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Abstract Glycine plays two roles in neurotransmission. In caudal areas like the
spinal cord and the brainstem, it acts as an inhibitory neurotransmitter, but in all
regions of the CNS, it also works as a co-agonist with L-glutamate at N-methyl-D-
aspartate receptors (NMDARS). The glycine fluxes in the CNS are regulated by two
specific transporters for glycine, GlyT1 and GlyT2, perhaps with the cooperation of
diverse neutral amino acid transporters like Asc-1 or SNAT5/SN2. While GlyT2 and
Asc-1 are neuronal proteins, GlyT1 and SNATS are mainly astrocytic, although
neuronal forms of GlyT1 also exist. GlyT1 has attracted considerable interest from
the medical community and the pharmaceutical industry since compelling evidence
indicates a clear association with the functioning of NMDARSs, whose activity is
decreased in various psychiatric illnesses. By controlling extracellular glycine,
transporter inhibitors might potentiate the activity of NMDARs without activating
excitotoxic processes. Physiologically, GlyT1 is a central actor in the cross talk
between glutamatergic, glycinergic, dopaminergic, and probably other neurotrans-
mitter systems. Many of these relationships begin to be unraveled by studies per-
formed in recent years using genetic and pharmacological models. These studies are
also clarifying the interactions between glycine, glycine transporters, and other co-
agonists of the glycine site of NMDARs like D-serine. These findings are also rel-
evant to understand the pathophysiology of devastating diseases like schizophrenia,
depression, anxiety, epilepsy, stroke, and chronic pain.
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List of Abbreviation

AMPA a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid

GlyR Glycine receptor

GlyT1 Glycine transporter-1

GlyT2 Glycine transporter-2

LTP Long-term potentiation

NFPS (£)-N-[3-(4'fluorophenyl)-3-(4’'-phenylphenoxy)propyl]sarcosine
NMDA N-methyl-D-aspartate

NMDAR NMDA receptor

SCZ Schizophrenia

SNAT Sodium-coupled neutral amino acid transporters

1 Introduction

A simple search in PubMed database reveals that one subtype of glutamate recep-
tor, the NMDA receptor (NMDAR), has maintained a remarkable interest for the
last 25 years, accounting for about 40,000 references. This is more than double the
interest aroused altogether by the two other subtypes of ionotropic glutamate
receptors (AMPA and kainate receptors) and quadruplicates the number of refer-
ences to metabotropic glutamate receptors. The reason for this decided interest
may be related to the fact that NMDARSs are located at a crossroads where fast
excitatory neurotransmission converges with plasticity processes that are on the
basis of extraordinary brain properties such as learning, memory, and cognition
(Nakazawa et al. 2004; Collingridge et al. 2013). This strategic situation makes
NMDARSs not only hubs for physiology but also for pathology. Thus, acute over-
stimulation of NMDARs during ischemic stroke initiates the so-called excitotoxic
process that ends up in neuronal death. Chronic excitotoxicity has been hypothe-
sized to play a role in numerous neurodegenerative diseases including Alzheimer's
disease, Huntington's disease, or amyotrophic lateral sclerosis. In addition, hypo-
function of NMDARS seem to be detrimental, and evidence accumulates that this
is associated to schizophrenia (SCZ) and other psychiatric diseases. Accordingly,
these receptors have concentrated a lot of effort to develop drugs that might modu-
late their activity.

2 NMDAR Subunits and the Glycine Binding Site

The atomic structure of NMDAR has been recently resolved at 4 A resolution
(Karakas and Furukawa 2014; Lee et al. 2014). NMDARs are obligatory heterotet-
ramers mainly composed of two GluN1 subunits and two GluN2 and/or GluN3
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subunits. There are eight different splice variants of the GluN1 genes, four GluN2
genes (GluN2A-D), and two GluN3 genes (GluN3A-B) (for a review, Paoletti et al.
2013). The subunit composition varies regionally and developmentally. For instance,
GIluN2A and GIuN2B subunits are especially relevant in the adult forebrain and
present different function and distribution in neurons. In general GluN2B is
expressed at both synaptic and extrasynaptic sites, whereas GIuN2A is mainly
expressed at the synapse (Lavezzari et al. 2004; Papouin et al. 2012). This subunit
composition undergoes developmental variations, and, as the brain develops, synap-
tic NMDARSs containing GIuN2A subunits are targeted to synapses, and those with
GIluN2B subunits, which dominate in the neonatal brain, are displaced to extrasyn-
aptic sites (Williams et al. 1993; Sheng et al. 1994). However, at least in the devel-
oping brain, this distribution is dynamic and is subjected to modifications by
synaptic activity. For instance, NMDARs containing GIuN2B are redistributed
away from glutamate synapses through increased lateral diffusion during LTP in
immature neurons (Dupuis et al. 2014). Opening of NMDAR channels involves the
relief of the Mg?* blockade of the ionic pore by membrane depolarization and results
in an influx of calcium ions that activates diverse signal transduction cascades that
control strength of neural connectivity or neuroplasticity.

A unique property of NMDARs among ionotropic receptors is that opening the
channel requires the presence of a co-agonist. While glutamate binds to a bilobu-
lated cavity located in the extracellular domain of GluN2 subunits, the other ligand,
that was identified as glycine by Johnson and Ascher (1987), binds to a similar cav-
ity located in GluN1 or GluN3 subunits (called the glycine-B site, as opposed to the
glycine-A site on the strychnine-sensitive glycine receptor GlyR). However, the
physiological role of the glycine-B site was largely controversial because the affin-
ity for glycine is very high (in the low micromolar range), and it was thought that
the site would be tonically saturated at the concentrations of glycine assumed to be
present in the synaptic cleft (Kemp et al. 1988). Nonetheless, subsequent studies
revealed that it is not necessarily the case, supporting the existence of subpopula-
tions of NMDARs regulated by glycine in vivo. This is probably dependent on sev-
eral different factors. Firstly, there are a number of transport systems for glycine that
precisely control the glycine concentration in the synaptic and the perisynaptic
space (Berger et al. 1998; Bergeron et al. 1998; Li et al. 2009; Wilcox et al. 1996;
Chen et al. 2003). Neurons and glial cells express different glycine transporters that
are located strategically and regulate the concentration of glycine in the neighbor-
hood of NMDARSs in a dynamic manner. Among them, glycine transporter GlyT1
might play a pivotal role, but there are also a number of low-affinity transporters for
neutral amino acids, like Asc-1 or SNATs, that might contribute significantly to the
process. Secondly, NMDARSs have a heterogeneous subunit composition, which
determines the affinity for glycine as well as the subcellular localization and devel-
opmental stage of the synapses. Heterodimeric NMDARSs containing GluN2B sub-
units display ten times higher affinity for glycine than those containing the GluN2A
subunits (ECsy ~0.1 pM and 1 pM, respectively). Occupancy of the glycine binding
site not only governs the opening of the channel but also increases the affinity of the
receptor for glutamate (glutamate and glycine sites are allosterically coupled) and
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modulates the receptor function by decreasing its desensitization (Mayer et al.
1984; Lester et al. 1993). In addition, glycine primes NMDARs for endocytosis
thereby controlling the levels of the receptor in the cell surface (Nong et al. 2003).
Further complexity is added by the fact that D-amino acids, especially D-serine, are
almost as effective as glycine in activating the receptor by binding to the glycine-B
site (Kleckner and Dingledine 1988; Mothet et al. 2000; Yang et al. 2003; Panatier
etal. 2006; Henneberger et al. 2010). Immunohistochemical localization of D-serine
demonstrated that this amino acid is mainly localized in astrocytes and that its dis-
tribution matches quite extensively with the expression of NMDARs (Schell et al.
1995), thus raising the possibility that D-serine could be the physiological ligand of
the glycine-B site. In fact, some studies suggested that D-serine would be the pre-
ferred ligand (Mothet et al. 2000). However, subsequent reports have come to draw
a more complex picture, where it seems to emerge a regional and temporal differen-
tiation in the preference for one or the other ligand. The extracellular levels of
D-serine in the CNS are controlled by two members of the SLC1 family, the Na*-
dependent alanine-serine-cysteine transporters 1 and 2 (ASCTI1 and ASCT2)
(Martineau et al. 2014). These are expressed by both astrocytes and neurons.
Additionally, D-serine can be transported by the neuronal Na*-independent anti-
porter alanine-serine-cysteine-1 (Asc-1), a member of the SLC7 family, that can
work in the reverse manner to release D-serine and glycine from neurons (Fukasawa
et al. 2000; Helboe et al. 2003, Rosenberg et al. 2013). D-serine is also released
from astrocytes via mechanisms implicating Ca** and SNARE-dependent exocyto-
sis (Yang et al. 2003; Henneberger et al. 2010; Martineau et al. 2013) and sustained
by the activity of a glia-specific vesicular transporter for D-serine (Martineau et al.
2013; although see Agulhon et al. 2010). Thus, an open question is how dynamics
are the fluxes of D-serine in the neighborhood of NMDARSs and how they compare
with those of glycine to cooperate/compete in determining the responses of the
receptor. Glycine appears to be the preferred co-agonist in receptors containing
GIluN2B subunits, while it would be D-serine for those containing GluN2A (Fossat
et al. 2012; Papouin et al. 2012; Le Bail et al. 2015). This might explain the devel-
opmental change in the ligand preference described in the connection between the
Schaffer collaterals and CA1 pyramidal neurons, turning from glycine to D-serine
in parallel to the replacement of GluN2B by GIuN2A that occurs between weeks 1
and 3 after birth (Le Bail et al. 2015). Nevertheless exceptions might exist to this
rule, like synapses of the hypothalamic supraoptic nucleus that robustly express
GIluN2B but seem to depend only on D-serine — although inhibitors of glycine trans-
porter were not used in these studies (Panatier et al. 2006; Doherty and Sladek
2011). These observations suggest a complex synapse-specific cross talk between
both ligands. As an example, two recent articles show that both, glycine and
D-serine, are necessary for induction of LTP in CA1 hippocampal area and dentate
gyrus (Le Bail et al. 2015), as well as in the lateral nucleus of the amygdala (LA)
(Li et al. 2013). In LA, the prevalence of D-serine or glycine at synaptic NMDARs
would be determined by synaptic activity. Ambient D-serine may maintain activa-
tion of NMDARs in LA neurons in the absence of evoked synaptic events, while
activity-dependent release of glycine from astrocytes is implicated in the activation
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of NMDARs during afferent stimulation (Li et al. 2013). In addition, electrophysi-
ological measures both in the inner retina and in the hypoglossal nucleus also sug-
gested that GlyT1 activity keeps glycine levels near NMDARs at sufficiently low
concentrations so as to allow D-serine to play a major role as an NMDAR co-agonist
(Berger et al. 1998; Stevens et al. 2010). Blockade of GlyT1 with a specific inhibitor
increased the extracellular levels of glycine to saturating levels and canceled the
effect of added D-serine (Stevens et al. 2010). So, the question is if there are any
mechanisms (physiological or pathological) that regulate in a concerted manner the
diverse enzymes and transporters that control the fluxes of glycine and D-serine in
the synapse to determine the activity profiles of NMDARs (reviewed by Mothet
et al. 2015).

3 Regulation of the Extracellular Glycine Concentration
by Glycine Transporters

The fluxes of glycine at inhibitory and excitatory synapses are controlled by two
glycine transporters, GlyT1 and GlyT2, which belong to the sodium- and chloride-
dependent neurotransmitter transporter family and are encoded by genes SLC6A9
and SLC6AS, respectively (Aragén and Lépez-Corcuera 2005). GlyT1 and GlyT2
have different regional and cellular expression patterns in the CNS. Initially, mRNA
for GlyT1 was localized at high concentrations in glutamatergic neurons and also in
glial cells (Smith et al. 1992; Borowsky et al. 1993; Zafra et al. 1995b). However,
early immunohistochemical studies detected the glial protein but failed in recogniz-
ing the neuronal forms of GlyT1, probably due to some kind of epitope occlusion of
the neuronal protein (Zafra et al. 1995a). The expression in astrocytes is especially
high in glycinergic areas, where GlyT1-immunoreactive glial profiles ensheath gly-
cinergic synapses. Its essential role in these synapses is to lower extracellular gly-
cine concentration as shown in GlyT1-deficient mice, where the decay time constant
of glycinergic mIPSCs recorded in hypoglossal motoneurons was longer than that
in wild-type mice, indicating an increased synaptic concentration of neurotransmit-
ter (Gomeza et al. 2003a). Antibodies developed later allowed the detection of
GlyT1 immunoreactivity not only in astrocytes but also in neuronal elements,
mainly in glutamatergic terminals along the forebrain. Lower levels of immunore-
activity were also observed in the postsynaptic membrane of asymmetric synapses,
forming immunoprecipitable complexes with NMDAR (Cubelos et al. 2005a). As
we will discuss later in more detail, this distribution is compatible with a role of
GlyT1 in modulating NMDARSs. Additionally, GlyT1 has been found not only in the
plasma membrane of glutamatergic terminals but also in synaptic vesicles (Cubelos
et al. 2014). It is unknown if this localization is related to recent evidence indicating
that glycine is released from glutamatergic terminals in hippocampal neurons in a
Ca?*-dependent manner upon depolarization (Muller et al. 2013). This release
would require an accumulative mechanism of glycine into synaptic vesicles that is
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not characterized (VIATT is absent in these terminals). It was suggested that GlyT1
present in vesicular membrane might mediate the accumulation of glycine into the
lumen either by a diffusive equilibration process or, even, by some type of unchar-
acterized active transport (Cubelos et al. 2014). Independently of the Ca?*-dependent
release of glycine, presumably vesicular, there is also evidence for a Ca?-
independent release component that might be attributed to the reversal operation of
GlyT1 located in the astrocytic or the neuronal membrane (Galli et al. 1993; Luccini
et al. 2008). The GlyT1-dependent uptake of glycine is an electrochemical process
coupled to the movement of sodium and chloride ions, with a stoichiometry 1 Gly/2
Na*/1 CI-, that under depolarizing conditions might be reverted, allowing the efflux
of glycine, either from the glial cells or from the neurons (Roux and Supplisson
2000; Huang et al. 2004; Aubrey et al. 2005). Diverse estimations suggest that
GlyT1 activity is not far from equilibrium. Roux and Supplison (2000) calculated,
assuming that intracellular glycine is 2 mM in astrocytes (in the hippocampus) and
10 mM in glycinergic neurons, that GlyT1 is close to equilibrium for an extracel-
lular glycine concentration of 100 nM and a resting potential of =70 mV. Non-
vesicular glycine release via GlyT1 reversal may occur under high-frequency
stimulation (HFS) and probably ischemia, conditions that depolarize the astrocyte.
HES triggers AMPA receptor activation in astrocytes and an increase in intracellular
[Na*], which combined with plasma membrane depolarization may be sufficient to
induce the reversion of GlyT1 during HFS (Attwell et al. 1993; Rose and Ransom
1996; Roux and Supplisson 2000; Marcaggi and Attwell 2004; Huang et al. 2004).
Similarly, during ischemia, glial cells are depolarized up to =50 mV and intracel-
lular [Na*] may rise up to 39 mM (Attwell et al. 1993), conditions that might allow
the reversion of GlyT1. Indeed, this seems to be the case in hypoxic retina (Hanuska
et al. 2016) and in hippocampal brain slices in various cell-damaging conditions
(Saransaari and Oja 2001). Although the reversal of GlyT1 under physiological con-
dition has less experimental support, a recent article shows the existence of
dopamine-induced release of glycine from cortical astrocytes in primary culture that
is blocked by a specific GlyT1 inhibitor (Shibasaki et al. 2016). However, if this also
occurs in native tissue is insufficiently documented. As we will discuss later, there
is other transporters for glycine that might contribute to glycine release.

The other glycine transporter, GlyT2, is a neuronal protein, associated only to
glycinergic neurons in the spinal cord, the cerebellum, and diverse nuclei of the
brainstem, like the lateral superior olive, the inferior colliculi, and the dorsal and
ventral cochlear nuclei, among others (Zafra et al. 1995a, b; Friauf et al. 1999).
Minor populations of glycinergic interneurons immunoreactive for GlyT2 have
been also described in the hippocampus (Danglot et al. 2004; Song et al. 2006), sup-
porting the existence of functional glycinergic synapses in this region. Electron
microscopy shows that GlyT?2 is enriched in presynaptic terminals containing high
concentrations of glycine. Within glycinergic boutons, GlyT2 immunostain was
associated with the plasma membrane but often appeared as discrete clumps, gener-
ally excluded from the region of the active sites of synapses, suggesting that it may
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be excluded from synaptic clefts (Spike et al. 1997). Importantly, while most of the
transporters of this family have a stoichiometric coupling of two sodium ions trans-
ported with every glycine molecule (including GlyT1), GlyT2 is coupled to the
electrochemical movement of three sodium ions, favoring the maintenance of a high
concentration gradient along the presynaptic membrane and supplying enough gly-
cine for presynaptic vesicle refilling, a process that seems necessary to preserve
quantal glycine content in synaptic vesicles (Rousseau et al. 2008; Pérez-Siles et al.
2012; Apostolides and Trussell 2013). GlyT2 activity dysfunctions reduce presyn-
aptic glycine release and cause a significant decrease of inhibitory glycinergic neu-
rotransmission that results in spasticity (James et al. 2012). Nevertheless, some
evidence suggests that GlyT2 also participates in reuptake of glycine from the syn-
aptic cleft, and the blockade of the transporter function could enhance glycinergic
inhibitory neurotransmission in some situations, although to a lesser extent than
GlyT1: for instance, the pharmacological blockade of GlyT2 in lamina X neurons
of rat spinal cord slices increases glycinergic neurotransmission in the spinal cord
(Bradaia et al. 2004). Similarly, the GlyT2 inhibitor Org 25543 increases the extra-
cellular glycine concentration, as detected by microdialysis perfusion of the lumbar
dorsal spinal cord of rats (Whitehead et al. 2004), suggesting that in caudal regions
of the CNS, glial GlyT1 and neuronal GlyT2 closely cooperate in the regulation of
extracellular glycine at inhibitory synaptic sites.

Together, these studies indicate that neuronal GlyT1 has an optimal distribution
to regulate the binding of glycine to NMDARs in forebrain regions, while GlyT2
and the glial GlyT1 are better situated to participate in inhibitory glycinergic neuro-
transmission in caudal areas. Nevertheless, in these caudal regions (and probably
other areas), where there is a coexistence of neurons expressing NMDAR and GlyR,
this division of labor cannot be so strict. It is known the existence of a cross talk is
between these receptors. Glycine released from glycinergic terminals might reach
nearby glutamatergic synapses by spillover under some circumstances, overcoming
the barrier imposed by glycine transporters to the diffusion of the neurotransmitter
(Ahmadi et al. 2003). Normally, glial processes surrounding glutamatergic termi-
nals also contain high levels of GlyT1. These transporters are properly positioned to
allow control of the glycine fluxes and NMDA-mediated neurotransmission.
Reverse transport of glycine through the glial GlyT1 might also play a role at inhibi-
tory synapses. It has been hypothesized that at times of low-synaptic activity, gly-
cine concentration in the synaptic cleft would decrease allowing the reversal
operation of GlyT1 and the release of glycine which is taken up by GlyT2 on post-
synaptic neurons for packaging into vesicles (Aubrey et al. 2005). However, the
rigorous testing of these hypotheses and an accurate measurement of glycine fluxes
between glia and neurons clearly require new tools that enable real-time determina-
tion of the oscillations in the concentration of glycine in synaptic and extrasynaptic
sites in response to different physiological or pathological stimuli. Examples of
these tools might be fluorescent probes with similar characteristics to those already
available to measure glutamate fluxes (Marvin et al. 2013).
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4 Pharmacological and Genetic Models to Study GlyT1
Function

4.1 GlyTI Inhibitors

The above-described localization experiments suggested a number of potential roles
for glycine transporters. However, as it has been pointed in the preceding para-
graphs, definitive proofs about the real physiological meaning of these proteins
were only obtained after developing specific inhibitors and genetically modified
mice. Of course the idea of developing compounds that increase the availability of
glycine at glutamatergic synapses (and perhaps at glycinergic ones) was appealing
since it might provide novel therapeutic avenues to treat cognitive impairments in a
number of psychiatric conditions and perhaps be relevant in the treatment of pain,
epilepsy, or even be useful in enhancing specific cognitive functions in healthy sub-
jects. In theory, these compounds would have lower excitotoxicity than direct
NMDAR agonists, and, moreover, they may offer greater spatial and temporal
selectivity, since selective inhibition of GlyT1 may result in potentiation of NMDAR
only in those specific brain regions activated by social stimuli and cognitive chal-
lenges where synaptically released glutamate and pharmacologically increased gly-
cine meet each other. Nevertheless, a potential drawback of this strategy is the
enhancement of the inhibitory glycinergic neurotransmission with affectation of
motor and sensorial pathways regulated by GlyRs. Even so, there are situations
where the stimulation of GlyRs could be therapeutically favorable as might be the
case for treating neuropathic pain.

A detailed and updated review about GlyT1 pharmacology has been published
recently (Cioffi and Guzzo 2016). In brief, early work had shown that sarcosine
(N-Methyl-glycine) inhibits the high-affinity glial transporter of glycine (Zafra and
Giménez 1989), and, later, Liu et al. (1993) showed that this compound inhibits
GlyT1 but not GlyT2. Thus, sarcosine was used as a lead compound to develop the
first generation of GlyT1 inhibitors. These include compounds like (+)-N-[3-
(4'fluorophenyl)-3-(4’-phenylphenoxy)propyl]sarcosine (NFPS) (the R-enantiomer
is named ALX5407) that showed a non-competitive binding with high affinity and
slow dissociation, leading to prolonged elevation in synaptic glycine concentrations
that were able to activate GlyRs and probably were the cause of decreased motor
and respiratory activity when administered in vivo to rodents. Several sarcosine
derivatives were developed by Organon (Org 24461, Org 24598, and others), Pfizer
(N-[3-phenyl-3(4’-(4-toluoyl)phenoxy)-propyl]sarcosine or NPTS), Lundbeck
(2-arylsulfanylphenyl-1-oxyalkylamino derivatives), Merck (indandione sarcosine
derivatives), and Amgen (benzhydryl piperazine analogue AMG 747), among
others. Several of these inhibitors increased glycine levels in the CSF without hav-
ing the negative motor effects of NFPS but keeping the positive effects in animal
models of schizophrenia. Four of them were assayed in clinical trials, being Org
25935 as the most advanced one. In preclinical assays Org 25935 attenuated the
scopolamine-induced deficits in the object retrieval/detour task or the ketamine-
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induced working memory deficits in monkeys, with an inverted U-shaped dose-
response curve indicating that the maximum efficacy is achieved at submaximal
occupancy levels (Castner et al. 2014). In humans, it was well tolerated and reduced
ketamine-induced psychomimetic and perceptual alterations. However, in clinical
trials Org 25935 did not differ significantly from placebo in reducing negative
symptoms of SCZ or improving cognitive functioning when administered as adjunc-
tive treatment to atypical antipsychotics (Schoemaker et al. 2014).

After the sarcosine derivatives, a second generation of non-sarcosine-based com-
pounds was developed by several companies, and some of them entered into clinical
trials for SCZ. Chemically, they can be divided into several categories:
methylphenidate-derived (SSR504734, SSR103800, GSK1018921, GSK931145),
alkyl and heteroaromatic substituted sulfonamides and sulfones (ACPPB, DCCCyB,
and several others), heteroaryl amides (PF-03463275 and others), benzoylpipera-
zines (several compounds by Hoffmann-La Roche, including bitopertin), benzoyl-
isoindolines (derived from benzoylpiperazines), and several others (Cioffi and
Guzzo 2016). Most of the assayed compounds in these categories are competitive
inhibitors, although bitopertin is a non-competitive one. Thus, although it was sug-
gested that competitive inhibition of GlyT1 might impart pharmacological advan-
tages, the mechanism of action of bitopertin, which is the most advanced compound
in clinical trials, questions this hypothesis (Mezler et al. 2008). In general, all these
compounds were designed and assayed for improved selectivity for GlyT1 over
GlyT2, better water solubility or shorter residence time on the transporter, aspects
that were expected to improve their therapeutic outcome.

4.2 Pharmacological Models

The availability of all these compounds has allowed answering the question of
whether GlyT1 is capable of controlling the activity of NMDAR:s. In fact, the results
show that this is the case, by controlling both the channel opening and those pro-
cesses triggered by the gating (e.g., the long-term potentiation, LTP, or the long-
term depression, LTD). And this is a general phenomenon throughout many regions
of the brain, as evidenced by multiple observations from rat cortical and hippocam-
pal neurons, hypoglossal motoneurons, or spinal cord lamina X neurons. In all
cases, blockade of GlyT1 promotes an elevation of glycine levels and this impacts
in NMDAR activity (Chen et al. 2003; Kinney et al. 2003; Martina et al. 2004; Lim
et al. 2004; Bradaia et al. 2004; Zhang et al. 2008, 2014). This is finally reflected in
an effect on learning and memory in diverse experimental paradigms. Thus, a num-
ber of first and second generation of GlyT1 inhibitors reversed many of the cogni-
tive deficits observed in animal models of acute or neonatal NMDAR antagonist
treatment (phencyclidine, MK801, ketamine) including impairments on reference
memory, object and social recognition memory, and working memory. As we will
discuss below, this is especially relevant in the context of psychotic diseases. And
also in normal rats, GlyTl inhibitors improved working memory and social
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recognition, suggesting that these compounds might be useful as enhancers of cog-
nitive functions in healthy humans (Singer et al. 2009a).

GlyT1 inhibitors have been also instrumental in clarifying basic mechanism of
the brain circuitry. In this sense, two seemingly contradictory functions of glycine
and GlyT1, both in excitatory and inhibitory neurotransmission, could be more
tightly linked than it could be suspected, in areas where NMDARs and GlyRs coex-
ist, through a GlyT1-mediated control of the overall excitability of neural networks.
The link is provided by the magnitude of the glycine concentration in the synaptic
cleft. For instance, Zhang et al. (2014) altered the concentrations of glycine by con-
trolling the doses and the time of incubation of hippocampal slices with the GlyT1
inhibitor NFPS. While moderate levels of glycine promoted LTP, higher doses
induced LTD. These changes in synaptic plasticity were dependent on trafficking of
NMDARs to (LTP) and from (LTD) the membrane. In this way, low levels of gly-
cine seem to act mainly on the glycine-B site of NMDARs to induce LTP by pro-
moting the insertion of NMDAR in the synapse (by uncharacterized trafficking
mechanisms). However, when levels of glycine get higher and cross the threshold of
the NMDAR, endocytosis mechanism (Nong et al. 2003) and glycine may activate
GlyRs. As aresult, the inhibitory effect may be stronger than the excitatory one, and
the net effect mediated by glycine is a depression of the NMDA response (Zhang
et al. 2014). Another consequence in this scenario of a stepwise increase in the con-
centrations of extracellular glycine is the triggering of homeostatic mechanisms in
the neuronal network to avoid runaway excitation after LTP induction. In hippocam-
pal slices this compensatory mechanism was dependent on GlyT1 located in glial
cells since fluoroacetate, a glia-specific metabolic inhibitor, blocked the effect as
also did strychnine, indicating its dependence on hippocampal GlyRs (Zhang et al.
2008). Similarly, during the induction and expression of NMDAR-dependent LTP
in pyramidal neurons of the visual cortex, GlyT1 controls the activity of extrasyn-
aptic GlyRs, and this resulted in a shunting inhibition of afferent inputs which thus
displayed a depression (a LTD-like effect) at the soma after dendritic integration. In
this case, it seems that the NMDAR co-agonist is synaptic D-serine rather than gly-
cine, illustrating again the complex cross talk between D-serine and glycine
(Meunier et al. 2016).

The glutamatergic system also interacts at different levels with the dopaminergic
system. Recent observations support a role of GlyT1 in this cross talk, evidenced by
the GlyT1 inhibitor ACPPB. Using a model of unilateral 6-OHDA-induced lesions
that spared the mesoaccumbens projection, ACPPB promoted dopaminergic rein-
nervation of the dorsal striatum and normalized 6-OHDA-induced lateralization of
sensorimotor behavior (Schmitz et al. 2013). Both effects were dependent on the
presence of NMDARSs in dopamine neurons. An important consequence of these
findings is that if functional sprouting could be induced in dopamine axons in areas
that are spared from denervation in Parkinson’s disease (i.e. the caudate nucleus,
medial portions of the putamen, and the nucleus accumbens), GlyT1 inhibitors
might point toward future therapeutic treatments for these patients.

However, all these observations rely on the pharmacological manipulation of
GlyT1 and other proteins of the system. In view of the important role of this trans-
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porter in regulating the excitatory/inhibitory balance of the neuronal networks, the
question is whether the activity of GlyT1 can be modulated under physiological or
pathological states by endogenous mechanisms. As discussed above, an increase of
the glycine level could occur under some pathophysiological states, such as seizure
and ischemia. Due to the dissipation of ionic gradients, the activity of GlyTs is
downregulated or even reversed in ischemia (Huang et al. 2004; Baker et al. 1991).
GlyT1 can also be silenced by certain regulatory factors like Zn** (Ju et al. 2004)
and protons (Aubrey et al. 2000), both of which are stored in transmitter vesicles,
and transient changes in extracellular pH or Zn?** occur during synaptic transmission
(Qian and Noebels 2005; Krishtal et al. 1987). Also, the rate of glycine reuptake by
GlyT1 can be downregulated by intracellular factors and signaling pathways such as
arachidonic acid (Zafra et al. 1990; Pearlman et al. 2003), protein kinase C activa-
tion (Gomeza et al. 1995; Sato et al. 1995; Ferndndez-Sénchez et al. 2009), Ca?*/
calmodulin-dependent enzymes (Lopez-Colome and Gadea 1999) or GSK3-p
(Jimenez et al. 2015). Additionally, the intracellular membrane trafficking of GlyT1
can be regulated by the SNARE protein syntaxin-1A, which decreases the concen-
tration of GlyT1 protein on the plasma membrane (Geerlings et al. 2000), or by
interactions with the exocyst (Cubelos et al. 2005b). There are also complex interac-
tions with other neurotransmitters or neuromodulators, like the purinergic system
that enhances the activity of GlyT1 (Jimenez et al. 2011). Accordingly, the function
of GlyT1 seems to be effectively regulated under physiological and pathological
conditions, and, thus, the concentration of extracellular glycine can be tightly con-
trolled. The balance between stimulatory and inhibitory signaling pathways will
finally determine the activity of the transporter, and, consequently, the glycine con-
centration might fluctuate in the synaptic cleft under physiological conditions.
Because of this, GlyT1 remains a target of substantial pharmacological interest for
intervening in diseases associated with dysfunction of either NMDARs or GlyR.

4.3 Genetic Models

Additional source of information on the physiological and pathological role of gly-
cine transporters are the various genetically modified mice that have been produced
for more than one decade, since the leading work of H. Betz and collaborators
(Gomeza et al. 2003a, b). These advances have been extensively reviewed by Mohler
et al. (2011). Relative to GlyT1, perhaps the most relevant aspect that cannot be
addressed by pharmacological models is the dissection of the physiological role of
glial and neuronal forms of the transporter. The three initial genetic models were
unable to deal with this question since they were obtained by global deletion of the
Slc6a9 (GlyT1) gene, and, moreover, they were neonatally lethal (Gomeza et al.
2003a; Coyle and Tsai 2004; Gabernet et al. 2005). However, heterozygous were
viable and at least two lines (GlyTItml.1*~ and GlyT1*~ ™) displayed altered
NMDAR responses that were compatible with the saturation of de glycine-B site
when GlyT1 was reduced to about a half, including an enhanced NMDA/AMPA
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response ratio, a resistance to the disruptive effect of amphetamine on prepulse
inhibition and a tendency for improved memory retention (Tsai et al. 2004b;
Gabernet et al. 2005; Martina et al. 2005). Heterozygous mice also show morpho-
logic and physiologic alterations including an increased number of synapses and an
enhanced neuronal excitability, changes that might be attributed to the chronic high
levels of glycine in glutamatergic synapses (Bakkar et al. 2011).

Later, the first conditional GlyT1 mouse was generated and termed GlyT1tm1.2%
. which contained two pLox sites flanking exons 4 and 11 of Slc6a9 (Yee et al.
2006). These floxed mice were bred with transgenic mice containing Cre recombi-
nase under the CaMKII promoter and resulted in the ablation of GlyT1 in forebrain
neurons. As a consequence, both the concentration and the activity of GlyTl
decreased by approximately 30% in forebrain at postnatal day 21. The diminished
GlyT1-selective glycine uptake was accompanied by an important increase in the
NMDA/AMPA response ratio. Another conditional strain designed to suppress the
expression of GlyT1 simultaneously in neurons and astrocytes of the forebrain was
obtained by breeding the GlyT1tml1.2"" with the EmxICre/Cre mice (EMX/
GlyT1-KO) (Singer et al. 2009b). The simultaneous disruption of GlyT1 in neurons
and glia resulted in a near-complete absence of response to the acute phencyclidine
challenge. This suggests that NMDAR function in EMX/GlyT1-KO mice is altered
(being more resistant to systemic pharmacological blockade of NMDAR by phen-
cyclidine), presumably due to increased levels of synaptic glycine. This observation
is in good agreement with the finding that GlyT1 inhibitors are highly effective in
attenuating the motor stimulant effect of NMDAR blockers (Harsing et al. 2003;
Depoortere et al. 2005; Boulay et al. 2008; Singer et al. 2009b). Surprisingly, the
EMX/GlyT1-KO mice did not show alterations in the NMDA-mediated EPSC in
the hippocampus. The reason for this difference with the neuronal model is unclear,
but several possibilities were suggested. For instance, a more drastic increase in the
extracellular glycine in the neuronal/glial-deficient mice might have primed
NMDAR for endocytosis (Nong et al. 2003). Also, a tonic stimulation of inhibitory
GlyRs in the glial/neuronal depleted model might alter the activity of hippocampal
network, indirectly compensating the NMDAR current alterations observed in the
neuronal model (Singer et al. 2009b). Additional differences between these mice
were found in their capability for associative learning that was potentiated in the
neuronal model but not in the neuronal/glial. Differences were also observed in the
working memory paradigms that were not affected in the neuronal model in contrast
to the promnesic effects observed in mutant mice with GlyT1 deletion extended to
cortical glial cells (Dubroqua et al. 2012), suggestive of an important and specific
role of glial cells in regulating cognitive functions. Both models, however, displayed
a similarly increased recognition memory in tests for object familiarity judgment.
Interestingly this was also observed in a pharmacological model using GlyT1
inhibitors (Depoortere et al. 2005; Boulay et al. 2008; Karasawa et al. 2008). In
general, the different models display a wide spectrum of procognitive effects that
support the idea that GlyT1 is a promising target for the treatment of cognitive
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symptoms in psychotic diseases. An additional conditional strain was developed
again in the lab of H. Betz to suppress the expression of GlyT1 in neurons or in
astrocytes (Eulenburg et al. 2010). The targeting vector was designed to enable Cre
recombinase-mediated inactivation of the GlyT1 gene through deletion of exons 3
and 4, and these mice were bred with two strains of transgenic mice expressing Cre
recombinase. One was under the control of the neuron-specific synapsin 1 promoter,
the other under the control of the mouse glial fibrillary acidic protein (GFAP) pro-
moter. The neuronal line did not show motor or respiratory deficits, and the authors
conclude that in caudal regions of the CNS, neuronal GlyT1 does not contribute
significantly to the regulation of inhibitory glycinergic neurotransmission. However,
most of the mice of the glial line developed a strong hypotonic phenotype, which
finally resulted in premature death between postnatal day 1 and 10, indicating that
glial GlyT1 is the major player in regulating glycinergic neurotransmission.
Unfortunately there are no reports related to NMDA-dependent behaviors in these
mice. Interestingly, few mice of the glial strain survived and developed to adult age,
indicating that Glytl is essential in the perinatal period but not in adults where per-
haps GlyT1 function could be assumed by other glycine transporters.

5 Other Glycine Transporters

The preceding paragraphs summarize an important set of evidence supporting an
unquestionable role of GlyT1 in the regulation of NMDARs and GlyRs, especially
when GlyT1 operates in the forward direction. Less support has the idea that under
physiological conditions GlyT1 might contribute to a fast non-vesicular release of
glycine. If this has to occur, glycine might reach glutamatergic synapses by spill-
over from neighboring glycinergic synapses (Berger and Isaacson 1999; Turecek
and Trussell 2001; Ahmadi et al. 2003). However, this might be an alternative in
caudal areas of the brain but it seems unlikely in forebrain areas where glycinergic
terminals are sparse or absent. A more likely source of glycine would be the reversal
operation of a transporter with some electrochemical characteristics better suited to
work in the efflux mode. The brain contains several amino acid transporters that
belong to the SLC7 and SLC38 family and that might participate in the control of
the neuronal-glial fluxes of glycine and other amino acids. Some of them, especially
the already mentioned Asc-1 and SNATS, might fulfill these requirements, showing
potential reversion under physiological conditions.

Asc-1 is a plasma membrane antiporter present in neurons that has high affinity
for small neutral amino acids, such as glycine, L-serine, D-serine, alanine, and cys-
teine (Fukasawa et al. 2000; Helboe et al. 2003). It has a widespread distribution
throughout the brain, and it is located exclusively in presynaptic terminals. Data
obtained with Asc-1 knock-out (KO) mice indicate that this protein is the main
D-serine transporter in the brain (Rutter et al. 2007), able to secrete D-serine in an
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exchange reaction with other endogenous substrates. In addition, Acs-1 can also
extrude glycine affecting NMDAR responses at low-frequency stimulation in hip-
pocampal slices (Rosenberg et al. 2013). However, a recent article reveals that Asc-1
participates mainly in glycinergic transmission in the spinal cord (Safory et al.
2015). The KO mice show a marked decrease in glycine concentrations in the brain
and spinal cord along with impairment of glycinergic inhibitory transmission and a
hyperekplexia-like phenotype that results in postnatal death, but it is rescued by
replenishing brain glycine levels (Xie et al. 2005; Safory et al. 2015). If these KO
mice have phenotypes associated to NMDAR, malfunction was not reported, and it
is possible that the strong glycine-related phenotype obscures more subtle changes
in NMDAR-dependent processes mediated by D-serine or glycine via the Asc-1
transporter.

Another potential mediator of the glycine efflux is SNATS5 (also known as SN2),
a member of the gene family SLC38 (Mackenzie and Erickson 2004) that includes
diverse transporters for neutral amino acids and notably for glutamine. Some of the
members of this family might take part of the glutamate-glutamine cycle between
neurons and glial cells. SNATS5 recognizes not only glutamine but also glycine and
some other neutral amino acids, including alanine, serine, histidine, or asparagine.
Indeed, in vitro studies have shown that glycine is one of the preferred substrates
(Nakanishi et al. 2001). Studies on SNATS are handicapped by the absence of both,
specific inhibitors and animal models, but immunohistochemical and electrophysi-
ological studies indicate that this is a protein with appropriate characteristics to
regulate NMDARs. Light and electron microscopy shows that SNATS is a glial
protein enriched in glutamatergic areas, where immunoreactive processes ensheath
glutamatergic terminals (Cubelos et al. 2005¢). Moreover, this expression pattern
emerges during the postnatal development in parallel to the expression of essential
proteins of the glutamatergic system like the vesicular glutamate transporter
vGLUTT and the glial glutamate transporter GLT-1,and to the functional maturation
of these synapses (Rodriguez et al. 2014). The electrophysiological characterization
indicates that transport mechanism involves Na* co-transport and the simultaneous
exchange of H*, resulting in an electroneutral movement of glycine across the astro-
cyte membrane. Furthermore, SNATS5 mediates the glycine-gated uncoupled flow of
H* that, together with the coupled one, seems to favor the release of glycine rather
than its uptake during neural activity (Hamdani et al. 2012). Neuronal activation
results in accumulation of Na* and glutamate in perisynaptic glial cells (Chaudhry
et al. 1995). In addition, the extracellular concentration of K* increases, which acti-
vates Na*/HCO;~ cotransporters at astrocytic membranes. This further increases the
intracellular sodium concentration and the pH (Brookes 2000). The outwardly
directed glycine gradient and the inwardly directed gradient for H* can now override
the gradient of Na* so that SNATS can readily release glycine. Indeed, the Km of
SNATS for glycine (about 7 mM) better concurs with the cytoplasmic concentra-
tions of glycine (from 4 up to 11 mM in cultured primary astrocytes) than with the
extracellular one, implicating a preference for release mode of SNATS (Verleysdonk
et al. 1999; Hamdani et al. 2012).
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6 GlyT1 as a Target for Psychiatric and Neurologic Diseases

6.1 Schizophrenia

SCZ is a severe chronic and disabling brain disorder affecting approximately 1% of
the world population. Clinical symptoms fall into three broad categories: positive,
negative, and cognitive symptoms. Current antipsychotic medication primarily
improves positive symptoms basically by acting on D, dopamine receptors.
However, these treatments have a limited value for the other categories of symp-
toms. An imbalance in the complex, interrelated chemical signaling that allows
brain cells to communicate with each other is assumed to underlie SCZ, a disease
with a slow gestation along the neurodevelopmental process that usually manifests
itself in adolescence and early youth. NMDARs play a key role for shaping neuro-
nal connections during brain development, and evidence has accumulated indicat-
ing that hypofunction of NMDARSs underlies a number of alterations observed in
schizophrenia (review by Moghaddam and Javitt 2012; Coyle 2006, 2012). Initially,
this hypothesis is derived from the observation that various antagonists of the
NMDARs, like ketamine, phencyclidine, or MK801, mimic numerous symptoms of
SCZ in healthy adults and potentiate the positive, negative, and cognitive symptoms
in patients. Based on these observations, administration of these NMDAR antago-
nists has been widely used to induce NMDAR hypofunction in animals as a phar-
macological model of SCZ, and several laboratories have demonstrated
schizophrenia-like changes on a number of behavioral measures relevant to posi-
tive, negative, and cognitive symptoms (Wiescholleck and Manahan-Vaughan
2013). Additionally, different KO mice also model to some extent the disease. Mice
that express mutated GluN1 subunits with lowered glycine affinity display cognitive
and learning defects including non-habituating hyperactivity, increased stereotyped
behavior, disruptions of nest-building activity, and poor performance in the Morris
water maze (Ballard et al. 2002). Also transgenic mice expressing reduced levels of
the GluN1 subunit display behavioral abnormalities similar to those observed in
pharmacologically induced models of SCZ (Mohn et al. 1999), and mice lacking the
GluN2A subunit exhibit an increased spontaneous locomotor activity in novel envi-
ronments and an impairment of latent learning in a water-finding task besides deficit
in hippocampal LTP and spatial learning (Miyamoto et al. 2001). These behavioral
phenotypes resemble some of the positive and negative symptoms displayed by
SCZ patients thereby supporting the hypothesis (Coyle 2012; Ramsey 2009).
Further support to the hypothesis is provided by recent large-scale, genome-wide
investigations that have recognized that SCZ is a heterogeneous disease entity
involving a large number of genes and noncoding risk loci. These studies identified
several genes encoding synaptic proteins including NMDAR-associated down-
stream and upstream signaling proteins that play a central role in the pathogenesis
of SCZ (Fromer et al. 2014; Schizophrenia Working Group 2014; Peykov et al.
2015; Balu and Coyle 2015).
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Consequently, the stimulation of the glycine-B site on the NMDARSs has been
considered to be an effective way of indirectly enhancing NMDAR function avoid-
ing excitotoxicity. Indeed, GlyT1 inhibitors exhibit antipsychotic activity in several
animal models, as we have exposed in previous paragraphs (Alberati et al. 2012;
Boulay et al. 2008; Depoortere et al. 2005; Harada et al. 2012; Chaki et al. 2015).
Moreover, sarcosine has been proven to alleviate both negative symptoms and cog-
nitive dysfunction, in addition to positive symptoms, when administered as an
adjunctive therapy in small-scale clinical trials (Tsai et al. 2004a). Also, the addition
of the second-generation GlyT1 inhibitor bitopertin (RG1678) to standard antipsy-
chotics resulted in a significant reduction of negative symptoms in a randomized,
double-blind study in patients with predominant negative symptoms (Umbricht
et al. 2014). However, other trials could not replicate these results, together with the
negative results mentioned above, for Org 25935 produced a substantial reduction
of expectations (Schoemaker et al. 2014). Indeed, a phase III clinical trial carried
out by Hofmann-LaRoche for bitopertin failed to reach its endpoints to improve
negative symptoms, and the assay was stopped. Consequently, the efficacy of GlyT1
inhibitors against negative symptoms and several cognitive domains needs further
investigations. Excellent reviews on the different GlyT1 inhibitors assayed in pre-
clinical and clinical studies have been published (Harvey and Yee 2013; Singer et al.
2015). The neural mechanisms underlying the improvement of cognitive and social
deficits caused by GlyT1 inhibitors in animal models are not fully understood but
probably involve complex interaction between the glutamatergic and the dopami-
nergic systems, with additional intervention of the glycinergic and GABAergic sys-
tems in diverse areas of the forebrain. For instance, the GlyT1 inhibitor SSR504734
potentiates dopaminergic signaling since it increases the release of dopamine in the
prefrontal cortex and in the nucleus accumbens (Depoortere et al. 2005; Leoneti
et al. 2006). At least in the nucleus accumbens, these dopamine-enhancing effects
could result from increased glycinergic inhibition, indicating that in the effect of
GlyT1 inhibitors there are more underlying factors than just the potentiation of
NMDARs (Lid6 et al. 2011).

6.2 Drug Addiction

One of the many derivatives of the pathological manifestations of SCZ is the fre-
quency with which the schizophrenic patient is addicted to different drugs of abuse
including cocaine or ethanol, with a prevalence between three to five times higher
than in healthy controls (Coyle 2006). NMDARs also have been implicated in the
aberrant regulation of synaptic plasticity that is critical for substance abuse and
addiction since glutamatergic inputs from cortical and subcortical regions modulate
the mesolimbic dopamine system thereby regulating aspects of drug-seeking
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behaviors (see Carlezon and Thomas 2009, for a review). Indeed, these behaviors
have been modified in animal models by treatments with the partial glycine-B site
agonist D-cycloserine or D-serine (Paolone et al. 2009; Kelamangalath and Wagner
2010). Consistently, GlyT1+/-heterozygote mice, with overactive NMDARs, show
some phenotypes consistent with that idea (Puhl et al. 2015). Indeed, inhibitors of
GlyT1 (Org 25935 and Org 24598) are effective in reducing relapse-like compulsive
drinking and alcohol preference in rodents (Molander, et al. 2007; Vengeliene et al.
2010; Lido et al. 2011). However, the results in humans have been disappointing,
and phase II clinical trials were stopped before conclusion (Bejczy et al. 2014).

Therefore, all these assays in humans either for the treatment of SCZ or for drug
addictions illustrate the difficulties of the task, probably due to difficulties in setting
the adequate doses for a system affecting simultaneously to excitatory and inhibi-
tory neurotransmission and the involvement of multiple circuits in the regulation of
these psychiatric dysfunctions. Also it is difficult to predict the response of these
systems to long-term treatments that might result in a complex remodeling of the
NMDAR system. Further complexity is added by the fact that frequently the clinical
assays have been performed with GlyT1 inhibitors as a coadjuvant therapy with
dopaminergic antipsychotics. Nevertheless, still there are evidence for a beneficial
influence of sarcosine in humans (Lane et al. 2008; Singh and Singh 2011; Strzelecki
et al. 2015), thereby maintaining the hope that one day both the right type of inhibi-
tor and form of administration will be found to achieve a significant therapeutic
effect.

6.3 Depression

A consequence derived from recent genetic studies is that genetic risk does not map
neatly on psychiatric clinical diagnoses, which is perhaps not surprising given the
degree of genetic complexity and the continuous nature of many psychiatric traits.
Therefore, there is evidence for shared genetic risk between SCZ, bipolar disorder,
autism spectrum disorders, intellectual disability, and attention-deficit hyperactivity
disorder. Consequently all these diseases might have a glutamatergic substrate that
might be rescued by GlyT1 inhibitors. Indeed, several studies performed in animal
models of depression support that GlyT1 inhibitors display an antidepressant effect
(Boulay et al. 2008; Depoortere et al. 2005), and in a recent double-blinded trial
performed in 40 patients with major depression, sarcosine was found to result in
greater improvements in several scores than citalopram (Huang et al. 2013).
Although these observations are apparently contradictory to the findings that ket-
amine, a NMDAR antagonist, is a potent antidepressant (Krystal et al. 2013), a
recent study proves that the antidepressant effect of ketamine is NMDAR indepen-
dent (Zanos et al. 2016).
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6.4 Anxiety

Treatment of anxiety with GlyT1 inhibitors has been also considered as a therapeu-
tic possibility. In principle, NMDAR activation induces anxiety-like behavior in
mice (Miguel and Nunes-de-Souza 2008), and this seems contradictory to the mode
of action of these compounds. However, SSR504734, a GlyT1 inhibitor, has anxio-
Iytic actions since it attenuates both the acquisition and the expression of contextual
conditioned fear in rats (Nishikawa et al. 2010) and decreases maternal separation-
induced ultrasonic vocalization (USV) in rat pups (Depoortere et al. 2005). However,
these effects were reversed by administration of strychnine indicating that they are
mediated by GlyRs instead of NMDARs. Indeed, GlyT1-induced decreases in USV
were not reversed by administration of the glycine-B antagonist L.-687,414 (Komatsu
et al. 2015). An anxiolytic effect of GlyT1 inhibitors was also observed by infusion
in the amygdala of NFPS, potentiating the fear extinction in a paradigm of condi-
tioned fear in rats. Experimental data in this case suggest that the molecular mecha-
nism acts via an enhancement of NMDA-mediated AMPA receptor endocytosis in
the amygdala (Mao et al. 2009).

6.5 Ischemia and Exotoxicity

The control of NMDAR activation is crucial for neuronal function and viability.
Overstimulation of NMDAR triggers excitotoxic cell death processes. However,
this is critically dependent on the NMDAR subunit composition. Activation of
GluN2B-containing NMDAR have been more associated with a death signal than
GIuN2A-containing NMDAR, inducing Ca** accumulation, mitochondrial swell-
ing, and neuronal degeneration (Martel et al. 2012). Interestingly, sublethal doses of
NMDA activate a neuroprotective mechanism named brain preconditioning. Thus,
the question is whether a moderate increase in the NMDAR activity by GlyT1
inhibitors might emulate the effect of low doses of NMDA. Recent evidence indi-
cates that this might be the case since both sarcosine and NFPS induced precondi-
tioning in vivo. The preconditioning protocol by GlyT1 inhibitors reduced the
expression of GIuN2B subunits, whereas did not change the expression of GluN1 or
GIuN2A (Pinto et al. 2014, 2015).

6.6 Neuropathic Pain

Neuropathic pain is another pathological condition in which glycine transporters
have attracted considerable interest as targets for drug intervention. In this case it
comes into play the balance between excitatory and inhibitory neurotransmission in
the spinal cord. The pain information is transported from the periphery to the
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thalamus through spinal centers using, among others, glutamatergic mechanisms.
But GABAergic and glycinergic interneurons of the spinal cord filter and modulate
the flow of information. An imbalance between spinal inhibitory and excitatory neu-
rotransmission leads to increased responses to noxious stimuli (Costigan et al.
2009). A reduction of inhibitory neurotransmission as well as an exaggeration of
excitatory processes in the spinal cord contributes to the development of increased
pain sensitivity. In the spinal cord, it is evident that GlyT1 plays an essential role in
controlling both the receptor activity of strychnine-sensitive glycine (mainly
GlyR3a) and, secondly, the diffusion or spillover of glycine to the glycine-B site of
NMDARs. GlyT1 inhibitors, Org 25935, sarcosine, and NFPS108, contribute to
pain relief in different model of neuropathic pain, probably by potentiating the
activity of GlyRs in the spinal cord (Tanabe et al. 2008; Morita et al. 2008; Barthel
et al. 2014). Recent observations also involved GlyT1 in the mode of action of lido-
caine, an anesthetic that has been used to treat neuropathic pain. The lidocaine
metabolite, N-ethylglycine, was shown to be a specific inhibitor of GlyT1 that in
rodent models of inflammatory and neuropathic pain resulted in an efficient amelio-
ration of hyperalgesia and allodynia without affecting acute pain. N-ethylglycine
reduced the increase in neuronal firing of wide-dynamic-range neurons caused by
inflammatory pain induction. This effect probably was due to an enhancement of the
spinal inhibition, secondary to the increase of glycine concentration at glycinergic
inhibitory synapses (Werdehausen et al. 2015). A similar GlyR-mediated mecha-
nism is involved in pain relief in a mouse model of bone cancer (Motoyama et al.
2014). These studies reinforce the idea that GlyT1 substrates may be useful thera-
peutic agents in chronic pain states involving spinal disinhibition. It is unclear
whether spillover of glycine to NMDARs after treatments with glycine transporter
inhibitors has positive or negative effects on suppression of pain. Thus, Morita et al.
(2008) reported a lag time of 1-2 h after administration of GlyT1 inhibitors before
developing the anti-allodynia effect, a lag that was suppressed by administration of
glycine-B site antagonists and, therefore, attributable to NMDAR operation. But
perhaps a permanent exposure to GlyT1 inhibitor could decrease the amount of
NMDARSs by priming their endocytosis and decreasing the glutamatergic signaling
that might reinforce the pain signal (Nong et al. 2003; Barthel et al. 2014).

6.7 Epilepsy

Epileptic seizures are a major neurological disorder with a particular high incidence
in children. In addition to GABA, the glycinergic system is crucially involved in the
regulation of neuronal excitability. Inhibition of glycine receptors can evoke epilep-
tiform discharges in the adult and in the immature brain (Straub et al. 1997; Chen
et al. 2014). Relative to the involvement of glycine transporters in epileptogenesis,
Socala et al. (2010) found that sarcosine exhibits anticonvulsive activity. However,
due to the high doses of sarcosine (800—1000 mg/kg) required for effective activity,
the possibility of taking sarcosine as a potential antiepileptic drug may remain
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elusive. Moreover, it is worth noting that in addition to antagonizing the glycine
transporter, sarcosine also directly potentiates NMDAR function as a co-agonist.
However, a couple of studies support the idea that pharmacological manipulation of
GlyT1 might constitute a valuable treatment for epilepsy. Shen et al. (2015), using
two different rodent models of temporal lobe epilepsy (TLE), demonstrated robust
overexpression of GlyT1 in the hippocampal formation, suggesting dysfunctional
glycine signaling in epilepsy. In support of a role of dysfunctional glycine signaling
in the pathophysiology of epilepsy, both the genetic deletion of GlyT1 in hippocam-
pus and the GlyT1 inhibitor LY2365109 increased seizure thresholds in mice.
Importantly, chronic seizures in the mouse model of TLE were robustly suppressed
by systemic administration of the GlyT! inhibitor LY2365109. A second study
(Zhao et al. 2016) showed that an effective inhibitor of GlyT1, termed M22, ele-
vated the tonic seizure threshold in the mouse model of maximal electroshock sei-
zure threshold and did not impair motor function. Given that current epilepsy
treatment is limited by poor responses to available antiepileptic drugs and limited
tolerance due to major cognitive side effects, both studies conclude that the GlyT1
inhibitors have potential as new anticonvulsive drugs or as the lead compounds for
antiepileptic drugs development.

7 Conclusions nd Prospects

For nearly 25 years, experimental evidence has accumulated which clearly contra-
dicts the initial proposals indicating that the glycine-B site on NMDARSs was chron-
ically saturated. Data obtained from pharmacological models and from genetically
modified mice indicate that this is not the case as the glycine transporter GlyT1
occupies a strategic position, especially in glial cells, where its expression is higher
but also in glutamatergic terminals. This gives the ability to modulate the glycine
concentration in the vicinity of NMDARs. Studies have shown that inhibitors of
GlyT1 are able to affect various psychical and neurological functions and could be
useful in treating deleterious conditions such as schizophrenia, depression, or anxi-
ety, but also pain or epilepsy, despite preliminary clinical studies in humans have
been rather disappointing. Perhaps the evolution of the chemical properties of these
inhibitors or the discovery of new signaling pathways that may modulate the activ-
ity or gene expression (e.g., through specific microRNAs or epigenetic mechanisms)
could provide new pharmacological tools to modify the activity of GlyT1 and the
associated functions.
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