539, 495–502. doi: 10.1113/
jphysiol.2001.013508

Chirila, A. M., Brown, T. E., Bishop, R. A., Bellono, N. W., Pucci, F. G., and
Kauer, J. A. (2014). Long-term potentiation of glycinergic synapses triggered
by interleukin 1β. Proc. Natl. Acad. Sci. 111, 8263–8268. doi: 10.1073/pnas.
1401013111

Chiu, Y. C., Liao, W. T., Liu, C. K., Wu, C. H., and Lin, C. R. (2016). Reduction
of spinal glycine receptor-mediated miniature inhibitory postsynaptic currents
in streptozotocin-induced diabetic neuropathic pain. Neurosci. Lett. 611, 88–93.
doi: 10.1016/j.neulet.2015.10.072

Cioffi, C. L. (2017). Modulation of glycine-mediated spinal neurotransmission for
the treatment of chronic pain. J. Med. Chem. 61, 2652–2679. doi: 10.1021/acs.
jmedchem.7b00956

Crisp, S. J., Dixon, C. L., Jacobson, L., Chabrol, E., Irani, S. R., Leite, M. I., et al.
(2019). Glycine receptor autoantibodies disrupt inhibitory neurotransmission.
Brain 142, 3398–3410. doi: 10.1093/brain/awz297

Diao, X. T., Yao, L., Ma, J. J., Zhang, T. Y., Bai, H. H., Suo, Z. W.,
et al. (2020). Analgesic action of adenosine A1 receptor involves the
dephosphorylation of glycine receptor α1ins subunit in spinal dorsal horn
of mice. Neuropharmacology 176:108219. doi: 10.1016/j.neuropharm.2020.10
8219

Dlugaiczyk, J., Hecker, D., Neubert, C., Buerbank, S., Campanelli, D., Becker, C. M.,
et al. (2016). Loss of glycine receptors containing the α3 subunit compromises
auditory nerve activity, but not outer hair cell function. Hear. Res. 337, 25–34.
doi: 10.1016/j.heares.2016.05.004

Du, J., Lü, W., Wu, S., Cheng, Y., and Gouaux, E. (2015). Glycine receptor
mechanism elucidated by electron cryo-microscopy. Nature 526, 224–229. doi:
10.1038/nature14853

Foster, E., Wildner, H., Tudeau, L., Haueter, S., Ralvenius, W. T., Jegen,
M., et al. (2015). Targeted ablation, silencing, and activation establish
glycinergic dorsal horn neurons as key components of a spinal gate
for pain and itch. Neuron 85, 1289–1304. doi: 10.1016/j.neuron.2015.0
2.028

Gallegos, S., San Martin, L., Araya, A., Lovinger, D. M., Homanics, G. E., and
Aguayo, L. G. (2021). Reduced sedation and increased ethanol consumption
in knock-in mice expressing an ethanol insensitive alpha 2 subunit of the
glycine receptor. Neuropsychopharmacology 46, 528–536. doi: 10.1038/s41386-
020-0689-9

Groeneweg, F. L., Trattnig, C., Kuhse, J., Nawrotzki, R. A., and Kirsch, J.
(2018). Gephyrin: a key regulatory protein of inhibitory synapses and
beyond. Histochem. Cell Biol. 150, 489–508. doi: 10.1007/s00418-018-1
725-2

Grünewald, N., Jan, A., Salvatico, C., Kress, V., Renner, M., Triller, A., et al.
(2018). Sequences flanking the Gephyrin-binding site of GlyRβ tune receptor
stabilization at synapses. Eneuro 5, ENEURO.0042. doi: 10.1523/ENEURO.
0042-17.2018

Han, L., Talwar, S., Wang, Q., Shan, Q., and Lynch, J. W. (2013). Phosphorylation
of α3 glycine receptors induces a conformational change in the glycine-
binding site. ACS Chem. Neurosci. 4, 1361–1370. doi: 10.1021/cn400
097j

Harvey, R. J., Depner, U. B., Wässle, H., Ahmadi, S., Heindl, C., Reinold,
H., et al. (2004). GlyR α3: an essential target for spinal PGE2-mediated
inflammatory pain sensitization. Science 304, 884–887. doi: 10.1126/science.109
4925

Hösl, K., Reinold, H., Harvey, R. J., Müller, U., Narumiya, S., and Zeilhofer,
H. U. (2006). Spinal prostaglandin E receptors of the EP2 subtype and
the glycine receptor α3 subunit, which mediate central inflammatory
hyperalgesia, do not contribute to pain after peripheral nerve injury
or formalin injection. Pain 126, 46–53. doi: 10.1016/j.pain.2006.0
6.011

Huang, X., Chen, H., Michelsen, K., Schneider, S., and Shaffer, P. L. (2015). Crystal
structure of human glycine receptor-α3 bound to antagonist strychnine. Nature
526, 277–280. doi: 10.1038/nature14972

Huang, X., Shaffer, P. L., Ayube, S., Bregman, H., Chen, H., Lehto, S. G., et al.
(2017). Crystal structures of human glycine receptor α3 bound to a novel class
of analgesic potentiators. Nat. Struct. Mol. Biol. 24, 108–113. doi: 10.1038/nsmb.
3329

Husson, Z., Rousseau, C. V., Broll, I., Zeilhofer, H. U., and Dieudonné, S. (2014).
Differential GABAergic and glycinergic inputs of inhibitory interneurons and
Purkinje cells to principal cells of the cerebellar nuclei. J. Neurosci. 34, 9418–
9431. doi: 10.1523/JNEUROSCI.0401-14.2014

Imlach, W. L., Bhola, R. F., Mohammadi, S. A., and Christie, M. J. (2016).
Glycinergic dysfunction in a subpopulation of dorsal horn interneurons
in a rat model of neuropathic pain. Sci. Rep. 6:37104. doi: 10.1038/srep3
7104

Jeong, H. J., Jang, I. S., Moorhouse, A. J., and Akaike, N. (2003). Activation
of presynaptic glycine receptors facilitates glycine release from presynaptic
terminals synapsing onto rat spinal sacral dorsal commissural nucleus neurons.
J. Physiol. 550, 373–383. doi: 10.1113/jphysiol.2003.041053

Kallenborn-Gerhardt, W., Lu, R., Lorenz, J., Gao, W., Weiland, J., Del Turco, D.,
et al. (2012). Prolonged zymosan-induced inflammatory pain hypersensitivity

Frontiers in Molecular Neuroscience | www.frontiersin.org 7 March 2022 | Volume 15 | Article 848642

http://www.illustrative-science.com
https://doi.org/10.1172/JCI83817
https://doi.org/10.1038/nn778
https://doi.org/10.1038/nn778
https://doi.org/10.1016/j.celrep.2013.07.016
https://doi.org/10.1016/j.neuropharm.2017.09.001
https://doi.org/10.1016/0024-3205(85)90523-5
https://doi.org/10.1016/0024-3205(85)90523-5
https://doi.org/10.1186/1756-6606-7-2
https://doi.org/10.1186/1756-6606-7-2
https://doi.org/10.1124/mol.116.105726
https://doi.org/10.3389/fnmol.2010.00013
https://doi.org/10.3389/fnmol.2010.00013
https://doi.org/10.1113/jphysiol.2001.013508
https://doi.org/10.1113/jphysiol.2001.013508
https://doi.org/10.1073/pnas.1401013111
https://doi.org/10.1073/pnas.1401013111
https://doi.org/10.1016/j.neulet.2015.10.072
https://doi.org/10.1021/acs.jmedchem.7b00956
https://doi.org/10.1021/acs.jmedchem.7b00956
https://doi.org/10.1093/brain/awz297
https://doi.org/10.1016/j.neuropharm.2020.108219
https://doi.org/10.1016/j.neuropharm.2020.108219
https://doi.org/10.1016/j.heares.2016.05.004
https://doi.org/10.1038/nature14853
https://doi.org/10.1038/nature14853
https://doi.org/10.1016/j.neuron.2015.02.028
https://doi.org/10.1016/j.neuron.2015.02.028
https://doi.org/10.1038/s41386-020-0689-9
https://doi.org/10.1038/s41386-020-0689-9
https://doi.org/10.1007/s00418-018-1725-2
https://doi.org/10.1007/s00418-018-1725-2
https://doi.org/10.1523/ENEURO.0042-17.2018
https://doi.org/10.1523/ENEURO.0042-17.2018
https://doi.org/10.1021/cn400097j
https://doi.org/10.1021/cn400097j
https://doi.org/10.1126/science.1094925
https://doi.org/10.1126/science.1094925
https://doi.org/10.1016/j.pain.2006.06.011
https://doi.org/10.1016/j.pain.2006.06.011
https://doi.org/10.1038/nature14972
https://doi.org/10.1038/nsmb.3329
https://doi.org/10.1038/nsmb.3329
https://doi.org/10.1523/JNEUROSCI.0401-14.2014
https://doi.org/10.1038/srep37104
https://doi.org/10.1038/srep37104
https://doi.org/10.1113/jphysiol.2003.041053
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-15-848642 March 22, 2022 Time: 10:22 # 8

San Martín et al. Glycine Receptor Subtypes in Pain

in mice lacking glycine receptor alpha2. Behav. Brain Res. 226, 106–111. doi:
10.1016/j.bbr.2011.09.002

Kawasaki, Y., Zhang, L., Cheng, J. K., and Ji, R. R. (2008). Cytokine
mechanisms of central sensitization: distinct and overlapping role
of interleukin-1beta, interleukin-6, and tumor necrosis factor-alpha
in regulating synaptic and neuronal activity in the superficial spinal
cord. J. Neurosci. 28, 5189–5194. doi: 10.1523/JNEUROSCI.3338-07.
2008

Kim, Y. H., Back, S. K., Davies, A. J., Jeong, H., Jo, H. J., Chung, G., et al. (2012).
TRPV1 in GABAergic interneurons mediates neuropathic mechanical allodynia
and disinhibition of the nociceptive circuitry in the spinal cord. Neuron 74,
640–647. doi: 10.1016/j.neuron.2012.02.039

Koch, S. C., and Fitzgerald, M. (2013). Activity-dependent development of tactile
and nociceptive spinal cord circuits. Ann. N Y Acad. Sci. 1279, 97–102. doi:
10.1111/nyas.12033

Koch, S. C., Tochiki, K. K., Hirschberg, S., and Fitzgerald, M. (2012). C-fiber
activity-dependent maturation of glycinergic inhibition in the spinal dorsal
horn of the postnatal rat. Proc. Natl. Acad. Sci. 109, 12201–12206. doi: 10.1073/
pnas.1118960109

Lin, M. S., Xiong, W. C., Li, S. J., Gong, Z., Cao, X., Kuang, X. J., et al. (2017).
α2-glycine receptors modulate adult hippocampal neurogenesis and spatial
memory. Dev. Neurobiol. 77, 1430–1441. doi: 10.1002/dneu.22549

Lu, Y., Dong, H., Gao, Y., Gong, Y., Ren, Y., Gu, N., et al. (2013). A feed-forward
spinal cord glycinergic neural circuit gates mechanical allodynia. J. Clin. Invest.
123, 4050–4062. doi: 10.1172/JCI70026

Lynch, J. W. (2009). Native glycine receptor subtypes and their physiological
roles. Neuropharmacology 56, 303–309. doi: 10.1016/j.neuropharm.2008.0
7.034

Manzke, T., Niebert, M., Koch, U. R., Caley, A., Vogelgesang, S., Hülsmann, S.,
et al. (2010). Serotonin receptor 1A–modulated phosphorylation of glycine
receptor α3 controls breathing in mice. J. Clin. Invest. 120, 4118–4128. doi:
10.1172/JCI43029

Marques, B. L., Oliveira-Lima, O. C., Carvalho, G. A., de Almeida Chiarelli, R.,
Ribeiro, R. I, Parreira, R. C., et al. (2020). Neurobiology of glycine transporters:
From molecules to behavior. Neurosci. Biobehav. Rev. 118, 97–110. doi: 10.1016/
j.neubiorev.2020.07.025

Maynard, S. A., Rostaing, P., Schaefer, N., Gemin, O., Candat, A., Dumoulin,
A., et al. (2021). Identification of a stereotypic molecular arrangement of
endogenous glycine receptors at spinal cord synapses. Elife 10:e74441. doi:
10.7554/eLife.74441

McCracken, L. M., Lowes, D. C., Salling, M. C., Carreau-Vollmer, C., Odean, N. N.,
Blednov, Y. A., et al. (2017). Glycine receptor α3 and α2 subunits mediate tonic
and exogenous agonist-induced currents in forebrain. Proc. Natl. Acad. Sci. 114,
E7179–E7186. doi: 10.1073/pnas.1703839114

Miraucourt, L. S., Dallel, R., and Voisin, D. L. (2007). Glycine inhibitory
dysfunction turns touch into pain through PKCgamma interneurons. PloS one
2:e1116. doi: 10.1371/journal.pone.0001116

Molchanova, S. M., Comhair, J., Karadurmus, D., Piccart, E., Harvey,
R. J., Rigo, J. M., et al. (2018). Tonically active α2 subunit-containing
glycine receptors regulate the excitability of striatal medium spiny
neurons. Front. Mol. Neurosci. 10:442. doi: 10.3389/fnmol.2017.0
0442

Moraga-Cid, G., San Martín, V. P., Lara, C. O., Muñoz, B., Marileo, A. M., Sazo,
A., et al. (2020). Modulation of glycine receptor single-channel conductance
by intracellular phosphorylation. Sci. Rep. 10:4804. doi: 10.1038/s41598-020-
61677-w

Muñoz, B., Yevenes, G. E., Förstera, B., Lovinger, D. M., and Aguayo, L. G. (2018).
Presence of inhibitory glycinergic transmission in medium spiny neurons in
the nucleus accumbens. Front. Mol. Neurosci. 11:228. doi: 10.3389/fnmol.2018.
00228

Muñoz, B., Gallegos, S., Peters, C., Murath, P., Lovinger, D. M., Homanics,
G. E., et al. (2020). Influence of nonsynaptic α1 glycine receptors on ethanol
consumption and place preference. Add. Biol. 25:e12726. doi: 10.1111/adb.
12726

Muñoz, B., Mariqueo, T., Murath, P., Peters, C., Yevenes, G. E., Moraga-Cid, G.,
et al. (2021). Modulatory Actions of the Glycine Receptor β Subunit on the
Positive Allosteric Modulation of Ethanol in α2 Containing Receptors. Front.
Mol. Neurosci. 14:763868.

Niwa, F., Patrizio, A., Triller, A., and Specht, C. G. (2019). cAMP-EPAC-
dependent regulation of gephyrin phosphorylation and GABAAR trapping
at inhibitory synapses. iScience 22, 453–465. doi: 10.1016/j.isci.2019.1
1.013

Patrizio, A., Renner, M., Pizzarelli, R., Triller, A., and Specht, C. G. (2017).
Alpha subunit-dependent glycine receptor clustering and regulation of
synaptic receptor numbers. Sci. Rep. 7:10899. doi: 10.1038/s41598-017-11
264-3

Pernia-Andrade, A. J., Kato, A., Witschi, R., Nyilas, R., Katona, I., Freund, T. F.,
et al. (2009). Spinal endocannabinoids and CB1 receptors mediate C-fiber–
induced heterosynaptic pain sensitization. Science 325, 760–764. doi: 10.1126/
science.1171870

Petitjean, H., Pawlowski, S. A., Fraine, S. L., Sharif, B., Hamad, D., Fatima, T., et al.
(2015). Dorsal horn parvalbumin neurons are gate-keepers of touch-evoked
pain after nerve injury. Cell Rep. 13, 1246–1257. doi: 10.1016/j.celrep.2015.09.
080

Pilorge, M., Fassier, C., Le Corronc, H., Potey, A., Bai, J., De Gois, S., et al.
(2016). Genetic and functional analyses demonstrate a role for abnormal
glycinergic signaling in autism. Mol. Psychiat. 21, 936–945. doi: 10.1038/mp.20
15.139

Rauschenberger, V., von Wardenburg, N., Schaefer, N., Ogino, K., Hirata, H.,
Lillesaar, C., et al. (2020). Glycine Receptor Autoantibodies Impair Receptor
Function and Induce Motor Dysfunction. Ann. Neurol. 88, 544–561. doi: 10.
1002/ana.25832

Reinold, H., Ahmadi, S., Depner, U. B., Layh, B., Heindl, C., Hamza, M., et al.
(2005). Spinal inflammatory hyperalgesia is mediated by prostaglandin E
receptors of the EP2 subtype. J. Clin. Invest. 115, 673–679. doi: 10.1172/
JCI23618

Schaefer, N., Langlhofer, G., Kluck, C. J., and Villmann, C. (2013). Glycine receptor
mouse mutants: model systems for human hyperekplexia. Br. J. Pharmacol. 170,
933–952. doi: 10.1111/bph.12335

Scholz, J., Broom, D. C., Youn, D. H., Mills, C. D., Kohno, T., Suter, M. R., et al.
(2005). Blocking caspase activity prevents transsynaptic neuronal apoptosis
and the loss of inhibition in lamina II of the dorsal horn after peripheral
nerve injury. J. Neurosci. 25, 7317–23. doi: 10.1523/JNEUROSCI.1526-05.
2005

Specht, C. G., Grünewald, N., Pascual, O., Rostgaard, N., Schwarz, G., and Triller,
A. (2011). Regulation of glycine receptor diffusion properties and gephyrin
interactions by protein kinase C. EMBO J. 30, 3842–3853. doi: 10.1038/emboj.
2011.276

Takazawa, T., Choudhury, P., Tong, C. K., Conway, C. M., Scherrer, G., Flood,
P. D., et al. (2017). Inhibition mediated by glycinergic and GABAergic
receptors on excitatory neurons in mouse superficial dorsal horn is location-
specific but modified by inflammation. J. Neurosci. 37, 2336–2348. doi:
10.1523/JNEUROSCI.2354-16.2017

Thacker, M. A., Clark, A. K., Bishop, T., Grist, J., Yip, P. K., Moon, L. D., et al.
(2009). CCL2 is a key mediator of microglia activation in neuropathic pain
states. Eur. J. Pain 13, 263–272. doi: 10.1016/j.ejpain.2008.04.017

Turecek, R., and Trussell, L. O. (2001). Presynaptic glycine receptors enhance
transmitter release at a mammalian central synapse. Nature 411, 587–590. doi:
10.1038/35079084

Tyagarajan, S. K., and Fritschy, J. M. (2014). Gephyrin: a master regulator of
neuronal function? Nat. Rev. Neurosci. 15, 141–156. doi: 10.1038/nrn3670

Tziridis, K., Buerbank, S., Eulenburg, V., Dlugaiczyk, J., and Schulze, H. (2017).
Deficit in acoustic signal-in-noise detection in glycine receptor α3 subunit
knockout mice. Eur. J. Neurosci. 45, 581–586. doi: 10.1111/ejn.13489

Van den Eynden, J., SahebAli, S., Horwood, N., Carmans, S., Brône, B., Hellings,
N., et al. (2009). Glycine and glycine receptor signalling in non-neuronal cells.
Front. Mol. Neurosci. 2:9. doi: 10.3389/neuro.02.009.2009

Vuilleumier, P. H., Fritsche, R., Schliessbach, J., Schmitt, B., Arendt-Nielsen, L.,
Zeilhofer, H. U., et al. (2018). Mutations affecting glycinergic neurotransmission
in hyperekplexia increase pain sensitivity. Brain 141, 63–71. doi: 10.1093/brain/
awx289

Werynska, K., Gingras, J., Benke, D., Scheurer, L., Neumann, E., and Zeilhofer,
H. U. (2021). A Glra3 phospho-deficient mouse mutant establishes the critical
role of PKA-dependent phosphorylation and inhibition of glycine receptors in
spinal inflammatory hyperalgesia. PAIN 162, 2436–2445. doi: 10.1097/j.pain.
0000000000002236

Frontiers in Molecular Neuroscience | www.frontiersin.org 8 March 2022 | Volume 15 | Article 848642

https://doi.org/10.1016/j.bbr.2011.09.002
https://doi.org/10.1016/j.bbr.2011.09.002
https://doi.org/10.1523/JNEUROSCI.3338-07.2008
https://doi.org/10.1523/JNEUROSCI.3338-07.2008
https://doi.org/10.1016/j.neuron.2012.02.039
https://doi.org/10.1111/nyas.12033
https://doi.org/10.1111/nyas.12033
https://doi.org/10.1073/pnas.1118960109
https://doi.org/10.1073/pnas.1118960109
https://doi.org/10.1002/dneu.22549
https://doi.org/10.1172/JCI70026
https://doi.org/10.1016/j.neuropharm.2008.07.034
https://doi.org/10.1016/j.neuropharm.2008.07.034
https://doi.org/10.1172/JCI43029
https://doi.org/10.1172/JCI43029
https://doi.org/10.1016/j.neubiorev.2020.07.025
https://doi.org/10.1016/j.neubiorev.2020.07.025
https://doi.org/10.7554/eLife.74441
https://doi.org/10.7554/eLife.74441
https://doi.org/10.1073/pnas.1703839114
https://doi.org/10.1371/journal.pone.0001116
https://doi.org/10.3389/fnmol.2017.00442
https://doi.org/10.3389/fnmol.2017.00442
https://doi.org/10.1038/s41598-020-61677-w
https://doi.org/10.1038/s41598-020-61677-w
https://doi.org/10.3389/fnmol.2018.00228
https://doi.org/10.3389/fnmol.2018.00228
https://doi.org/10.1111/adb.12726
https://doi.org/10.1111/adb.12726
https://doi.org/10.1016/j.isci.2019.11.013
https://doi.org/10.1016/j.isci.2019.11.013
https://doi.org/10.1038/s41598-017-11264-3
https://doi.org/10.1038/s41598-017-11264-3
https://doi.org/10.1126/science.1171870
https://doi.org/10.1126/science.1171870
https://doi.org/10.1016/j.celrep.2015.09.080
https://doi.org/10.1016/j.celrep.2015.09.080
https://doi.org/10.1038/mp.2015.139
https://doi.org/10.1038/mp.2015.139
https://doi.org/10.1002/ana.25832
https://doi.org/10.1002/ana.25832
https://doi.org/10.1172/JCI23618
https://doi.org/10.1172/JCI23618
https://doi.org/10.1111/bph.12335
https://doi.org/10.1523/JNEUROSCI.1526-05.2005
https://doi.org/10.1523/JNEUROSCI.1526-05.2005
https://doi.org/10.1038/emboj.2011.276
https://doi.org/10.1038/emboj.2011.276
https://doi.org/10.1523/JNEUROSCI.2354-16.2017
https://doi.org/10.1523/JNEUROSCI.2354-16.2017
https://doi.org/10.1016/j.ejpain.2008.04.017
https://doi.org/10.1038/35079084
https://doi.org/10.1038/35079084
https://doi.org/10.1038/nrn3670
https://doi.org/10.1111/ejn.13489
https://doi.org/10.3389/neuro.02.009.2009
https://doi.org/10.1093/brain/awx289
https://doi.org/10.1093/brain/awx289
https://doi.org/10.1097/j.pain.0000000000002236
https://doi.org/10.1097/j.pain.0000000000002236
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-15-848642 March 22, 2022 Time: 10:22 # 9

San Martín et al. Glycine Receptor Subtypes in Pain

Wilke, B. U., Kummer, K. K., Leitner, M. G., and Kress, M. (2020). Chloride–the
underrated ion in nociceptors. Front. Neurosci. 14:287. doi: 10.3389/fnins.2020.
00287

Winkelmann, A., Maggio, N., Eller, J., Caliskan, G., Semtner, M., Häussler,
U., et al. (2014). Changes in neural network homeostasis trigger
neuropsychiatric symptoms. J. Clin. Invest. 124, 696–711. doi: 10.1172/JCI7
1472

Yaksh, T. L. (1989). Behavioral and autonomic correlates of the tactile evoked
allodynia produced by spinal glycine inhibition: effects of modulatory receptor
systems and excitatory amino acid antagonists. Pain 37, 111–123. doi: 10.1016/
0304-3959(89)90160-7

Yao, L., Zhang, T. Y., Diao, X. T., Ma, J. J., Bai, H. H., Suo, Z. W., et al. (2021).
Functional expression of glycine receptors in DRG neurons of mice. Eur. J.
Pharmacol. 899:174034. doi: 10.1016/j.ejphar.2021.174034

Yekkirala, A. S., Roberson, D. P., Bean, B. P., and Woolf, C. J. (2017). Breaking
barriers to novel analgesic drug development. Nat. Rev. Drug Dis. 16, 545–564.
doi: 10.1038/nrd.2017.87

Yevenes, G. E., and Zeilhofer, H. U. (2011). Allosteric modulation of glycine
receptors. Br. J. Pharmacol. 164, 224–236. doi: 10.1111/j.1476-5381.2011.01
471.x

Yu, H., Bai, X. C., and Wang, W. (2021). Characterization of the subunit
composition and structure of adult human glycine receptors. Neuron 109,
2707–2716. doi: 10.1016/j.neuron.2021.08.019

Yu, H., Zhang, P., Chen, Y. R., Wang, Y. J., Lin, X. Y., Li, X. Y., et al. (2019).
Temporal changes of spinal transcriptomic profiles in mice with spinal nerve
ligation. Front. Neurosci. 13:1357. doi: 10.3389/fnins.2019.01357

Zeilhofer, H. U., Acuña, M. A., Gingras, J., and Yévenes, G. E. (2018). Glycine
receptors and glycine transporters: targets for novel analgesics? Cell. Mol. Life
Sci. 75, 447–465. doi: 10.1007/s00018-017-2622-x

Zeilhofer, H. U., Werynska, K., Gingras, J., and Yévenes, G. E. (2021). Glycine
Receptors in Spinal Nociceptive Control—An Update. Biomolecules 11:846.
doi: 10.3390/biom11060846

Zeilhofer, H. U., Wildner, H., and Yévenes, G. E. (2012). Fast synaptic inhibition
in spinal sensory processing and pain control. Physiol. Rev. 92, 193–235. doi:
10.1152/physrev.00043.2010

Zhang, Z. Y., Bai, H. H., Guo, Z., Li, H. L., He, Y. T., Duan, X. L., et al. (2019a).
mGluR5/ERK signaling regulated the phosphorylation and function of glycine
receptor α1ins subunit in spinal dorsal horn of mice. PLoS biol. 17:e3000371.
doi: 10.1371/journal.pbio.3000371

Zhang, Z. Y., Guo, Z., Li, H. L., He, Y. T., Duan, X. L., Suo, Z. W., et al. (2019b).
Ubiquitination and inhibition of glycine receptor by HUWE1 in spinal cord
dorsal horn. Neuropharmacology 148, 358–365. doi: 10.1016/j.neuropharm.
2019.02.002

Zhu, H., and Gouaux, E. (2021). Architecture and assembly mechanism of
native glycine receptors. Nature 599, 513–517. doi: 10.1038/s41586-021-04
022-z

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.

Copyright © 2022 San Martín, Sazo, Utreras, Moraga-Cid and Yévenes. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Molecular Neuroscience | www.frontiersin.org 9 March 2022 | Volume 15 | Article 848642

https://doi.org/10.3389/fnins.2020.00287
https://doi.org/10.3389/fnins.2020.00287
https://doi.org/10.1172/JCI71472
https://doi.org/10.1172/JCI71472
https://doi.org/10.1016/0304-3959(89)90160-7
https://doi.org/10.1016/0304-3959(89)90160-7
https://doi.org/10.1016/j.ejphar.2021.174034
https://doi.org/10.1038/nrd.2017.87
https://doi.org/10.1111/j.1476-5381.2011.01471.x
https://doi.org/10.1111/j.1476-5381.2011.01471.x
https://doi.org/10.1016/j.neuron.2021.08.019
https://doi.org/10.3389/fnins.2019.01357
https://doi.org/10.1007/s00018-017-2622-x
https://doi.org/10.3390/biom11060846
https://doi.org/10.1152/physrev.00043.2010
https://doi.org/10.1152/physrev.00043.2010
https://doi.org/10.1371/journal.pbio.3000371
https://doi.org/10.1016/j.neuropharm.2019.02.002
https://doi.org/10.1016/j.neuropharm.2019.02.002
https://doi.org/10.1038/s41586-021-04022-z
https://doi.org/10.1038/s41586-021-04022-z
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

	Glycine Receptor Subtypes and Their Roles in Nociception and Chronic Pain
	The Glycinergic System
	Glycinergic Neurotransmission in Chronic Pain
	Glycine Receptor Subtypes Involved in Nociception and Chronic Pain
	Glycine Receptors Composed of 1 Subunit
	Glycine Receptors Composed of 2 Subunit
	Glycine Receptors Composed of 3 Subunit
	Glycine Receptor  Subunit

	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References


