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Abstract

It is well accepted that ethanol is able to produce major health and economic problems associated
to its abuse. Because of its intoxicating and addictive properties, it is necessary to analyze its
effect in the central nervous system. However, we are only now learning about the mechanisms
controlling the modification of important membrane proteins such as ligand-activated ion channels
by ethanol. Furthermore, only recently are these effects being correlated to behavioral changes.
Current studies show that the glycine receptor (GIyR) is a susceptible target for low concentrations
of ethanol (5 to 100 mM). GlyRs are relevant for the effects of ethanol because they are found in
the spinal cord and brain stem where they primarily express the al subunit. More recently, the
presence of GlyRs was described in higher regions, such as the hippocampus and nucleus
accumbens, with a prevalence of a2/a3 subunits. Here, we review data on the following aspects of
ethanol effects on GlyRs: 1) direct interaction of ethanol with amino acids in the extracellular or
transmembrane domains, and indirect mechanisms through the activation of signal transduction
pathways; 2) analysis of a2 and a3 subunits having different sensitivities to ethanol which allows
the identification of structural requirements for ethanol modulation present in the intracellular
domain and C-terminal region; 3) Genetically modified knock-in mice for al GlyRs that have an
impaired interaction with G protein and demonstrate reduced ethanol sensitivity without changes
in glycinergic transmission; and 4) GlyRs as potential therapeutic targets.
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General Overview of the neuronal Glycine receptor

Neuronal excitability is a complex membrane phenomenon which is also controlled by
receptors of the ligand-gated ion channel (LGIC) superfamily, which includes the Cys-loop
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family composed of the excitatory nicotinic acetyl choline receptors (nAchRs) and serotonin
type 3 receptors (5HT3). Upon activation, they undergo conformational changes that
increase permeability to cations and increase neuronal excitability. Inhibitory glycine
receptors (GlyRs) and y-aminobutyric acid receptors type A (GABAARS), on the other hand,
increase membrane permeability to anions, primarily chloride ions, leading to a fast and
potent inhibition of neuronal membranes [1,2]. These receptors have a similar structure and
can form homo or heteropentameric channels, where each subunit is composed by: i) a large
extracellular amino-terminal domain that provides the neurotransmitter-binding site and has
a barrel-like structure formed predominantly by -sheets accompanied with an alpha-helix in
the amino-terminal region containing the ligand binding pocket which is conserved among
the different members of LGICs. This neurotransmitter-binding site is located in the
interface between two neighboring subunits and involves six regions of the extracellular
domain, where the principal face, also called “(+)”, is formed by three loops (A, B, C) of
one subunit whereas three B-strands (D, E, F) of the other subunit contribute to the formation
of the complementary face denoted “(-)”; ii) four transmembrane domains (TM1-4)
composed of amphipathic alpha-helices where TM2 contributes to form the channel pore
while TM4 is located in the peripheral region interacting with lipid components of the cell
membrane [3,4]; iii) a large intracellular loop domain between TM3 — TM4 important for
the functional regulation of the receptors, including intracellular trafficking, sorting,
insertion into cell membranes, clustering in postsynaptic regions and interaction with
intracellular modulators from signaling pathways [5-7]; and iv) a small extracellular
carboxy-terminal region [8].

Amino acids in TM2 determine the ion selectivity of the pore, thus defining their excitatory
or inhibitory nature. For example, the selectivity region is determined by a ring of negatively
charged residues in nAchRs, 5HT-3 or positively charged and proline redidues in GlyRs,
GABAARs [9,10]. In particular, GlyR ion selectivity is controlled mainly by three residues
in TM2 (P250, A251, T265) that when mutated change the ion selectivity from anionic to
cationic (A251E, T265V, deletion P250) [10,11]. Indeed, anionic receptors from the LGICs
family show a strict permeability to anions with an order of preference for
SCN™>NO3™>I">Br >CI™>F~, along with a significant permeability to HCO3[12]. From
the calculated diameters for each type of receptors (0.7 — 0.8 nm for the 5HT-3 and nAChRs,
0.5 - 0.6 nm in the case of GABAaRS and GlyRs), it has been suggested that partially
dehydrated ions are responsible for ion permeation [12].

Several studies have examined the role of the intracellular loop domain and confirmed its
involvement in regulating channel conductance by way of positively charged residues acting
as a weak filter [13,14]. Mutations in positively charged amino acids at the C-terminal of the
intracellular loop domain decreased conductance of GlyRs [15]. Furthermore, this domain
was associated to receptor desensitization [16] and ion selectivity involving the electrostatic
influence of charged residues [17]. Despite all of these regulatory functions, the intracellular
loop domain is not essential for channel formation, and truncated receptors generated
functional receptors with macroscopic and pharmacological characteristics rather similar to
native receptors [18].
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Glycinergic neurotransmission

Glycine is the main inhibitory neurotransmitter in the mammalian spinal cord and brain
stem. Activation of GlyRs by glycine leads to a fast increase in chloride conductance which
produces hyperpolarization of the neuronal membrane known as an inhibitory postsynaptic
potential (IPSP). This phenomenon is associated with a reduction in the excitability and
firing properties of the spinal cord and brain stem neurons involved in the control of pain
transmission, respiratory rhythms, motor coordination, reflex responses and sensory
processing [19-21]. At the spinal and brain stem levels, glycinergic interneurons regulate
the generation of action potentials on motoneurons through the presynaptic release of
glycine and subsequent GIyR activation [22]. These spinal interneurons also control
reciprocal inhibition in reflex circuits producing relaxation of antagonistic muscles during
the coordinated contraction of agonist muscles, where Renshaw cells regulate motoneuron
excitability by recurrent inhibition through a negative feedback loop [23].

Glycinergic synapses are formed by presynaptic vesicles containing glycine alone or in
combination with the neurotransmitter GABA. These neurotransmitters are stored in the
vesicles by the vesicular inhibitory amino acid transporter (VIAAT) [24]. Inactivation of
VIAAT produces a drastic reduction in GABA and glycine release confirming that
glycinergic neurons have a common vesicular transporter with GABA and compete for
vesicular uptake in the synaptic cleft [25]. GlyT2, a transport protein responsible for the
uptake of glycine from the synaptic cleft, is also found in this region [26,27]. In the
postsynaptic membranes, GlyRs are found in the soma and primary processes of inhibitory
neurons where their location dynamically changes between synaptic or extrasynaptic
distribution, mainly defined by the presence of a microtubule-binding protein named
gephyrin that anchors GlyRs in the synaptic cleft [28,29].

GlyRs are composed of a and  subunits that can associate and form homo (5a) or
heteropentameric receptors in the conformations 2a-3p or 3a-2f3 (a/ ) which are possibly
associated with non-synaptic and synaptic location, respectively [30,31]. Molecular and
immunohistochemical studies have described the presence of 4 isoforms of the a subunit
(a1l - a4) and only 1 B that are found widely distributed in the CNS[32-34]. This diversity is
also increased by post-transcriptional modification of the a subunits such as alternative
splicing of exons in the a1[35], a2[36], and a3[33] subunits. Also, the receptor undergoes
RNA editing, including deamination of cytidines in a2 and a3 subunits [37,38] and post-
translational modifications [38,39].

While a subunits are responsible for ion channel formation and contain binding sites for
agonists and antagonists, the § subunit is related to structural and regulatory functions such
as GlyR clustering in synaptic locations by interaction between intracellular loop domains
with gephyrin [29,40], and regulation of the response to agonists or allosteric modulators
due in part to the presence of interfaces a/ § and B/ § [41].

Expression of GlyRs in the Central Nervous System

Subunits forming the GlyR modify their temporal and spatial composition during
development and maturation of the nervous system, suggesting different physiological
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functions for each receptor [42,43]. The al subunit is widely distributed in the CNS and
expressed at low levels in the spinal cord in embryonic and newborn animals, and increases
during development reaching high levels of expression at 15 days postnatal (P15) [42-44].
The a2 subunit, on the other hand, reaches a higher expression level during embryonic
development in the spinal cord and brainstem, even in regions with no glycinergic activity
such as the cortex, hippocampus and thalamus, and subsequently decreases its expression in
advanced stages of development. However, the presence of a2 subunits was previously
described associated to tonic inhibition in upper brain regions having sensitivity to ethanol
[45-47].

During early development, membrane depolarization induced by the activation of a2
containing GlyRs leads to cortical tangential migration and promotes interneuron migration
in the cortical wall [42-44,48]. In the case of cultured spinal neurons, it was determined that
the expression of al and a2 subunits change significantly during development, which is
directly related to changes in the pharmacological properties of GlyRs [49].

The GlyR a3 subunit is expressed later in development, around the third week of postnatal
maturation, in regions such as the hippocampus, retina and spinal cord, thus contributing to
the integration of sensory transmission [42—44]. Finally, the GlyR a4 subunit has been
described as a pseudogene in humans [43], and its expression has been detected in spinal
cord, dorsal root ganglion, sympathetic ganglia, adrenal gland, kidney, liver, spermatozoides
and retina of mammals and birds [50]. This heterogeneity of isoforms and spatiotemporal
patterns of expression yield glycine receptors with different conductances and sensitivity to
agonists and positive or negative modulators, regulating different physiological functions in
various regions and stages of development in the CNS [5].

General Pharmacology of GlyRs

The principal physiological agonist described for GlyRs is glycine, nevertheless, previous
studies identified a series of compounds capable of activating these receptors in addition to
glycine, including B-alanine, taurine and y-amino butyric acid in decreasing order of potency
[51,52]. Interestingly, there is significant variability in the response to these agonists
depending on the expression systems. For example, it was found that glycine, p-alanine and
taurine act as full agonists for al GlyR in HEK293 cells while in Xenopus laevis oocytes
they were partial agonists [51,53].

GIyR function, on the other hand, is regulated by different molecules acting as antagonists,
the most common of which is strychnine, an alkaloid derived from plants of the genus
Srychnosthat is a potent competitive antagonist of glycine, a-alanine and taurine. Since
strychnine has a high selectivity for GlyRs, it is useful for discriminating between gabaergic
or glycinergic synaptic currents because the latter are strongly inhibited by the action of
strychnine [52,54]. Picrotoxin, a noncompetitive antagonist of LGICs and a pore blocker
that alters the conformation of the TM2-3 loop which is essential for coupling the ligand
binding in the extracellular domain and channel opening, inhibits GlyR to a lesser degree as
compared to its effect on GABAAR [55,56]. The reduced sensitivity of GlyR to picrotoxin is
due to the presence of the § subunit, where TM2 residues (F282 in 3, T258 in al subunits)
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are essential for the antagonistic effects [56,57]. Furthermore, the a isoform regulates the
effect of picrotoxin, and GlyRs containing a2 are more sensitive than the al containing
GlyRs [58].

Modulators

Inorganic Allosteric Modulators (Zn2*, Ca2*, pH, CI")

A number of inorganic compounds are also capable of modulating GlyR function, including
zinc, intracellular calcium, proton (hydrogen ions) concentration (pH) and chloride. In
particular, Zn2*that is presynaptically stored with neurotransmitters is released from the
synaptic vesicles in neuronal subpopulations present in several regions of the brain and
spinal cord, being especially abundant in the hippocampus and olfactory bulb [59,60].
Zn2*has a biphasic concentration-dependent effect on GlyRs, producing a potentiation of
glycinergic currents at low micromolar concentrations, by mainly increasing channel
opening probability and burst duration [59,61]. On the other hand, concentrations higher
than 10 uM can inhibit the glycine activated current by decreasing its efficacy and
consequently modifying the inhibitory capacity of these receptors [62,63]. The binding sites
for Zn?* associated with potentiation of channel activity are found on the outer face of the
amino-terminal domain of al GlyR subunits whereas residues involved in the inhibitory
effects are on the opposite side of the same domain [64]. Additionally, the relationship of
this ion with the effects of ethanol has recently been described. Zn?* increases the
potentiation of glycine evoked currents in a GlyRs in the presence of ethanol and this was
associated with the development of alcohol addiction [39,65].

Ca?* ions are also capable of affecting the activity of GlyRs. For example, an increase in
intracellular Ca*concentration causes a rapid augmentation in the amplitude of glycinergic
currents proportional to the Ca2* influx which may result from the activity regulated by
depolarizing events that produce the opening of voltage-dependent calcium channels, or
through ionotropic receptors such as N-methyl-D-aspartate receptors (NMDARS) [66,67].
This effect was fast and characterized by an apparent increase in glycine affinity in
recombinant glycine receptors expressed in HEK293 and neurons from the spinal cord and
hypoglossal nucleus [66,68,69].

Proton concentration (pH) corresponds to another ion capable of modulating GIyR activity.
For example, extracellular pH acidification produced significant inhibition of glycine
evoked currents in recombinant al and alfreceptors expressed in HEK293 cells and spinal
neurons. This was a voltage-independent effect and involved critical residues located in the
amino-terminal region (T112, H109 in al subunits, T135 in  subunits) and it was
accompanied by rapid receptor desensitization. The alkalinization of pH to 8.5and the
reduction in proton concentration as a result of bicarbonate ion (HCO3™) efflux also
produced an inhibitory effect [70,71].

Finally, due to the passive flow of chloride ions through GlyRs, intracellular CI~
concentration has a significant effect on GlyR function, where an increase leads to a slower
deactivation of the receptor and augments the decay time of inhibitory currents generated by
glycine (IPSCs) [72], which would be associated with chloride interaction to specific regions
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within the transmembrane 2 domains that delimit the channel pore, involving positively
charged residues [73].

Modulation of GlyRs by signal transduction

GlyRs can be modulated through different intracellular signaling pathways involving the
intracellular loop domain between transmembrane domains 3 and 4 (TM3-4), where basic
amino acids are part of an internal portal that regulates ion selectivity and channel
conductance [15]. Within this region, some residues are targets for phosphorylation by
protein kinase C (PKC), cCAMP-dependent protein kinase A (PKA) and protein tyrosine
kinase (PTK) [74,75]. However, until now, the consequences of these modifications are
extensively debated due to discrepancies in the response of the GlyR. PKC activation using
phorbol myristate acetate (PMA) results in a decrease in chloride currents evoked by glycine
in the spinal cord [76,77] and recombinant receptors expressed in Xenopus laevis [78].
Conversely, in hippocampal and dissociated sacral dorsal commissural neurons, an increase
in glycinergic currents were found upon PKC activation, either through the use of PMA or
indirectly by stimulation of serotonin receptor type 2 affecting in both cases serine 391 and
398 in al and B subunits, respectively [79,80].

PKA activation also produced divergent responses in GIyRs, finding increased glycinergic
currents in spinal cord and recombinant receptors expressed in Xenopus laevis with cyclic
AMP analogues [76,78]. Furthermore, single-channel analysis using dissociated neurons
from the spinal trigeminal nucleus have shown that this increase in current amplitude
mediated by PKA is produced by an increase in channel opening probability [74].
Meanwhile, in substantia nigra, dorsal spinal cord or ventromedial hypothalamic neurons,
inhibition in receptor function was observed [81-83]. Additionally, in HEK293 cells
expressing a3 GlyRs, PKA activation in response to prostaglandin A resulted in decreased
glycine currents, with a critical role of serine 346[84,85]. Therefore, these divergent results
were explained by regional differences, expression of specific GlIyR isoforms and the
experimental approach used [76].

Several studies using heterologous expression systems and neurons have shown that tyrosine
kinases play a role in the maintenance and regulation of GlyR function. In this context, it
was found that lavendustin A, a PTK inhibitor, reduced glycinergic currents in neurons from
the hippocampus (CA1 region) and spinal cord. Furthermore, application of the intracellular
tyrosine-protein kinase CSK caused an increase in the magnitude of the glycine currents by
decreasing the apparent affinity [86]. These effects were also observed in recombinant
alpreceptors expressed in HEK293 cells and were mediated by phosphorylation of Y413 in
BGlyRs [86].

Activation of the G protein signaling pathway is also involved in the modulation of GlyRs
[87]. Activation of a G protein — coupled receptor (GPCR) catalyzes the exchange of GDP
for GTP in the inactive trimeric Ga-GDP/Gpy generating Ga-GTP and Gpy, the active
forms. The signal is terminated as a result of the intrinsic GTPase activity of the Ga subunit
allowing the association of the inactive Ga-GDP with Gy, reconstituting the trimeric form
and terminating the signal [88,89]. The dimer GPy can affect some forms of AC (AC-1) and
PLC (PLC-p2), plus voltage-gated calcium channels (VGCCs) and GIRK channels [90,91].
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In this context, it has been possible to define a region on the surface of Gy that interacts
with some of these groups of effectors generating the hypotheses that on the GJ surface
there is a “hot spot” where different effectors bind [92].

GlyRs are also modulated by interaction with GBy [87]. Activation of G protein using non-
hydrolyzable analogs of GTP, GTP-y-S or GppNHDp, produced a significant increase in the
amplitude of the glycine-evoked currents in HEK293 cells expressing the al GlyR and
spinal cord neurons. Further, activation of G protein enhanced the synaptically activated
glycinergic current in spinal cord producing a change in the current decay phase without
alterations in the amplitude of synaptic currents [87]. These effects were independent of
phosphorylation, since experiments conducted in presence of 0 ATP and 1 uM staurosporine
did not affect the potentiation produced by G protein activation. However, overexpression of
the wild-type Ga subunits or the carboxy-terminal of G protein-coupled receptor kinase 2
(ct-GRK?2) blocked the G protein effects by decreasing the availability of GBy [87].

This intracellular regulation by G protein has also been described in voltage-gated calcium
channels (VGCCs) [93,94], G protein-gated inwardly rectifying potassium (GIRK) channels
[95] and interestingly in nAchRs, confirming this type of modulation in other members of
the LGICs [96].

A more detailed analysis revealed the molecular determinants for the modulation of GlyRs
by G protein [97]. Two basic amino acid clusters in the intracellular loop domain of the al
subunit,31RFRRK320 and 385K K386, are essential for the binding and modulation by Gpy.
Mutations of these residues to alanine significantly reduced the potentiation of glycine-
evoked currents produced by GTP-y-S associated with a decrease in binding of GBy dimers
to the intracellular loop domain of al [97]. The presence of basic amino acids has been
described as critical for the binding and modulation by G proteins. Interestingly, similar
domains of basic residues were found in the intracellular regions of VGCCs, B-adrenergic
receptor kinase 1 and phospholipase Cp3[93,97-100].

Modulation of GlyRs by general anesthetics

General anesthetics are a group of allosteric GlyR modulators with pharmacological and
therapeutic relevance since they cause strong CNS depression and sedation, relaxation,
amnesia, analgesia, unconsciousness, and other clinical manifestations [101-103]. Volatile
anesthetics are able to potentiate glycinergic currents in a1l homomeric GlyRs [104-106].
Isoflurane, enflurane and halothane have shown a potentiation in glycinergic activity with
increases in the frequency of IPSC and decay time constants [107,108] and they cause an
increase in glycine evoked currents in recombinant receptors [60,109]. These anesthetics
share binding sites on GlyRs which consist of amino acids located in transmembrane
domains 2 and 3 that form an intra-subunit cavity involving residues S267 (TM2) and A288
(TM3) as important for binding and modulation of these receptors [110-112]. Intravenous
anesthetics also potentiate GlyRs, but these studies have been controversial. For example,
analyses using propofol showed the presence of the hydrophobic cavity in transmembrane
domains where interaction with anesthetics produce small local disturbances in the receptor
structure, and the mutation S2671 in al inhibits the effects of propofol probably by
preventing access to the cavity [113]. Additionally, a1l GlyRs have a second binding site
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located in the intracellular loop domain in which the amino acid F380 is essential for
receptor modulation [60,106,114]. This intracellular F380 site is highly specific because its
replacement significantly reduces the potentiation produced by propofol, but does not affect
the regulation by other general anesthetics like etomidate and isoflurane [114].

Effect of ethanol on glycinergic transmission

Ethanol is one of the most popular drugs and its excessive use creates serious social
problems. Acute alcohol affects many functions of the nervous system and peripheral
organs, ranging from a decrease in reflexes and disinhibition in social behavior to mental
incoherence, coma and death [115,116]. Initially, alcohol consumption induces a
disinhibition, followed by euphoria and depression, but chronic use can lead to problems of
addiction and cardiac arrhythmia, with hepato-pancreatic and neurological disorders. The
effects of alcohol abuse and dependence increase the risk for hypertension, heart diseases,
obesity and fatty liver among other pathologies, thus increasing morbidity in the global
population [115,116]. Despite the widespread use of alcohol in society and its adverse
effects, mechanisms of action have been very complicated to analyze and several theories
have been proposed to explain its effects.

Ethanol is a CNS depressant drug, which at intoxicating concentrations (5 — 100 mM) alters
most brain functions. Early studies described the first effects of alcohol on LGICs receptors
and showed evidence linking this receptor group to the actions of ethanol. Ethanol inhibited
the activity of N-methyl-D-aspartate (NMDA) receptors in neurons from hippocampus and
nucleus accumbens [117,118], a-amino-3-hydroxyisoxazolepropionic acid (AMPA)
receptors [119] and nAchR expressed in Xenopus laevis oocytes [120], whereas 5-HT3
receptors [121], GABARs [122] and GlyRs [123] are potentiated by this alcohol in receptors
expressed in HEK293 cells or Xenopus laevis oocytes and spinal cord, ganglionic, cortical
and hippocampal neurons [124-126].

It has been described that 10 mM ethanol potentiates glycinergic currents in GlyRs from
cultured spinal neurons by increasing the apparent affinity of GlyR, without changing its
efficacy [105,123,127,128]. In a synaptic context, ethanol also positively modulates synaptic
glycinergic events increasing inhibitory effects in mature neurons [129]. Subsequent studies
have shown that the ability of physiological concentrations of ethanol (<100 mM) to
potentiate the GlyR depends on the arrangement of their subunits, demonstrating different
responses according to their conformation, and in the case of GlyRs, it has been confirmed
that the a1l subunit is essential for the effects observed in the presence of ethanol [42,130].

The available information demonstrates that modulation of GlyRs by ethanol is associated
with various pathological and behavioral effects observed during consumption and alcohol
intoxication [115,116]. Studies using microdialysis of glycine together with reuptake
inhibitors or strychnine in the nucleus accumbens suggest that GlyRs are important for
regulating the voluntary intake of alcohol and participate in the excitability of this brain
reward region, a key point for the development of addiction [116,131,132]. These data
suggest that modulators of glycine mediated neurotransmission might serve as potential
therapeutic agents for alcoholism. However, better ligands are needed because the clinical
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expectations for glycine reuptaker inhibitors such as acamprosate, Org25935 and
Org24598have not been met [133-135].

Mechanisms of ethanol modulation on GlyRs

Direct interaction with the protein

The first theory proposed to explain the effects of ethanol on the function of GlyRs is related
to the disturbance caused by alcohol in the plasma membrane, i.e. increasing the fluidity.
However, this phenomenon is described with high concentrations of ethanol, practically
lethal to living organisms (> 200 mM) [136]. This theory was discarded because i) changes
in temperature that caused alterations in membrane fluidity were unable to induce the
intoxicating effects of ethanol; and ii) A2C (2-(2-methoxyethoxy) ethyl-8-(cis-2-n-
octylcyclopropyl) octane), a fatty acid derivative that produces a disturbance in the plasma
membrane, was also unable to reproduce the effects of ethanol [137,138]. Currently, it is
widely accepted that the most critical effects of ethanol are related to the specific
modulation of different proteins, including glycine and GABA receptors [116,139,140].

One proposed mechanism involves the interaction of ethanol with a group of amino acids
that form a binding site or “pocket” for ethanol [Figure 1]. This notion is the result of
mutagenesis studies that demonstrated loss of GlyR potentiation induced by ethanol. More
recently, the model was refined by structural studies [110,140-143]. In any case, the loss of
an ethanol sensitive phenotype might not be strong enough evidence to support a binding
site involved in the potentiation of the receptor. Alanine 52 located in the N-terminal, serine
267 (TM2) and alanine 288 (TM3) have been defined as crucial for modulating ethanol at
high concentrations (200 mM) [105,127,144], accompanied by their neighboring amino
acids Q266 and M287 [142]. Furthermore, residues located in the TM4, isoleucine 409,
tyrosine 410 and lysine 411 that form a hydrophilic cavity involved in the action of ethanol
have also been described as important [145]. Initial data were obtained using chimeric
receptors between ethanol sensitive al GlyR subunits and insensitive p1 GABAAR, from
which the two residues A267 and S288 were identified as critical for the modulation of
GlyRs by high concentrations of ethanol and volatile anesthetics [105]. Subsequently, using
propanethiol and propyl methane thiosulfonate (PMTS) and the S267C mutation, it was
shown that these compounds are covalently attached to the cysteine residue introduced into
TM2, resulting in increased GlyR function [104]. Studies to determine the TM4 domain
functionality and its possible participation in forming the hydrophobic binding pocket for
ethanol evaluated the interaction capability of mutations W407C, 1409C, Y410C and K411C
with methanethiosulfonate (MTS) reagent observing that all these substitutions produced
loss of modulation by ethanol [145,146]. Together, this evidence suggests the existence of a
hydrophobic binding pocket for general anesthetics and alcohol formed by the residues
previously described. However, the lack of pharmacological specificity of this site and the
dramatic alterations in physiological properties of the channel caused by mutations in the
S267, including desensitization, changes in apparent affinity and pharmacological selectivity
could complicate the analysis of this mechanism [144,147]. In addition, this site might be
responsible for the inhibition of these receptors at higher concentrations of ethanol.
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Indirect mechanism for ethanol modulation

More recently, an intracellular mechanism has been postulated to explain the effects of
ethanol at physiological and pharmacological relevant concentrations (10-100 mM)[148]. It
is recognized that ethanol at low concentrations can modulate specific intracellular signaling
pathways [149,150], including the modulation by G protein through interaction with two
groups of basic amino acids in the intracellular loop domain of the al

subunit, 316BRFRRK320 and 385K K386[Figure 1][97].

Ethanol (10 mM) enhanced the amplitude of the glycine-evoked current [5,19,105,123], but
mutations in clusters of basic amino acids 316 — 320, 385 — 386significantly reduced this
effect making the receptor insensitive to modulation by ethanol [148]. Single-channel
analysis showed that 10 mM ethanol strongly modulated wild-type GlyRs enhancing the
open-channel probability, while the mutant 385 — 386 was not modulated by ethanol and did
not exhibit changes in channel function [148], in contrast to previous studies in “ethanol-
resistant” GlyRs with mutated amino acids in transmembrane domains that showed altered
openings and bursts [151,152]. Interestingly, intracellular modulation by ethanol is specific
and did not affect the regulation of other allosteric modulators described for GlyRs, for
example, the mutants 312 — 320A and 385 — 386A were modulated by anesthetics,
neurosteroid, trichloroethanol and zinc similar to wild-type receptors [148]. Conversely,
ethanol binding sites located in the transmembrane domains are nonspecific and shared for
general anesthetics and alcohols [105,110,143].

Since glycine receptors are modulated by Gy dimers, a significant positive correlation was
found between the effects of ethanol on wild-type and mutant receptors and Gfy activation.
Ethanol effects can also be inhibited by overexpression of GBy scavengers like ct-GRK2 and
ct-GRK3, Ga, or an antibody against G subunits, confirming the involvement of G protein
signaling in potentiation of glycine-evoked currents by low ethanol concentrations in al
GlyRs [148,153].

Some studies showed that the sensitivity of al GIyR to ethanol was quite different to that of
thea2 subunit, with the latter being resistant to ethanol [128,154,155]. The a2 subunit
presents different physiological properties such as channel activation, conductance, apparent
agonist affinity, and kinetic of desensitization [43,156]. For example, analysis of single-
channel recordings from a2 GlyR showed a low opening probability after application of
glycine [156], while whole-cell patch clamp studies described different sensitivities to other
allosteric modulators such as neurosteroids, zinc or ethanol [39,46,61,157,158]. These
differences between a1 and a2 led to the identification of the requirements for potentiation
of glycine-evoked currents in the presence of a low ethanol concentration. The intracellular
loop domain of the a2 subunit was able to interact with Gy, but this binding was not
associated with changes in electrophysiology recordings of receptors expressed in HEK293
cells [154]. Since the differential sensitivity of a2 to ethanol could not be explained by any
differences in the intracellular loop domain, consequent analyses focused on the upstream
regions, the transmembranes and extracellular domains, and showed three divergent amino
acids with respect to al at positions A52, G254 and S296 [154]. Previously, several studies
proposed that A52 located in the region of loop 2 was associated with receptor activation
and ethanol sensitivity [127,155], while residue G254 regulated the channel conductance
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[159]. Additional residues essential for ethanol and general anesthetic effects described in
GlyRs, such as S267 and A288, were fully conserved between al and a2 subunits
[110,144,160]. Triple-mutant a2 T52A/A254G/A296S GlyRs recovered a positive
modulation with a significant potentiation of glycine-evoked current after dialysis with
GTP-y-S and 100 mM ethanol, accompanied by an increase in the open-channel probability
in presence of ethanol, similar to al GlyRs. These results confirmed that insensitivity to
ethanol and GBy modulation of a2 GlyRs was associated to the absence of elements forming
part of the transmembrane domains 2 — 3 and loop 2 that are present in the a1 subunit (A52,
G254 and S296) [154]. The three amino acids described as essential for ethanol effects and
Gy modulation would be associated with the molecular transition between the resting
closed state and a pre-opened closed state or “flipped” state of the glycine-bound receptors
[161] facilitating the open channel after GBy interaction [154].

GBy modulation of GlyRs contributes to a differential mechanism in response to ethanol for
the different receptor isoforms. For instance, a3 GlyRs differ in their modulation by ethanol
with regards to al GlyRs. The a3 GlyRs expressed in HEK293 cells were not potentiated by
low concentrations of ethanol (€100 mM) or by Gy [162]. The structural elements of
ethanol insensitivity present in a3 subunits revealed interesting information about the
mechanisms involved in the modulation of GlyR by ethanol. Thus, insertion of the
intracellular a.3L splice cassette into the al GlyR inhibited the potentiation of the glycine
evoked-current in the presence of 100 mM ethanol or after the dialysis of GTP-y-S. This
indicates that the 15 amino acids encoded by this splice cassette act as a negative regulator
in the response to ethanol, likely associated to the formation of an a-helix and change in
flexibility of the intracellular loop domain [162,163]. Meanwhile, the A254G mutation and
the addition of the C-terminus of al into the a3 subunit converted the receptor into one
capable of being potentiated by ethanol, which indicates that the absence of these elements
along with the splice cassette are responsible for the a3 GIyR insensitivity to ethanol and
GPBy [162]. Additionally, based on the full conservation of amino acids between a3 and al
subunits that generate a binding pocket in the transmembrane domains for ethanol, the loss
of sensitivity for this alcohol in a3 GlyRs is not related to this particular region [162].

Taken together, the sensitivity to ethanol and intracellular modulation of the different
isoforms of glycine receptors are related to residues in the extracellular region (A52),
transmembrane domains (G254, $296), intracellular loop domain (316RFRRK?320, 385K | 386)
and the lack of the splice cassette of a3 [60,148,153,154,162,164]. Because ethanol
sensitivity is related to intracellular modulation of glycine receptors by GBy from activation
of G proteins, the results obtained using chimeric receptors, site-directed mutations and wild
type receptors from different regions of the CNS confirmed a highly significant correlation
between the sensitivity to ethanol (100 mM) and G protein modulation [Figure 2] and
showed the role of GPy signaling pathway in the effects of ethanol in the CNS
[87,97,123,148,154,162,165-169].

Structure of glycine receptors and ethanol sensitivity

Presently, there is no information derived from crystallographic structures or nuclear
magnetic resonance containing the intracellular loop domain. Originally, structural data was
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obtained from prokaryotic receptors of LGICs homologues such as cationic proton-gated ion
channel from Gloeaobacter violaceus (GLIC) [170,171], the Erwiniachrysanthemi ligand-
gated ion channel activated by GABA (ELIC) [172,173] and the Caenorhabditis elegans
glutamate-gated chloride channel (GIuCl) [174,175]. Subsequently, structures were obtained
of the GLIC receptor associated to allosteric modulators, or with mutations such as GLIC
F14’A which is sensitive to ethanol [176-178], and structures of chimeric receptors derived
from GLIC and TM domains of al GlyRs [112,179]. However, all these structures do not
present the intracellular loop domain and only contain a small linker between
transmembrane domains 3 and 4. Recently, additional structures were obtained for the first
eukaryotic structure of GABA, receptors, which corresponds to a homopentamer 33 with
the intracellular loop domain removed to facilitate purification and crystallization [180], the
5-HT3 receptor which presents only the C-terminal of the intracellular loop domain but
nevertheless has allowed confirmation of the “portal” region or intracellular vestibule [181],
and the transmembrane domains of a homopentamer al GlyR[182].

Using these new structures, homology models of GlyR and GABA receptors were
generated for the analysis of binding sites for general anesthetics and ethanol [183-185]. All
these structures and molecular models have provided valuable information about the events
leading to the opening of the channels upon ligand binding in the extracellular or TM
regions. However, similar studies in GlyRs have been more difficult because all available
related structures lack the intracellular loop domain hindering a more detailed analysis of its
function and intracellular modulation.

Most of the al GlyR models available use the structure of GluCl as the template, making it
possible to analyze the events associated with binding of glycine and strychnine and
elucidate the conformational changes leading to channel opening [185]. Furthermore, the
comparative analysis between the structures of GIuCl in open and closed states has helped to
describe the conformational changes of the receptor quaternary structure necessary to open
the channel and that involve displacements of the extracellular and transmembrane domains
[175]. Many of the gating events described in GIuCI will likely occur in GlyRs given their
relative structural conservation.

Recently, a full model of the a1 GlyR was published in which the presence of an a helical
conformation in the N- and C-terminus of the intracellular loop domain were associated with
intracellular modulation by Gy and ethanol effects [167]. Data generated using circular
dichroism to validate this model was used [167]. Interestingly, the helical structure content
was slightly lower than that previously reported for the intracellular loop domain of the a3
subunit suggesting a high conservation [163,167]. The helical structure described in the
intracellular loop domain of al GlyRs may be required for protein/protein interactions as
previously described for other protein complexes [186,187] or for peptides having the
helical structure [168,169,187]. In this regard, numerous studies have reported the
involvement of helical structures in the interaction sites such as complexes between Gy and
peptides SIGK, GRK2 or phosducin [89,92,188]. Therefore, the helical structure in the
alsubunit might be required for interaction with the helices present in the “hot spot” of Gy
and thus modulate the function of GlyRs [87,92,148,154,189].

Pharmacol Res. Author manuscript; available in PMC 2016 November 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Burgos et al. Page 13

Glycine receptors and ethanol related behavior

Studies in different strains of mice with mutations in the a1 GlyR subunit (spasmodic and
oscillators) or in the B GlyR subunit (spastic) have demonstrated a critical role of glycinergic
inhibition on transmission and sensory processing [190-192]. These mice not only display
increased muscle tone, but also a strong hyperekplexia phenotype, very similar to
epileptogenic conditions [193]. Indeed, mutations in the a1l GlyR coding gene has been
found in patients with hyperekplexia/seizure disease [194]. It is now accepted that GlyR
functions can be affected by inherited mutations, altered RNA editions or post-translational
modifications [195,196]. Furthermore, LGICs are targets of a wide range of chemical
compounds. For example, several effects of ethanol on al GlyRs are believed to be relevant
to human health because ethanol causes motor, respiratory and cardiovascular alterations
[197-200], likely by altering these chloride currents [129,130,139].

Recent studies have demonstrated that agonists and antagonists of GlyRs affect the brain
reward system [201]. Interestingly, while alcohol acutely activates the mesolimbic
dopaminergic system, its chronic administration induces functional and structural
alterations, similar to other drugs of abuse [202,203]. Somewhat surprising because of their
lower location, GlyRs have also been implicated in the release of dopamine in the nucleus
accumbens (nAc)[203,204]. Glycine stimulates the release of dopamine in a strychnine-
dependent manner, both in the absence and presence of ethanol [134]. Furthermore, the
administration of GlyT1 inhibitors increased the extracellular level of glycine, together with
an elevation in dopamine in the nAc [132]. The increase in dopamine reduced the ethanol
intake and preference [134]. Also, recent studies showed that glycine microinjections in the
rat VTA selectively reduced ethanol intake in rats chronically exposed to ethanol [202].

The use of mice bearing mutations in the a1 subunit have provided relevant new
information on the role of GlyRs in ethanol behaviors. A study found that the homozygous
KI mice with the S267Q mutation, an ethanol resistant phenotype in recombinant GIyRs,
exhibited seizures and convulsions and died at 3 weeks. The heterozygous mice, on the other
hand, displayed a hyperekplexia phenotype demonstrating the physiological importance of
GlyRs [151,152]. Two other mutations in the al GlyR, M287L and Q2661 [142], similarly
caused early death in homozygous mice, possibly caused by GlyR hypo function [142].
Interestingly, ethanol-induced loss of righting reflex (LORR) was reduced in M287L KI
mice and increased in heterozygous Q2661 mice [205]. In addition, a reduced ethanol
withdrawal response was found in the M2871, but not in the Q2661 KI mice [205]. These
results suggest a differential ethanol modulation in both KI mice, but also brings into
question the significance of the findings considering their altered basal behaviors, even in
the absence of ethanol.

Recently, another KI mice model was generated with the mutations KK385/386AA [165].
Unlike mice with mutations in TM domains, these animals were overtly normal. Also, no
differences were found when the acoustic startle test was examined [165]. More
interestingly, the mice displayed a 30% shorter LORR duration with ethanol (3.5 g/Kg) than
the WT mice. This study confirmed the important function of a1 GlyRs on the locomotor-
stimulating actions at low doses, and sedative effects of ethanol at high doses [165].
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Studies done in mice lacking Glra2 showed that these animals displayed a reduced ethanol
consumption and lower ethanol preference demonstrating the significance of a2 GlyRs in
ethanol behaviors, whereas the a3 KO showed unchanged ethanol consumption and
preference [46]. In addition, no differences were found in ethanol-induced LORR in a2 and
a3 KO [46]. Therefore, these results suggest that a2 GlyR subunits have a role in
consumption and preference, but not in motor control. These results are in agreement with
studies that showed a significant expression of a2 in mesolimbic dopaminergic regions
[206,207].

In summary, al and a2 GlyR subunits have an important role regulating the excitatory-
inhibitory balance, controlling motor actions, modulating sedative ethanol effects and
probably regulating ethanol preference and consumption. Those functions make al and a2
GIyR subunits interesting and relevant targets for acute alcohol intoxication and alcohol
abuse treatment.

Conclusions

Two main hypotheses have been proposed to explain the effects of ethanol on the GlyR.
First, a direct interaction of ethanol with specific regions in the receptor structure, the
transmembrane domains 2, 3 and loop 2 located in the extracellular region. This binding
region is shared for alcohol and general anesthetics. Second, an indirect mechanism
mediated by GPy dimers released by ethanol that interact with the intracellular loop domain
of GlyRs, a specific mechanism for ethanol that does not affect their sensitivity to other
allosteric modulators.

Modulation of GlyRs by Gy and ethanol is different in al and a2 subunits and because the
distribution of these subunits is spatially and temporarily regulated in the CNS this could be
relevant for the effects of low ethanol concentrations. Furthermore, the expression and
regulation of GlyRs by ethanol in higher regions of the CNS, such as the nucleus
accumbens, would be associated with the development of addiction to alcohol. This
hypothesis still needs to be proven in genetically modified mice where it is expected that
potentiation of GlyRs is associated with a decrease in voluntary intake and psycho-motor
effects produced by ethanol.

The inhibitory effects of GlyRs in the CNS are greatly enhanced when they are potentiated
by ethanol. Interestingly, the range of ethanol concentrations that affect the receptor vary
from those that produce euphoria to those that induce death. Thus, depending on the ethanol
concencentration and the location of GlyRs in the CNS, their enhanced function might cause
effects that range from reward, muscle relaxation and respiratory arrest. Therefore, the
development of inhibitors that can block the effects of ethanol on GlyRs could be a potential
treatment for addiction or acute intoxication.
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Abbreviations

GlyR glycine receptor

LGIC ligand-gated ion channel

GBy
™
IL

By dimer of G protein
transmembrane domain

large intracellular loop domain

GTP-y-S guanosine 5’-O-(3-thiotriphosphate)

GST

glutathione-S-transferase

HEK human embryonic kidney
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Figure 1. Schematic representation of GlyR modulation by ethanol
After glycine binds to the receptor, a series of conformational changes lead to ion channel

opening and an increase in chloride ion (black spheres) permeability. Ethanol (orange
spheres) enhances glycine-evoked currents and these effects would be caused by its direct
interaction with specific regions in TM2 — 3, loop 2 and/or intracellular modulation
mediated by Gy dimers. (B) Mutated a1l GlyR 316-320A, 385-386A or GlyRs expressed
in Knock-in KK385/386AA mice are not potentiated by ethanol due to a reduced interaction
with Gy dimers. Unlike the mutations in the TM regions, intracellular mutations do not
affect normal channel physiology.
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Figure 2. Ethanol sensitivity correlates with G protein modulation in GlyRs
Correlation plot comparing the percentage of the potentiation of the glycine-evoked currents

in the presence of ethanol (100 mM) and after 15 minutes of dialysis with GTP-y-S. The
correlation coefficient was highly significant, confirming the correlation between ethanol
effects and GBy modulation for all GlyRs tested. We highlighted the WTs al (red), a2
(blue) and a3 (magenta), some relevant mutated (gray) and chimeric receptors (orange).
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