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ABSTRACT

Interneurons operating with glycine neurotransmitter are involved in the regulation of
pain transmission in the dorsal horn of the spinal cord. In addition to interneurons,
glycine release also occurs from glial cells neighboring glutamatergic synapses in the
spinal cord. Neuronal and glial release of glycine is controlled by glycine transporters
(GlyTs). Inhibitors of the two isoforms of GlyTs, the astrocytic type-1 (GlyT-1) and
the neuronal type-2 (GlyT-2), decrease pain sensation evoked by injuries of peripheral
sensory neurons or inflammation. The function of dorsal horn glycinergic
interneurons has been suggested to be reduced in neuropathic pain, which can be
reversed by GlyT-2 inhibitors (Org-25543, ALX1393). Several lines of evidence also
support that peripheral nerve damage or inflammation may shift glutamatergic
neurochemical transmission from N-methyl-D aspartate (NMDA) NR1/NR2A
receptor- to NR1/NR2B receptor-mediated events (subunit switch). This pathological
overactivation of NR1/NR2B receptors can be reduced by GlyT-1 inhibitors (NFPS,
Org-25935), which decrease excessive glycine release from astroglial cells or by
selective antagonists of NR2B subunits (ifenprodil, Ro 25-6981). Although several
experiments suggest that GlyT inhibitors may represent a novel strategy in the control
of neuropathic pain, proving this concept in human beings is hampered by lack of
clinically applicable GlyT inhibitors. We also suggest that drugs inhibiting both GlyT-
1 and GlyT-2 non-selectively and reversibly, may favorably target neuropathic pain.
In this paper we overview inhibitors of the two isoforms of GlyTs as well as the
effects of these drugs in experimental models of neuropathic pain. In addition, the
possible mechanisms of action of the GIlyT inhibitors, i.e. how they affect the
neurochemical and pain transmission in the spinal cord, are also discussed. The
growing evidence for the possible therapeutic intervention of neuropathic pain by
GlyT inhibitors further urges development of drugable compounds, which may

beneficially restore impaired pain transmission in various neuropathic conditions.
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1. Introduction

Despite the large developments in chronic pain medication, neuropathic pain
management is still unsolved. The currently used medications are categorized into
three groups: first, second, and third-line drugs (Dworkin et al., 2010). First-line
medications include: tricyclic antidepressants, dual reuptake inhibitors of serotonin
and norepinephrine, gabapentinoids, and lidocaine transdermal patch. Second-line
drugs are classical opioids and drugs having both opioid and non-opioid actions like
tramadol. Third-line medications include antiepileptics, topical capsaicin preparations,

memantine, and mexiletine.

Neuropathic pain exists in different forms and pathomechanisms, in which the role of
glycinergic neurotransmission becomes more and more important based on studies of
the past few years (Carland et al., 2014; Zafra et al., 2016). The wide distribution of
glycine in the central nervous system turned the attention to the role of glycinergic
neurotransmission in pain-mediation encouraging researchers to find novel glycine-
based analgesics for the treatment of neuropathic pain. Recently, series of compounds
altering glycine transporters have been reported to affect the transduction of
neuropathic pain. Inhibitors of glycine transporter type 1 and type 2 (GlyT-1 and
GlyT-2), which have primarily roles in regulation of synaptic and non-synaptic
glycine concentration, are a new promising way in this respect. In fact, inhibitors of
both transporters have been proven to display analgesic action in various experimental
conditions (Vandenberg et al., 2014). In this review, we will focus on glycine
transporters emerging as novel targets to control neuropathic pain. Recently, Dohi and
coworkers (2009) have published an excellent review on the role of GlyTs in pain

transmission.

2. Background on pain management

Pain is considered as one of the most ancient health dilemmas that mankind
faced with and so far has not been satisfactory solved, especially in the case of
chronic neuropathic pain. (Debono et al., 2013). Clinicians commonly face to the
problem that the most commonly applied, high efficacy analgesics (e.g. opioids or
local anesthetics) show significantly lower efficacy in chronic neuropathic conditions,
compared with other pain types (Shaqura et al., 2013; Borbély et al., 2017; Végh et
al., 2017; Balogh et al., 2019). The beginning of pain management was based on
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sorcery, seeking the help of monks and use of natural products. Egyptians, Chinese,
ancient Greek and Roman physicians had achieved a great success in controlling pain
by utilizing natural products. However, the breakthrough in pain controlling was the
discovery and isolation of opioids by German pharmacist assistant, Friedrich Wilhelm
Sertiirner in the 19th century (Schmitz, 1985). It was followed by the discovery of
other drugs e.g. non-steroidal anti-inflammatory drugs (NSAIDs). At that time,
various plants or plant extracts were used to relieve pain, fever, and inflammation. In
the mid-19th century salicylates were characterized resulting in discovery of
acetylsalicylic acid or Aspirin, considered as a prototype of NSAIDs and as a turning
point in development of the current NSAIDs available for clinical use. Despite the
development of numerous medications controlling acute, moderate to severe pain,
management of neuropathic pain is not solved yet. It is considered as an unmet
medical need, affecting 2-3% of the population in developed countries (Field et al.,
1999). According to International Association for the Study of Pain (IASP, 2012),
neuropathic pain is defined as “pain arising as a direct consequence of a lesion or
disease affecting the somatosensory system”. Based on this definition, it is a result of
harms to neurons in peripheral and central nervous system or both. Generally, pain
affects 20% of European population (80 million citizens/month) and only in the
United States approximately 100 million people are suffering from some kind of
chronic pain (Breivik et al., 2006; Debono et al., 2013). This number has exceeded the
total number of people with diabetes, heart disease, and cancer. In spite of the
availability of pharmacological pain remedies, neuropathic pain usually does not
respond well to the current medications. So far, medical management of neuropathic
pain is largely based on the symptoms of the disease. It should be kept in mind that
less than 50% of patients with neuropathic pain respond to treatment with the
currently available drugs, 40% are inadequately treated and 30% do not respond to the
treatment (Torrance et al., 2006; Moulin et al., 2014; Van Hecke et al., 2014; Zeng et
al., 2017).

3. Pain transmission

Pain transmission from the periphery to the central nervous system is carried
out by sensory afferent fibers that are composed of primary, secondary and tertiary
ones. Pain sensation moves from the primary to the secondary then to the tertiary

fibers via chemical junction points located in the spinal cord and the thalamus,
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respectively (Bourne et al., 2014). AB, Ao and C fibers have two terminals, one
located in the periphery and the other in the dorsal horn of the spinal cord and named
as peripheral (e.g. dorsal root ganglion; DRG) and central terminals of sensonry
neurons. Nociceptors are sensory (pain) receptors located on the peripheral ending of
primary afferents. ApB fibers are stimulated by non-noxious mechanical stimuli of low
thresholds and are described as light-touch receptors. On the other hand, Ad and C
fibers are stimulated by mechanical, thermal or chemical noxious stimuli. C-fibers are
stimulated by multiple modalities including chemical, mechanical (touch, pressure,
stretch) and thermal stimuli (Bourne et al., 2014). Pain has both somatosensory and
emotional aspects. The transmission of the former is described above, whereas the
latter aspect is conveyed by the spinoreticular tract terminating in the reticular
formation in the brainstem, where information is further processed to the thalamus
and the hypothalamus. Besides the ascending pain pathway, the descending (or
inhibitory) pathway is also important in pain processing and pain sensation.
Glutamatergic system is of utmost importance for travelling pain from the primary
afferent neurons to the secondary afferent neurons at the spinal dorsal horn, because
the majority of these primary fibers release glutamate. Besides primary afferent,
central terminal glutamate is also a substantial transmitter of prevailing majority of
excitatory spinal dorsal horn interneurons (Todd et al., 2003). In neuropathic pain,
continuous firing of C-fibers results in a sustained glutamate release, which likely
stays beyond the phenomenon called central sensitization indicated by allodynia and
hyperalgesia (Neumann et al., 1996; Sandkiihler, 2009; Hua and Cabot, 2010). In
order to halt chronic pain transmission by drugs influencing the glutamatergic system
at this crucial pain traffic point (spinal cord), there are two important mechanisms that
could be of great analgesic effects. The first mechanism is to inhibit N-methyl-D-
aspartate (NMDA) receptors. This pharmacological intervention has already gained
significant clinical attention, since ketamine in subanaesthetic doses has been reported
to produce analgesic action in neuropathic pain when it is used acutely or chronically
(Leung et al., 2001; Kvarnstrom et al., 2003; Okie, 2010). However, ketamine and
ketamine-like drugs have been proven to cause central side effects such as
hallucination, agitation, and panic attacks that largely limit their use (Niesters et al.,
2014; Bell and Kalso, 2018). The second mechanism could be to facilitate the active

removal of glutamate in the dorsal spinal cord pain synapses upon the robust release.



The evidence mentioned above suggests that the glutamatergic system likely plays a
significant role in pain sensation, though the underlying mechanisms are quite
complex. In addition, we should also consider that glutamatergic neurons are in tight
connection with a number of glycinergic interneurons in spinal dorsal horn.

Herein, we review the impact of novel drugs, that could affect glutamatergic tone at
synaptic sites and thereby damping travelling of pain sensation resulted from

continuous firing of primary afferent sensory neurons subjected to tissue injury.

4. Neural circuitry in the spinal dorsal horn that mediates neuropathic pain

The dorsal root ganglia contain the cell bodies of the primary afferent neurons
(AP, Ad and C), which differ in myelination and sensory information transmitted from
the periphery into the spinal cord. The myelinated A fibers process non-noxious,
mechanical (superficial light touch, pressure) sensory inputs and project into laminae
I1 and 111 of the dorsal horn. The central terminals of AP fibers operate with glutamate
as a neurotransmitter and establish synaptic connections with a number of excitatory
and inhibitory interneurons at the spinal dorsal horn (Fig. 1). A subgroup of excitatory
interneurons in lamina II expresses protein kinase Cy (PKCy) immunoreactivity.
These interneurons receive excitatory innervation from AP fibers and inhibitory
inputs from the parvalbumin positive glycinergic cells and in turn, they process
stimulatory inputs to the transient central excitatory interneurons in lamina Il (Lu et
al., 2013; Vandenberg et al., 2014; Zafra et al., 2016). After nerve injury,
parvalbumin-containing glycinergic cell-PKCy cell synapses are impaired in function
(Petitjean et al., 2015). In addition, decrease in parvalbumin-containing cell activity or
increased number of PKCy cells leads to the development of spontaneous pain,
hyperalgesia, and allodynia (Petitjean et al., 2015). A fibers also establish synaptic
connections with inhibitory glycinergic interneurons in lamina 111, which then synapse
with excitatory interneurons in laminae | and II. Their inhibitory effect on excitatory
interneurons is believed to be critical in blocking flow of sensory information from
AB fibers to pain-transmismitting neurons in lamina I.
The inhibitory transmission in the spinal dorsal horn, which is mediated by
glycinergic and glycinergic/ GABAergic neurons, has been increasingly recognized as
a key player in the development of neuropathic pain. The principal neurotransmitter in
this inhibition is glycine, which has a double neurotransmitter role in the central

nervous system, influencing not just inhibitory neurotransmission but, as a coagonist
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of NMDA receptors, the excitatory glutamatergic neurotransmission as well.
Excitation in the dorsal horn of the spinal cord is mediated via glutamate receptors,

which are discussed below.

5. lonotropic N-methyl-D-aspartate (NMDA) glutamate receptors and their
presence in the spinal dorsal horn

There are three major types of ionotropic glutamate receptors (iGIURS): N-
methyl-D-aspartate  (NMDA), a-amino-3-hydroxy-5-methyl-4-isoxazoleproprionic
acid (AMPA), and 2-carboxy-3-carboxymethyl-4-isopropenylpyrrolidine (kainate)
receptors, named after their selective agonists. These receptors share common
structural features (e.g. tetrameric architecture with each subunit consisting of an
extracellular amino-terminal domain, an extracellular ligand binding domain, four
transmembrane domains, and an intracellular carboxyl-terminal domain) placing them
into one superfamily (i.e. ionotropic glutamate receptors; others are the cys-loop
receptors e.g. nicotinic acetylcholine, 5-HT3 serotonin, GABAA and glycine receptors
as well as the superfamily of ATP-gated channels). Of the iGIuRs, NMDA receptors
are composed of three classes of subunits (NR1, NR2A-D, NR3A-B) and their
combinations form receptors consising of four subunits (Danysz and Parson, 1998).
Three major populations of NMDA NR1/NR2 receptors are present in the spinal
dorsal horn neurons: NR2A, NR2B, and NR2D subunits are commonly expressed,
whereas NR2C subunit is expressed in a lesser extent in neurons (Karlsson et al.,
2002).

A peculiar nature of the NMDA receptor is that its activation requires simultaneous
binding of the agonist glutamate to NR2 subunit and the coagonist glycine or D-serine
to NR1 subunit (Johnson and Ascher, 1987). NMDA receptors differ in affinity of the
two coagonists to the receptors. Therefore, receptor activation is dependent on the
coincident agonist and coagonist binding and postsynaptic depolarization (as it
relieves the Mg?* blockade - Mg?* largely blocks the NMDA receptor channels at
resting membrane potential). These characteristics of NMDA receptor activation are

critically involved in its (patho)physiological roles (Kdles et al., 2016).



Based upon the subunit composition, NMDA receptors exhibit different locations at
synaptic levels and coagonist affinity. The current common view is that NR1/NR2A
receptors are located in the pre- and postsynaptic membranes within the synapses and
D-serine is the possible coagonist for this subunit composition (Petrenko et al., 2003b;
Raiteri and Raiteri, 2010) (Fig. 2). The NR1/NR2B receptors are located primarily
extrasynaptically and the coagonist for these receptors is glycine released from
neighboring astrogial cells (Zhou et al., 2013; Shibasaki et al., 2017; Pal, 2018). For
activation of extrasynaptic NR1/NR2B receptors, glutamate may reach these receptors
by spillover mechanism from glutamatergic synapses after its neural release (Wild et
al., 2015). It needs to mention that segregation of NMDA receptors as synaptic
NR1/NR2A and extrasynaptic NR1/NR2B receptors bears some contradiction as
expression of both NR1/NR2A and NR1/NR2B receptors within the synapses was
also considered (Paoletti et al., 2013; Pal, 2018).

6. The pivotal role of spinal NMDA receptors and their subunits in neuropathic
pain

NMDA receptors in the neural circuitry of the spinal dorsal horn are
particularly well characterized since glutamate is one of the neurotransmitters in the
non-myelinated C fibers as well as the myelinated Ao and AP fibers. Both excitatory
and inhibitory interneurons, which receive glutamatergic innervation from these
fibers, express NMDA receptors in the synapse and the extrasynaptic space. In
chronic pain states, activation of the extrasynaptic NR1/NR2B receptors occurs as
glutamate accumulates extrasynaptically and they have a major influence on
mediation of pain transmission (Petrenko et al, 2003a; Vizi et al, 2013). NMDA
receptors also participate in neural communications of most glutamatergic excitatory
interneurons (PKCy expressing cells, transient central neurons, vertical cells)
localized in spinal laminae I and Il (Fig. 1).
Expression of NMDA receptor subunits in the spinal cord has been extensively
studied following induction of neuropathic pain by constriction injury of peripheral
nerves or in inflammation elicited by formalin or complete Freund's adjuvant (CFA)
injection. Yang and coworkers (2009) induced inflammatory pain in mice and found
that the total protein level of the NMDA receptor subunit NR1 was not changed in the
spinal dorsal horn. NR1 immunoreactivity at synapses was, however, increased by

inflammatory pain and it was concluded that increased expression of NR1 at synapses

9



correlates with development of mechanical allodynia. Roh and coworkers (2008)
reported increased number of NR1 and phosphorylated NR1 immunoreactive neurons
in laminae 1-V1 of dorsal horn in rat neuropathic pain model in a time period of 1 to
28 days post surgery. Schldsser and coworkers (2015) reported no alteration in NR1
protein expression (immunofluorescence microscopy) in the dorsal root ganglia of
animals with neuropathic. Barthel and coworkers (2014) used the sciatic nerve
chronic constriction injury model of pain in rats and found that expression of NR1
subunit (Western blot analysis) was reduced by adding the GlyT-1 inhibitor
ALX5407, but not by the GlyT-2 inhibitor ALX1393, whereas both types of GlyT

inhibitors acted antineuropathic.

Spinal central terminals of A and C fibers, which synapse to dorsal horn neurons,
contain NMDA receptors with NR1/NR2A and NR1/NR2B subunit compositions
(Petrenko et al., 2003b). Determination of the occurrence of the various NMDA
receptor subunits in the spinal cord indicated that NR2B subunits exhibit the largest
expression followed by decreasing proportions of NR2C, NR2A, and NR2D subunits,
respectively. In adult mouse spinal cord, NR2A subunits extend to all laminae except
for the lamina 11, whereas expression of NR2B subunit was preferentially found in
that layer (Western blot analysis, Petrenko et al, 2003a).

Karlsson and coworkers (2002) used single cell PCR and reported reduced number of
neurons expressing the NR2A subunits following spinal nerve injury in rats. This
decrease in NR2A subunits also resulted in an elevated contribution of NMDA
receptors containing NR2B and NR2D subunits in neuropathic pain conditions. In the
experiments of Petrenko and coworkers (2003b), NR2A subunit gene deletion did not
significantly influence nociceptive behavior in nerve-injured and inflammatory
neuropathic pain models. This finding suggests that neuropathic pain with various

mechanisms can be elicited even in the absence of NR2A subunits in the spinal cord.

Several lines of evidence indicate that NR2B subunits undergo long-term plastic
changes in the spinal cord after peripheralnerve injury. In an inflammatory pain model
evoked by intraplantar injection of CFA, Yang and coworkers (2009) found an
increase in synaptic expression of NR2B subunit, whereas the expression level of
NR2A subunit was not altered in mouse spinal dorsal horn. Wang and Yu reported

(2016) that bone cancer-induced pain behavior was associated with upregulation of
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NR2B protein expression in the spinal cord 5 to 14 days post inoculation of sarcoma
cells (Western blot analysis). Geng and coworkers (2010) ligated the L5 spinal nerve
in rats and mechanical allodynia was assessed by measuring paw withdrawal
threshold. It was found that mechanical allodynia developed in parallel with the
increase of brain-derived neurotrophic factor (BDNF) concentrations and activated
NR2B subunit was involved in maintenance of persistent pain. It is a tempting
assumption, whether increased expression of the extrasynaptic NR1/NR2B receptors
is dependent on overproduction of BDNF in spinal neuropathy. In the experiments of
Hildebrand and coworkers (2016), BDNF mediated NMDA receptor potentiation
through activation of tropomyosin receptor kinase B (TrkB) and phosphorylation of

NR2B subunits by Fyn kinase in a peripheral nerve injury model.

Alteration of NR2B subunit expression in neuropathic pain conditions has been
reported not only at spinal cord levels but also in supraspinal brain areas (central
sensitization). Wu and coworkers (2005) reported that NR2B subunits undergo
prolonged upregulation in anterior cingulate cortex neurons after inflammation-related
permanent pain. Increase of NR2B subunits (Western blot analysis) in rat arcuate
nucleus was also reported in inflammatory pain following CFA injection into the hind
paws (Bu et al., 2015).

The molecular mechanism underlying NMDA receptor hyperfunctioning in
inflammatory pain is a robust phosphorylation of the receptors (Yang et al., 2009).
Guo and coworkers (2002) showed that a rapid and long-lasting tyrosine
phosphorylation of the NR2B subunits occurs in the L4-5 segments of rat spinal cord
following intraplantar injection of CFA. Similar phosphorylation was not seen in
NR2A subunit following hind paw inflammation-evoked hyperalgesia. These findings
suggest that neurochemical transmission between primary sensory neurons and spinal
interneurons, which is mediated by NR1/NR2A receptors in physiological conditions,
is shifted to NR1/NR2B receptor-mediated events in neuropathy. Suo and coworkers
(2016) showed that diabetic neuropathy in mice was associated with increased
expression of NMDA receptors containing NR2B subunits (Western blot method) and
also with Fyn-NR2B interaction in the spinal cord. The time-course on which these

events occur in the spinal cord is shown in Fig. 3.
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Increase in NMDA receptor subunits expression matches findings showing that
NR2B-selective antagonist drugs exhibit antinociceptive effects in animal neuropathic
pain models. Thus, hyperalgesia and spontaneous pain behavior observed in the
formalin test can be effectively inhibited by MK-801, an NMDA receptor channel
blocker or CP 101,606, a selective antagonist of the NR2B subunit (Petrenko et al.,
2003b). Zhang and coworkers (2009) performed chronic constriction injury in rats by
ligation of the L4-L5 spinal nerves, which led to development of thermal hyperalgesia
and mechanical allodynia. In these experiments, chronic nerve injury increased the
expression of NR2B subunits in the superficial dorsal horn of the spinal cord.
Ifenprodil, an NR1/NR2B receptor selective antagonist, reversed increased expression
of NR2B subunits and suppressed thermal hyperalgesia and mechanical allodynia
following intrathecal (i.t.) administration. Qu and coworkers (2009) used L5 spinal
nerve-ligated neuropathic pain model in rats and reported that i.t. administration of Ro
25-6981, another selective NR2B subunit antagonist, elicited antiallodynic effect.
Ifenprodil, elicited similar effect in this study but the drug was without effect on
thermal hyperalgesia. These authors concluded that activation of NR2B subunits in
the spinal cord may be crucial in development of neuropathic pain. Whether
NR1/NR2A-selective antagonists (i.e. NVP-AAM 077) exert beneficial effects on
neuropathic pain, need to be determined.

7. The cellular basis of glycine release

As mentioned above, activation of NMDA receptors in the central nervous
system requires concurrent binding of glutamate and glycine to NR2A/NR2B and
NR1 subunits, respectively (Johnson and Ascher, 1987). Glycine has an obligatory
coagonist role with different affinity to NR1/NR2A-D subunit-containing NMDA
receptors mediating excitatory glutamatergic neurotransmission. Beside this coagonist
function, the inhibitory neurotransmitter role of glycine is also well-characterized in
central glycinergic (inter)neurons.
Extrasynaptic glycine concentration is regulated by glycine transporter-1 (GlyT-1)
expressed in astroglial cells and its bidirectional operation may increase or decrease
the release of glycine into the extrasynaptic space (Harsing and Matyus, 2013). This
increase or decrease in glycine concentrations determines the actual saturation of the
coagonist binding site at NMDA receptors leading to activation or inhibition of

NMDA receptor-mediated glutamatergic neurotransmission. Release of glycine from
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astrocytes is a Na*- but not a Ca?*-dependent process and originates from cytoplasmic
stores. In addition, extrasynaptic glycine concentrations can also be influenced by
spillover of synaptically released glycine in the spinal cord (Ahmadi et al., 2003). In
glutamatergic axon terminals, glycine participates in activation of pre- and
postsynaptic NMDA receptors within the synapse (Raiteri and Raiteri, 2010). Thus
glycine, which is a necessity for saturation of the strychnine-insensitive glycineB
binding site at synaptic and non-synaptic NMDA receptors, may be originated from

glial or neuronal sources in the spinal cord.

Glycinergic neurons can be identified almost in all CNS areas, most abundantly in the
brain stem and the spinal cord (Vandenberg et al., 2014). Glycinergic neurons in the
spinal cord are mainly interneurons located in laminae Il and Il and they filter
incoming sensory information to prevent convergence onto dorsal horn pain neurons.
These neurons store glycine as a neurotransmitter presynaptically in vesicles from
which its release undergoes by strictly Ca?*-dependent exocytotic process. Following
action potential invasion of nerve terminals, released glycine is taken up from the
synaptic cleft back to presynaptic axon terminals by glycine transporter-2 (GlyT-2).
Once glycine is released into the synaptic cleft it diffuses towards its receptors located
in the postsynaptic membranes. The most frequently occurring glycine receptor is the
GlyRa3p subtype in the spinal dorsal horn (Morita et al., 2008). Glycine receptors are
ligand-gated CI° channels and their opening hyperpolarizes the postsynaptic
membranes exerting inhibitory influences on synapsing neurons. Glycine may also
diffuse out into the extrasynaptic space from synapses of glycinergic interneurons and
participate in activation of extrasynaptic NMDA receptors (Dohi et al., 2009). Thus,
glycine concentrations in glutamatergic or glycinergic synapses as well as in the

extrasynaptic space are regulated by GlyT-1 and GlyT-2 (Fig. 2).

8. The neurobiological characteristics of glycine transporters

The uptake of released glycine into the neighboring glial cells or back to the
presynaptic nerve terminals is carried out by two glycine transporters, GlyT-1 and
GlyT-2. These plasma membrane carriers belong to the Na*-Cl-dependent
neurotransmitter transporter family (solute carrier family 6, SLC6). They differ
stoichiometrically as GlyT-1 operates with cotransport of 2Na* and 1CI and GlyT-2

with 3Na* and 1CI" cotransport. The difference in ion influx coupled to operation of
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GIlyTs results in a higher probability for reverse mode operation of GlyT-1 (Roux and
Supplisson, 2000; Romei et al., 2016).

Both types of GlyTs comprise several isoforms as there are a, b, c, d, and e variants of
GlyT-1 and a, b, and ¢ splicing variants of GlyT-2 (Thomsen, 2006). The biological
importance of the various isoforms of GlyTs is not known at present and selective

inhibition of them by drugs is also not solved.

There are differences in the distribution of the GlyTs in the central nervous system as
was shown by using in situ hybridization techniques (Zafra et al., 1995). GlyT-1 is
expressed mainly in the cortical areas and hippocampus as well as in the brainstem
and spinal cord, whereas GlyT-2 is expressed mainly in the cerebellum and spinal
cord. At cellular level, the primary site of GlyT-1 expression has been considered the
glial cells, which surround synapses. Besides its glial expression, the location of the
GlyT-1 in neurons is also well documented. Cubelos and coworkers (2005)
demonstrated that GlyT-1 is presented in glutamatergic synapses in forebrain neurons
and can be detected in both pre- and postsynaptic membranes at synaptic level. GlyT-
1 in glutamatergic synapses may assure the coagonist glycine for the release-
mediating presynaptic NMDA receptors and also for the excitation-mediating
postsynaptic NMDA receptors. The role of presynaptic GlyT-1 is to release glycine
by transporter reversal, whereas GlyT-1 in the postsynaptic membranes may be
associated with potentiation of postsynaptic NMDA receptor function. The expression
pattern of GlyT-1 with NMDA receptors also suggests their possible colocalization in
the brain (Zafra et al., 2017). Similarly to the central nervous system, GlyT-1 was also
found in colocalization with NMDA receptors in the dorsal root ganglia (Schlosser et
al., 2015).

A series of experimental release studies showed the neuronal expression of GlyT-1 in
the spinal cord (Raiteri et al, 2005). Glycine in these experiments induced glutamate
or [®H]aspartate release from spinal cord synaptosomes and this effect was reduced by
addition of the GIlyT-1 inhibitors NFPS (Table 1) or glycyldodecylamide. These
experiments suggest a possible cross-talk between glutamate homotransporters and

glycine heterotransporters at glutamatergic nerve endings in the spinal cord. The
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heterotransporter function of GlyT-1 was also demonstrated in GABAergic neurons of
the spinal cord (Raiteri et al., 2008).

The spinal cord is one of the CNS areas in which both GlyT-1 and GlyT-2 can be
found to a greater extent. GlyT-2 distributes in axons and presynaptic axon terminals
of glycinergic interneurons in the dorsal horn laminae Il and Il (Raiteri and Raiteri,
2010; Vandenberg al., 2014). GlyT-2 in the dorsal and ventral horns of the spinal cord
is associated exclusively with glycinergic neurons (Zafra et al., 1995). This was also
reported by Poyatos and coworkers (1997) who found colocalization of GlyT-2 and
glycine immunoreactivities in cultured neurons derived from the spinal cord. Spinal
GlyT-2 located at nerve endings of glycinergic interneurons exhibits overlapping
expression with strychnine-sensitive glycine receptors (glycineA binding site).
Because of this close appearance, it is generally believed that GlyT-2 could be a
marker for glycinergic neurons. GlyT-2 serves an essential role in the regulation of
inhibitory glycinergic neurotransmission by decreasing synaptic glycine concentration
after its impulse-mediated presynaptic release. By its carrier function, GlyT-2 assures
the necessary supply of the neurotransmitter glycine for refilling of vesicles in nerve
endings (Oyama et al., 2017). Thus, GlyT-2 recycles glycine back into the presynaptic
terminals, a process necessary to preserve glycine content inside synaptic vesicles
(Zafra et al., 2016).

9. Spinal cord glycine transporters and neuropathic pain

A number of studies examined the expression of GlyTs in neuropathic pain
models. Cavaliere and coworkers (2007) made chronic constriction injury of the
sciatic nerve to induce persistent pain state in mice. They found development of
gliosis in the dorsal horn, reduced expression (after a transient increase) of glial GlyT-
1 and glutamate GLT1 transporters, and also increases in glycine and glutamate spinal
tissue concentrations (Fig. 3). In contrast to this finding, Schlésser and coworkers
(2015) did not find alterations in GlyT-1 and GlyT-2 mRNA expression patterns in
the spinal cord following sciatic nerve chronic constriction injury in rats. Similarly,
Barthel and coworkers (2014) found that chronic constriction injury of rat sciatic
nerve did not result in changes in either GlyT-1 or GlyT-2 protein expression in the
spinal cord. In addition, long-term treatments with GlyT-1 and GlyT-2 inhibitors did

not alter expression levels of GlyTs in neuropathic spinal cord.
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The expression pattern of GlyTs in neuropathic spinal cord is contradictory. However,
their distinct locations and the efficacy of their inhibitors to reduce hyperalgesia and
allodynia strongly support the regulatory roles of the GlyTs in pain transmission.
Inhibitors of GlyT-1 and GIlyT-2 that were tested in neuropathy pain models are

discussed in detail in the following section.

10. Glycine transporter inhibitors

A great number of glycine transporter inhibitors have been reviewed recently
(Gilfillan et al., 2009; Cioffy and Guzzo, 2016). These compounds possess various
chemical structures but almost all of them show selective inhibitory effect on GlyT-1
or GlyT-2.

Currently available GlyT-1 inhibitors can be divided into sarcosine- and non-
sarcosine-based chemical structures (Harsing et al., 2006). Of the GlyT-1 inhibitors,
sarcosine was one of the very first compounds exerting inhibition on this transporter
(Table 1). Sarcosine is an alternative substrate for GlyT-1, inhibiting the transporter in
a competitive, substrate-type manner. Sarcosine binds to the substrate binding site of
the transporter and is taken up into the cytoplasm by normal-mode operation of GlyT-
1. The carrier function of GlyT-1 is electrogenic. The resulted increase in intracellular
Na* concentration leads to reverse mode operation of the transporter and a
concomitant glycine release (Thomsen, 2006; Harsing and Matyus, 2013). This
release of glycine occurs primarily from astrocytes and perhaps from neural axon
terminals, which express GlyT-1 in their presynaptic membranes (Raiteri and Raiteri,
2010; Harsing et al., 2012). Because of the substrate-type inhibitory property of
sarcosine, this compound evokes much higher glycine concentration in the
extrasynaptic space than other, non-substrate-type GlyT-1 inhibitors (Fig. 4/A). The
selectivity of sarcosine to inhibit GlyT-1 is due to the presence of the methyl group on
the nitrogen as it fits to the cavity formed by the glycine residue at position 305 in
GlyT-1. However, a larger residue is present in equivalent positions of GIlyT-2
(Ser481) and the methyl group of sarcosine cannot accommodate within this site
resulting in lack of GlyT-2 inhibition (Harsing et al., 2012).
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Since sarcosine is a weak inhibitor of GlyT-1 (Liu et al., 1993), several N-substituted
sarcosine derivatives have been synthesized in the last two decades. Of note, N-
substituted GlyT-1 inhibitors are not substrate-type inhibitors and they do suspend the
transporter operation both in normal and reverse directions. Since they do not induce
glycine release from neural or glial stores, extracellular glycine concentration is lower
than that occurring following substrate-type transporter inhibition (Fig. 4/A). These
compounds exhibit high lipophilic physicochemical characteristics and bind to both
orthosteric and allosteric binding sites of GlyT-1 (Porter and Dawson, 2015). N-
Substituted sarcosine derivatives suspend the glycine-releasing effect of sarcosine
(transporter reversal) when they are used in combinations (Fig. 4/B). Of the sarcosine-
containing GlyT-1 inhibitors, NFPS (ALX5407), Org-24461, and Org-25935 are the
most referred compounds in the literature (Table 1). NFPS is an irreversible non-
competitive and Org-25935 is a reversible non-competitive type GlyT-1 inhibitor,
which exhibit high selectivity for GlyT-1 and do not inhibit GlyT-2 transporter. In a
novel series of GlyT-1 inhibitors, various aromatic rings in NFPS or Org-24461 were
replaced by a pyridazinone ring reducing the lipophilic character as well as the

toxicity of the compounds (Harsing et al., 2012; 2015).

Neurobiological investigations demonstrated that N-substituted sarcosine derivatives,
particularly those inhibiting GlyT-1 irreversibly, cause a number of toxic side effects
(respiratory depression, stereotyped running behavior, ataxia, coma) (Harsing et al.,
2006; Kopec et al., 2010). Therefore, a great number of selective GlyT-1 inhibitors,
which do not contain sarcosine, were synthesized and investigated in various
experimental conditions (Depoortere et al., 2005, Lindsley et al., 2006). Compounds
with most detailed investigations from this series are bitopertin (non-competitive
GlyT-1 inhibitor), SSR-504734 (competitive reversible GlyT-1 inhibitor), and
ACPPB (Merck 13-h), which was identified as a competitive, non-substrate type
GlyT-1 inhibitor (Table 2) (Mezler et al., 2008).

ACPPB is a benzamide derivative and is particularly interesting because compounds
containing this skeleton and substituted with various alkyl or aryl groups exert
inhibitory effect also on GlyT-2 (Caufield et al, 2001; Ho et al., 2004). Org-25543
was reported to be an irreversible GlyT-2 inhibitor in HEK293 cells expressing GlyT-

2. Mingotance-Le Meur and coworkers (2013) synthesized a series of analogs of Org-
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25543 and obtained Compound 1, which was shown to reversibly inhibit GlyT-2
(Table 3). Another analog of Org-25543 (N-[1-(dimethylamino)phenyl][methyl]-3,5-
dimethoxy-4-(butoxy)benzamide) inhibited GlyTs with a low selectivity ratio
(Harsing, unpublished data).

Some amino acid derivatives also inhibit GlyT-2 selectively. Thus, a-, B-, and y-
amino acid derivatives have been described as potent GlyT-2 inhibitors (Wolin et al.,
20044a; b). ALX1393, another amino acid derivative GlyT-2 inhibitor, was particularly
well characterized in inhibition of pain transmission (Table 3). The latter compound is
a potent inhibitor of GlyT-2, however, it also inhibits GlyT-1 in higher concentrations
(Mingotance-Le Meur et al., 2013; Winters et al., 2018).

A series of acylcarnitines and derivatives of the endogenous lipid oleic acid were
recently investigated as inhibitors of glycine reuptake (Carland et al., 2013; 2014). Of
the oleic acid derivatives, oleoyl-L-carnitine (C18 cis o9 L-carnitine), N-
oleoylglycines (C18 cis «9 glycine, C18 cis 8 glycine, and C16 cis «8 glycine)
were identified as selective GlyT-2 inhibitors albeit their efficacy in GlyT-2 inhibition
stunted from that of other GlyT-2 inhibitors (Winters et al., 2018). The D-Lys analog
(Compound 33) in this series, however, was found to be a potent and selective GlyT-2
inhibitor with good oral absorption and penetration through the blood-brain barrier
(Table 4). The compound also showed analgesic effect in a rat neuropathic pain model
after intraperitoneal (i.p.) administration (Mostyn et al., 2019). A member of this
series, N-arachidonylglycine (NAGIly) was shown to be present as an endogenous
substrate in the spinal cord. NAGly is a reversible, non-competitive selective GlyT-2
inhibitor, which reduced allodynia in rodents following i.t. injections (Mingotance-Le
Meur et al.,, 2013; Vandenberg et al., 2016). Two lipid-based compounds, N-
arachidonylglycine and oleoyl-L-carnitine were shown to directly bind to GlyT-2
(Schumann-Gillett and O'Mara, 2018). With differences in the head group and tail
length (C12), glycyldodecylamide (non-transportable inhibitor)  and
sarcosyldodecylamide were reported to possess weak GlyT-1 inhibitory potential in
rat brain synaptosomes (Toth et al., 1986; Harsing, 2013; Cioffi and Guzzo, 2016)
although their GlyT-2 inhibitory potentials have not been reported (Table 4).
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Inhibitors of GlyTs have been extensively investigated in several animal models of
neuropathic pain. These investigations indicate that GlyT-1 inhibitors primarily
influence NMDA receptor-mediated glutamatergic neurotransmission and GlyT-2
inhibitors restore impaired glycinergic neurotransmissions in neuropathic spinal
dorsal horn (Whitehead et al., 2004; Morita et al., 2008; Tanabe et al., 2008). The
antihyperalgesic and antiallodynic effects of GlyTs in experimentally induced

neuropathy are summarized below.

11. Glycine transporter inhibitors in neuropathic pain management

Several recent data support the role of GlyT-1 inhibitors in pain modulation
(Tables 5/A and 5/B). The selective GlyT-1 inhibitor sarcosine has been reported to
produce antinociceptive action in different animal pain models. Intravenous (i.v.) or
intrathecal (i.t.) administration of sarcosine (N-methylglycine) or Org-25935 (N-
methyl-N-(6-methoxy)-1-phenyl-1,2,3,4-tetrahydronaphthalen-2-
ylmethyl)aminomethylcarboxylic  acid), another GlyT-1 inhibitor, showed
antiallodynic action in neuropathic conditions using the partial ligation of sciatic
nerve model in mice (Morita et al., 2008). These results were reassured in animals
with knockdown of spinal GlyTs. The same research group showed similar results
when the GlyT-2 inhibitors Org-25543 (N-[[1-(dimethylamino)cyclopentyl]methyl]-
3,5-dimethoxy-4-(phenylmethoxy)benzamide) and ALX1393 (O-[(2-
benzyloxyphenyl-3-fluorophenyl)methyl]-L-serine) were investigated. The onset of
antiallodynia effect of the GlyT-1 inhibitors appeared with a delay, this time lag was
not seen using GlyT-2 inhibitors. In addition, the antiallodynia effect of Org-25935 or
Org-25543 was reversed by the glycine receptor antagonist strychnine or knockdown

of glycine receptor GlyRa3 (Morita et al., 2008).

In another study carried out by Hermanns and coworkers (2008), the antinociceptive
effects of the GlyT-1 inhibitor ALX5407 (N-[(3R)-3-([1,1’-biphenyl]-4-yloxy)-3-(4-
fluorophenyl)propyl]-N-methylglycine, (+)NFPS) and the GlyT-2 inhibitor ALX1393
were investigated after acute i.t. administration in the chronic constriction injury
model (sciatic nerve) of neuropathic pain in rats. In this work, thermal hyperalgesia
and mechanical sensitization were both measured by the Hargreaves method and the
von Frey filaments, respectively. Interestingly, the highest and the lowest doses of

ALX5407 produced analgesia, whereas the medium dose evoked pronociceptive
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effects. ALX1393 elicited antinociception at the highest applied dose, yet produced
severe adverse effects (respiratory depression and motor deficits).

Tanabe and coworkers measured the effects of the i.t. injected glycine and the
selective GlyT-1 inhibitors, sarcosine and NFPS (N-[-3-([1,1-biphenyl]-4-yloxy)-3-
(4-fluorophenyl)propyl]-N-methylglycine, (+)NFPS) in mice using the neuropathic
(partial ligation of the sciatic nerve, streptozotocin injection) and inflammatory
(formalin-evoked nociceptive behavior) pain models (Tanabe et al., 2008). In nerve-
injured animals, both compounds ameliorated thermal and mechanical
hypersensitivity and they also reduced mechanical hypersensitivity in streptozotocin-
injected diabetic mice. In formalin test, nociceptive reactions were selectively
inhibited by GlyT-1 inhibitors in the 2" phase of acute inflammatory pain. Memory
impairment (modeled by determination of long-term potentiation in hippocampal CA1
region) associated with pain conditions was also reversed by NFPS (Tanabe et al.,
2008).

Centeno and coworkers tested sarcosine (GlyT-1 selective inhibitor) following two
drug-administration routes, namely i.t. and per os (p.0.) in rats with spared nerve
injury ligation of the sciatic nerve (Centeno et al, 2009). After acute oral
administration, sarcosine exhibited more profound action on the injured compared to
the non-injured paws (better dose efficacy). Prefrontal cortex infusions of sarcosine
acutely reduced mechanical sensitivity for the injured paw. The repeated oral
administration of sarcosine resulted in anti-neuropathic effect days after repeated drug
treatments, the measured effects disappeared only few days after treatment cessation.
These findings indicate that short- and also long-term inhibition of GlyT-1 results in
acute and long-term reduction in neuropathic behavior.

Nishikawa and his coworkers found in another study that only the GlyT-2 selective
inhibitors showed analgesic actions in herpetic and postherpetic pain models
(Nishikawa et al., 2010). They investigated the effects of the GlyT-2 selective
inhibitor ALX1393 on dynamic and static allodynia in mice with herpetic or
postherpetic pain after acute i.t. injections. ALX1393, but not the GlyT-1 inhibitor
sarcosine, alleviated dynamic and static allodynia at the herpetic and postherpetic
stages. They also showed that expression levels of GlyT-1, but not that of GlyT-2
MRNA decreased in the dorsal horn of the lumbar spinal cord at the herpetic and
postherpetic stages. These results indicate that GlyT-2 might be a target in patients

with herpes zoster and postherpetic neuralgia.
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It is a well-known phenomenon that chronic pain might coexist with cognitive deficit
and the role of glycinergic neurotransmission is important in these types of cognitive
dysfunctions. Indeed, altered glycine concentrations in the brain influence memory
functions (Tanabe et al., 2008; Kodama et al., 2011). Kodama and coworkers (2011)
measured mechanical hypersensitivity following sciatic nerve ligation in mice and
used the novel-object recognition test to detect alterations in memory state. They
reported that chronic pain negatively influences recognition ability for novelty in
mice. Systemic administration of the selective GlyT-1 inhibitor NFPS abrogated
neuropathic pain and cognitive dysfunction was not observed in drug-treated mice. On
the contrary, relief of pain after spinal administration of NFPS did not ameliorate
impairment of cognitive function suggesting that short-term analgesia leaves
disturbed attention and working memory unaltered. These findings further support
that increase of extracellular glycine levels by GlyT-1 inhibition may have therapeutic

importance in treatment of chronic pain with memory impairment.

The lidocaine metabolite N-ethylglycine was shown to act as a substrate inhibitor of
glycine transport (Werdehausen et al., 2015). Indeed, this effect of N-ethylglycine
was a result of a selective and competitive inhibition of GlyT-1 expressed in Xenopus
laevis oocytes, whereas GlyT-2 function was not affected. Using inflammatory
(subcutaneous (s.c.) injection of CFA) and neuropathic pain (sciatic nerve ligation)
models in C57/BL/6J mice, N-ethylglycine decreased hyperalgesia and allodynia and
these effects showed close similarities to the activities of sarcosine. In rats, s.c.
injection of N-ethylglycine resulted in parallel increases in the concentrations of the
parent compound and glycine in the cerebrospinal fluid. The authors concluded that
lidocaine evokes antihyperalgesic effects, at least in part, by metabolizing to N-
ethylglycine, which then modulates GlyT-1 activity and increases glycine
concentrations in glycinergic synapses in the central nervous system. Of note, local
anesthetics also have been reported by other authors to affect the resting
catecholamine release in the spinal cord during neuropathic pain, which could also

influence pain transmission (Sircuta et al., 2016).

Armbruster and coworkers induced mechanical allodynia and thermal hyperalgesia by

chronic constriction injury of the sciatic nerve or inflammation evoked by
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carrageenan injections into the plantar surface of the hind paw (Armbruster et al.,
2018). The effects of both acute and long-term applications of the selective GlyT-1
inhibitor  bitopertin  ([4-[3-fluoro-5-(trifluoromethyl)-2-piridinyl]-1-piperazinyl][5-
methyl-sulfonyl)-2-[(1S)-2,2,2-trifluoro-1-methylethoxy]phenyl]-methanone) ~ were
investigated. Acute drug administration was made p.o., s.c. or i.p., and osmotic
minipumps implanted subcutaneously were also used for long-term drug treatment.
General activity was analyzed in open field experiments and glycine concentration
was measured in the cerebrospinal fluid and blood by HPLC-fluorescent detector.
Bitopertin evoked dose- and time-dependent antinociceptive effects on mechanical
allodynia and thermal hyperalgesia after acute drug treatment. Bitopertin also showed
beneficial effects after long-term application over a 4-week time period. Reaction
thresholds to stimuli and general locomotor activity as well as anxiety were not
influenced by the test compound in the applied doses. The concentration of glycine
was elevated in the cerebrospinal fluid after drug treatment indicating inhibition of
glycine transport. These findings point to GlyT-1 as a promising target in the
management of different pain conditions.

A number of studies highlight GlyT-2 as a more promising novel target in the
management of neuropathic pain. Mingorance-Le Meur and coworkers (2013)
investigated the GlyT-2 selective inhibitors ALX1393, Org-25543, and the analogs of
the latter one. It was reported that pharmacological inhibition of GlyT-2 by Org-
25543 reduced the late phase of formalin-evoked pain in mice, while it exerted only
mild effect in the first phase of the test. The inhibitory effect of Org-25543 on GlyT-2
was found to be irreversible. In contrast to Org-25543, ALX1393 exerted only partial
inhibitory effect on GlyT-2. The Org-25543 derivative Compound 1 (Table 3) also
reduced nociception in the formalin test, however, it proved to be a reversible GlyT-2
inhibitor and showed a more favorable toxicity profile. It was suggested that the
biologically reversible GlyT-2 inhibitors might offer a better tolerable balance
between efficacy and toxicity.

Barthel and coworkers performed a study to investigate the long-term administration
of Gly-T inhibitors and also to detect toxic effects occurring during drug treatment
(Barthel et al., 2014). Male Wistar rats were treated with ALX5407 or ALX1393,
(selective inhibitors of GlyT-1 or GlyT-2, respectively) via s.c. osmotic infusion
pumps for a period of 14 days. Mechanical allodynia and thermal hyperalgesia were

assessed before and after chronic constriction injury (sciatic nerve ligation) and every
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2" day during substance application. The expressions of GlyT-1, GlyT-2, and the
NMDA receptor subunit NR1 were also analyzed by Western blot in the spinal cord.
Both compounds alleviated mechanical allodynia and thermal hyperalgesia in a dose-
and time-dependent manner. ALX5407 reduced NR1 subunit expression in the
ipsilateral spinal cord whereas the expression of GlyT-1 and GlyT-2 remained
unchanged. Toxic or adverse effects were not observed during the experimental
period.

Haranishi and coworkers studied the analgesic effects of the GlyT-2 inhibitor
ALX1393 following i.t. administration, in acute pain models (tail flick, hot plate, paw
pressure, and formalin tests), in rats (Haranishi et al., 2010). ALX1393 inhibited
effects of thermal and mechanical stimulations by a strychnine-sensitive manner
suggesting the involvement of glycine receptors in antinociception. Pain behavior was
also inhibited by ALX1393 in formalin test, whereas it did not alter motor functions
in the rotarod test. The authors concluded that GlyT-2 inhibitors may possess novel

antinociceptive action.

Motoyama and coworkers have developed a cancer pain model by injection of NCTC
2472 tumor cells into the femur cavity of mice (Motoyama et al., 2014). Both GlyT-1
and GlyT-2 inhibitors (Org-25935 and Org-25543, ALX1393) were administered i.v.
or orally and pain-like behaviors (allodynia, withdrawal threshold guarding behavior,
and limb-use abnormality) were examined. It was found that both GlyT-1 and GlyT-2
inhibitors exhibited potent and long-lasting pain relief activity. Non-analgesic dose of
morphine potentiated the pain-relief effect of Org-25543, this effect was transiently
suspended by i.t. administration of strychnine. The pain-relief activity of Org-25543,
however, exhibited a phase-dependent pattern suggesting involvement of different
mechanisms. Knockdown of spinal GlyTs resulted in a decrease of allodynia scores
after tumor cell transplantation, guarding behaviour and limb-use abnormalities were

also improved.

In a recent study, Takahashi and coworkers (2015) implanted guide cannula into the
right lateral ventricle and ALX1393, a selective inhibitor of GlyT-2, was administered
i.c.v. to rats. The formalin test and the chronic nerve constriction injury (sciatic nerve
ligation) models were applied to investigate antinociceptive effect of the centrally

administered ALX1393. In these experiments, neuropathic pain behaviors
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mechanical, cold, and thermal hyperalgesia were assessed by electronic von Frey test,
cold plate test, and the plantar test (Hargreaves), respectively. In the formalin test,
ALX1393 alleviated the nociceptive reactions without significant effect on the motor
functions (rotarod test). In sciatic nerve ligation test, mechanical and cold
hyperalgesia were alleviated by ALX1393. Pretreatment with strychnine reversed the
analgesic effect of the highest dose of ALX1393 in these tests indicating the

involvement of glycine receptors.

In another study, Takahashi and coworkers described novel phenoxymethylbenzamide
derivatives as novel selective GlyT-2 inhibitors, which may be taken into account as
potential new analgesics (Takahashi et al., 2014). The outcome of this study was the
discovery of a promising compound displaying selective inhibition on GlyT-2, yet
showing antinociceptive effect in mouse model of partial sciatic nerve ligation.

Further investigations of the novel compound, however, are needed (e.g. toxicity).

Omori and coworkers (2015) investigated the analgesic effect of a novel GlyT-2
selective phenoxymethylbenzamide derivate, GT-0198 (Table 3). The new analog
showed strychnine reversible analgesic effect after per os, i.v., and i.t. administrations

in a model of neuropathic pain elicited by partial sciatic nerve ligation in mice.

It has been previously shown that the endogenous compound, N-arachidonylglycine
(NAGIy) reduced mechanical allodynia and tonic pain in animal pain models induced
by partial nerve ligation and formalin injection, respectively (Carland et al., 2014). It
was also demonstrated that NAGly administered i.t. reduced mechanical allodynia and
thermal hyperalgesia in a rat inflammatory pain model (Succar et al., 2007). The
possible mechanism to elicit analgesia might be inhibition of GlyT-2 activity rather
than inhibition of GIlyT-1 (Wiles et al.,, 2006). Mostyn and coworkers (2017)
investigated acyl-glycine derivatives that proved to be reversible GlyT-2 inhibitors.
They managed to find a novel compound that is 28-fold more potent than NAGIy,
whereas the selectivity toward GlyT-2 was kept as was determined in in vitro
biological assays. These or similar compounds might be the first generation of GlyT-2
inhibitors in the clinical practice, yet further investigations (e.g. side effects, toxicity)

are needed.
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12. Reorganization of neural circuitry in the spinal dorsal horn following
peripheral nerve injury and inflammation: The analgesic effects of GIlyT
inhibitors

Peripheral nerve injury induced by sciatic nerve ligation at the spinal lumbar
levels results in a reorganization of the neural circuits in spinal dorsal horn.
Mechanisms, which are silent in normal physiological conditions, become operative
leading to reduction of the inhibitory tone, whereas the excitatory tone changes to the
opposite direction. During this reorganization procedure, physiologically quiescent
neural circuits are activated transmitting feed-forward polysynaptic excitation to pain
projection neurons in lamina | without receiving glycinergic inhibition. An example
for this was given by Lu and coworkers (2013) suggesting that PKCy-expressing
interneurons may activate transient central neurons in neuropathic hyperalgesia, a

mechanism not operative under physiological conditions.

Several lines of evidence indicated a marked increase in glutamate release following
traumatic brain injury (Dorsett et al., 2017; Perez et al., 2017). Peripheral nerve
damage and inflammation may also induce increased glutamate release from central
nerve endings of sensory afferent pathways, which then may spillover from the
synapses and diffuse into the extrasynaptic space. Increased glutamate release from
afferent terminals in the spinal cord also occurs in type-1 diabetic neuropathy (Suo et
al., 2016). Glutamate release observed in pathological conditions exhibits sustained
tonic characteristics; it is induced by slow irregular neuronal firing and is often
directed into the extracellular space (Hinzman et al., 2010). In addition, damage of
peripheral nerves following mechanical trauma also leads to rapid glial responses
triggering activation of astrocytes and microglial cells in the spinal cord (Calavaliere
et al., 2007). Glial activation was indicated by cell hypertrophy, reactive astrogliosis,
and increased production of glial fibrillary acidic protein (GFAP) in the spinal cord
following traumatic nerve injury (Burda et al., 2016). Molecular cascades in activated
glial cells in response to peripheral nerve injury, upregulate a number of transporter
proteins in the cells including those for glutamate (GLT1) and glycine (GlyT-1). A
frequently observed phenomenon in pathological conditions is that operation of glial
GlyT-1 is shifted into the reverse-mode and excess amount of glycine is effluxed into
the extrasynaptic space (Harsing and Matyus, 2013; Shibasaki et al., 2017). Thus,

tconcentrations of both glutamate and glycine reach high levels in the extrasynaptic
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space and they activate non-synaptic glutamate receptors following traumatic nerve
injuries, ischemic insults or inflammation (Hanuska et al., 2016).

Extrasynaptic NMDA receptors with NR1/NR2B subunit composition were proposed
to primarily mediate neurodegeneration in traumatic injury of neural tissues (Pal,
2018). Activation of extrasynaptic NMDA receptors in response to impairment of
peripheral nerves is supported by the fact that NR2B subunits are overexpressed in
peripheral neuropathy as was shown in a number of laboratories (Yang et al., 2009;
Fakhri et al., 2018; Geng et al., 2010; Suo et al., 2016, Wang et al., 2016). Based on
our hypothesis, extrasynaptic NR1/NR2B receptors are silent in physiological
conditions but they become upregulated following neural tissue damage of various
origins. NR2B subunit was found in particularly high levels in lamina Il (Petrenko et
al., 2003a) and synaptic connections between the excitatory PKCy-expressing cells
and transient central interneurons are localized also in this lamina (Lu et al., 2013).
Therefore, it might be plausible to propose that NR1/NR2B receptors, which are
activated in neuropathic pain conditions, are expressed in excitatory interneurons of

dorsal horn lamina Il.

Moreover, we hypothesize that synaptic NR1/NR2A receptor-mediated glutamatergic
transmission becomes hypofunctional following damage of peripheral nerves.
Peripheral neural injury causes an increased glutamatergic activity from the central
terminals of the AP primary afferent neurons and increase of tonic glutamate release
may elicit desensitization of postsynaptic NR1/NR2A receptors (Lin et al., 1994;
Tong et al., 1995; 2003, Hinzman et al., 2010). The predominant role of extrasynaptic
NR1/NR2B receptor mediated-glutamatergic transmission is further asserted by
excess glycine efflux from reactivated astroglial cells in neural tissue injury. GlyT-1
inhibitors block both normal and reverse mode operation of the transporter and the
latter effect decreases extrasynaptic glycine levels reducing NR1/NR2B receptor
activity, which then leads to analgesic effects (Fig. 4B). Accordingly, GlyT-1
inhibitors evoke analgesia indirectly via decreasing the coagonist glycine
concentrations at extrasynaptic NR1/NR2B receptors expressed in excitatory
interneurons of the dorsal horn. On the other hand, specific NR2B subunit antagonists
produce analgesia in neuropathic or inflammatory pain states by blockade of the
glutamate binding sites at NR2B subunit-containing NMDA receptors (Qu et al.,
2009; Zhang et al., 2009). Our working hypothesis may thus provide explanation for
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the seemingly contradictory observations, namely GIlyT-1 inhibitors and NR2B
subunit antagonists both reduce hyperalgesia and allodynia following peripheral nerve

injury.

There is a general agreement that glycinergic inhibition in the spinal cord is reduced
in neuropathic pain although the mechanism how it develops is unclear. Bai and
coworkers (2019) demonstrated upregulation of GlyT-2 and decreased glycine
extracellular concentrations in the spinal cord L3-5 levels on day 14 following
induction of knee osteoarthritis in rats. We speculate that tonic increase of synaptic
glutamate release from central terminals of AP fibers may desensitize postsynaptic
NR1/NR2A receptors also in glycinergic interneurons (Tong et al., 1995, Hinzman et
al., 2010). As a consequence, synapting glycinergic interneurons become
hypofunctional disinhibiting the excitatory interneuronal communication and
excitatory influences may invade neurons in lamina I involved in pain transmission
(Vandenberg et al., 2014; Zafra et al, 2016). It is quite possible that impaired
inhibition mediated by glycinergic interneurons can be restored by inhibition of GlyT-
2, a transporter primarily expressed in glycinergic nerve terminals. Enhancing
glycinergic neurotransmission in the spinal cord by GlyT-2 inhibition is expected to
reduce the advance of non-noxious sensations to the pain projection neurons of the
dorsal horn, which then leads to analgesia in neuropathic states. Sequence of events
leading to development of neuropathic pain and how GlyT inhibitors or NR2B subunit
antagonists influence it is shown in Fig. 5.

Published data adding together speak in favour of increasing excitatory glutamatergic
and decreasing inhibitory glycinergic neurotransmissions in the spinal dorsal horn
during development of hyperalgesia, allodynia, and spontaneous pain states. This
imbalance in neurotransmitter tone may be normalized by using GlyT-1 and GlyT-2
inhibitors. These drugs, however, exhibit a number of differences in development of
their analgesic effects. Accordingly, GlyT-1 inhibitors elicit antiallodynic effect with
a lag time (Morita et al., 2008). For the reason why this lag time is required, we have
speculated that novel otherwise silent neuronal communications are established in the
spinal cord following insults of peripheral nerves. Time lag in antiallodynic effect is,
however, not apparent in case of GlyT-2 antagonists (Vandenberg et al., 2014)
suggesting that neural reorganization does not occur in restoration of glycinergic

interneuron-mediated inhibition during analgesia. In addition, the U-shape dose-
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response curve of GlyT-1 inhibitors in analgesia suggests that more than one event
may be involved in the antinociceptive action of these drugs (Hermanns et al., 2008).
It is also worth mentioning that different mechanisms may limit efficacies of GlyT-1
and GlyT-2 inhibitors in treatment of neuropathic pain. Glycine concentration, which
is increased by GlyT-1 inhibitors, can elicit synaptic NMDA receptor internalization,
whereas GlyT-2 inhibitors were shown to reduce refilling of glycine vesicles in
glycinergic axon terminals (Nong et al., 2003; Oyama et al., 2017). Whether these
effects influence clinical efficacy of GlyT inhibitors in tranquilizing symptoms of

neuropathic pain, remain to be elucidated.

13. Conclusion and further avenues

A great number of experimental data indicate that both GlyT-1 and GlyT-2
inhibitors evoke analgesia in neuropathic pain, albeit the pattern of their
pharmacological effects is different. In this regards, most drug-discovery studies aim
to develop selective inhibitors for GlyT-1 or GlyT-2. However, one can speculate that
the "ideal" analgesic drug for neuropathic pain may inhibit both transporters with
identical or at least similar potencies in the spinal dorsal horn. Compounds containing
the benzamide skeleton substituted with various aryl or alkyl groups (Tables 2 and 3)
possess either GlyT-1 or GlyT-2 inhibitory activity. Therefore, we speculate that this
group of compounds may be a possible source to develop non-selective GIlyT
inhibitors. For this purpose, ALX1393 may also be an investigational drug as it
inhibits both isoforms of GlyTs with a smaller magnitude difference in inhibitory
potentials (Mingorance-Le Meur et al., 2013). In fact, however, no GlyT inhibitors
other than ALX1393 with low selectivity
have been tested in the various neuropathic pain models. Alternatively, combination
of GlyT-1 and GlyT-2 inhibitors may indicate whether concomitant inhibition of the
two transporters results in any further benefit in pain management. Using such a
combination, it is obvious that the pharmacokinetic patterns of the two GIyT

inhibitors should be similar or proper technological approach should be applied.

Mechanisms of analgesic actions of GlyT-1 and GlyT-2 inhibitors in terms of how
they influence neural circuits in laminae I-111 of the spinal cord dorsal horn are
different. GlyT-1 primarily regulates the activity of extrasynaptic NR1/NR2B

receptors by increasing or decreasing glycine efflux from astrocytes via bidirectional
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operation of the carrier. On the other hand, GlyT-2 has a role to set optimal synaptic
glycine concentrations required to activate postsynaptic glycine receptors. Thus, GlyT
inhibitors exert pharmacological actions both in glutamatergic and glycinergic
synapses and these two effects with different sites of actions may exert synergistic
blockade of painful sensory transmission in the spinal cord.

Simultaneous use of GIlyT inhibitors, however, may be hampered by the narrow
analgesic dose-range of GIlyT-1 inhibitors and by depletion of vesicular glycine
concentrations following GlyT-2 inhibition. Moreover, GlyT inhibitors exhibit
characteristic toxicity, which is more pronounced in case of the irreversible inhibition
of the transporters. Consequently, the use of reversible GlyT inhibitors with low
selectivity for both transporter isoforms would be the preferred choice. At present,
we are working to identify GlyT inhibitors with such a pharmacological profile and

testing them in neuropathic pain models.
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