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The inhibitory glycine receptor (GlyR) is a member of the Cys-loop receptor family that
mediates inhibitory neurotransmission in the central nervous system. These receptors are
emerging as potential drug targets for inflammatory pain, immunomodulation, spasticity
and epilepsy. Antagonists that specifically inhibit particular GlyR isoforms are also required
as pharmacological probes for elucidating the roles of particular GlyR isoforms in health and
disease. Although a substantial number of both positive and negative GlyR modulators have
been identified, very few of these are specific for the GlyR over other receptor types. Thus,
the potential of known compounds as either therapeutic leads or pharmacological probes
is limited. It is therefore surprising that there have been few published studies describing
attempts to discover novel GlyR isoform-specific modulators. The first aim of this review is to
consider various methods for efficiently screening compounds against these receptors. We
conclude that an anion sensitive yellow fluorescent protein is optimal for primary screening
and that automated electrophysiology of cells stably expressing GlyRs is useful for confirming
hits and quantitating the actions of identified compounds. The second aim of this review is
to demonstrate how these techniques are used in our laboratory for the purpose of both
discovering novel GlyR-active compounds and characterizing their binding sites. We also
describe a reliable, cost effective method for transfecting HEK293 cells in single wells of a
384-well plate using nanogram quantities of plasmid DNA.
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SUBUNIT COMPOSITION, DISTRIBUTION AND FUNCTION

The inhibitory glycine receptor (GlyR) is a member of the Cys-loop
ligand-gated receptor family that also includes the nicotinic acetyl-
choline receptor (nAChR), the GABA type-A receptor (GABA,R)
and serotonin type-3 receptor (5-HT,R). Receptors of this class
comprise five subunits arranged symmetrically around a cen-
tral ion-conducting pore. Each subunit comprises four a-helical
transmembrane domains and a large extracellular amino-terminal
domain that harbours the ligand binding sites and the signature
‘Cys-loop’ (Unwin, 2003; Hilf and Dutzler, 2008). A total of five
GlyR subunits have been identified so far, namely otl—04 and 3
(Betzand Laube, 2006; Lynch, 2009). The 0.4 gene is a pseudo-gene
in humans (Simon et al., 2004). All & subunits can form functional
homomeric receptors but § subunit is functionally expressed only
as a heteromer with the o subunit in a putative 20:3f stoichiometry
(Grudzinska et al., 2005).

In the adult rat, ol subunit mRNA is abundant in brain stem,
spinal cord and retina but is also found in superior and inferior
colliculi, thalamus and hypothalamus (Malosio etal., 1991).
Expression is low prenatally but increases from birth to reach
to a maximum by the end of the third postnatal weak. The dis-
tribution and developmental profile of the a3 subunit is similar
but occurs at lower levels, except in retina and spinal cord as
discussed below (Malosio et al., 1991; Watanabe and Akagi, 1995).
In contrast, the o2 subunit is present at high levels prenatally

but declines postnatally to low levels in the adult (Malosio et al.,
1991; Watanabe and Akagi, 1995). The § subunit, which shows a
surprisingly widespread distribution throughout the spinal cord
and the brain, also increases with age in parallel with the ol and
o3 subunits.

Inhibitory synaptic transmission in motor reflex circuits of the
spinal cord is mediated by the o1 GlyR. This is perhaps best evi-
denced by the fact that hereditary mutations to the o1 GlyR that
reduce the charge transfer rate of synaptic o1 GlyRs cause human
startle disease, a disorder characterized by a temporary increase
in muscular rigidity but no alteration in cognitive state (Bakker
et al., 2006).

The retina expresses a diversity of GlyR subunits. Synaptic
GlyRs comprising o153, 02 and o33 GlyRs are all postulated to be
present in anatomically discrete locations, although their individual
contributions to visual processing are yet to be elucidated (Balse
etal., 2006; Ge et al., 2007; Grunert and Wassle, 1993; Grunert
and Ghosh, 1999; Haverkamp et al., 2003, 2004; Jusuf et al., 2005;
Majumdar et al., 2007; Veruki et al., 2007). The o2 GlyR subunit
also plays a crucial role in rod photoreceptor development (Young
and Cepko, 2004). Glycinergic synapses also are found in several
brainstem nuclei, particularly those of the central auditory path-
ways (Caspary et al., 2008), where the large fast glycinergic synap-
tic currents are important for the precise timing associated with
directional hearing (Kandler, 2004). Extrasynaptic GlyRs are widely
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distributed throughout the adult nervous system in areas such as
the cortex (Flint et al., 1998), hippocampus (Mori et al., 2002) and
basolateral amygdala (McCool and Farroni, 2001) where they are
thought to mediate tonic inhibition. GlyR expression is not limited
to neurons but is also found in sperm where GlyRs contribute to
the acrosomal reaction that fuses sperm to the egg (Meizel, 1997).
GlyRs have also been identified in macrophages and leucocytes
where they are thought to mediate the anti-inflammatory effects
of glycine (Gundersen et al., 2005).

THERAPEUTIC POTENTIAL OF GlyRs

MOVEMENT DISORDERS

As a1 GlyRs control the excitability of spinal motor neurons,
agents that increase current flow through o1-containing GlyRs
should decrease the activity of these neurons. Thus, o.1-specific
enhancing agents may be useful as treatments for startle dis-
ease and as muscle relaxants for hypertonic movement disor-
ders such as spasticity. Such movement disorders are currently
treated with GABA R-enhancing benzodiazepines which have
substantial side-effects due to the widespread distribution of
target GABA,Rs throughout the brain. In contrast, their rela-
tively limited distribution renders 0.1 GlyRs a more promising
therapeutic target.

ANTI-INFLAMMATORY ANALGESIA

GlyR a1 and o3 subunits co-exist in individual glycinergic inhibi-
tory synapses on nociceptive sensory neurons in the spinal cord
dorsal horn (Harvey et al.,2004). An inflammatory mediator, pros-
taglandin E, acting at the EP, receptor, specifically inhibited both
glycinergic inhibitory postsynaptic currents (IPSCs) in pain sen-
sory neurons (Ahmadi et al., 2002; Harvey et al.,2004) and glycine-
gated currents in recombinantly expressed a3 (but not &1) GlyRs
(Harvey et al., 2004), implying that inflammatory pain sensitisa-
tion is mediated by inhibition of glycinergic IPSCs. Consistent with
this, knockout of either the a3 GlyR subunit or the EP, receptor in
mice abolished pain sensitisation induced by peripheral inflamma-
tion (Harvey et al., 2004; Reinold et al., 2005). Thus, inflammatory
pain sensitization is caused by a PGE -mediated down-regula-
tion of a3-mediated glycinergic IPSCs in nociceptive neurons.
This in turn implies that molecules that can specifically potenti-
ate or prolong IPSCs in spinal nociceptive neurons offer prom-
ise as anti-inflammatory analgesic lead compounds. Although it
should be possible to compensate for the effects of inflammatory
mediators on a3-containing GlyRs by pharmacological enhance-
ment of charge transfer through synaptic ol-containing GlyRs,
the risk of side-effects is higher given that a1 subunits are more
widespread outside the dorsal horn (Lynch and Callister, 2006;
Zeilhofer, 2005).

IMMUNOMODULATION

Functional GlyRs are present in immune cells including neu-
trophils (Wheeler et al., 2000), macrophages and leucocytes (Froh
et al., 2002; Tkejima et al., 1997). There is mounting evidence that
GlyRs in these cells mediate the anti-inflammatory and cytopro-
tective actions of glycine by antagonising the intracellular cal-
cium increases that mediate the activation of these cells (Froh
etal,, 2002; Tkejima et al., 1997). Thus, by inhibiting the activity

of immune cells, the systemic administration of glycine or GlyR
potentiating agents could limit the damage inflicted by the systemic
inflammatory immune response on essential biological molecules,
cells and organs (Gundersen et al., 2005).

TEMPORAL LOBE EPILEPSY

RNA-edited high affinity 02 and a3 GlyR transcripts were found
to be upregulated in patients suffering from temporal lobe epilepsy
(Eichler et al.,2008,2009). In the same patients, transcript levels of
the potassium chloride co-transporter type-2 (KCC2) were found
to be downregulated. To determine whether these alterations may
lead to temporal lobe epilepsy, the effects of changes in expression
levels of the respective transcripts were investigated using a neuro-
nal culture system. As expected, upregulation of high affinity GlyRs
and downregulation of KCC2 resulted in depolarising tonic GlyR
activity which shunted excitatory inputs, and rendered GABAergic
synapses excitatory. This in turn led to an increased glutamatergic
to GABAergic synapse ratio and a reduction in dendrite lengths
and excitotoxicity, thus providing a possible mechanism for the
increased neuroexcitability associated with temporal lobe epilepsy
(Eichler et al., 2008).

THE CASE FOR DISCOVERING NOVEL GlyR MODULATORS
Novel GlyR subtype-specific potentiating agents are required as
therapeutic lead compounds for epilepsy, movement disorders,
chronic inflammatory pain and immunomodulation. On the
other hand, antagonists specific for high affinity 02 and 03 GlyRs
may be useful as therapeutic leads for temporal lobe epilepsy.
In addition to clinical leads, subunit-specific pharmacological
probes are also needed for establishing the presence and establish
the roles of different GlyR isoforms in central nervous system
regions (e.g., retina and spinal cord dorsal horn) that express a
diversity of GlyR subtypes. Often the simplest way of identifying
the presence and physiological role of a particular ion channel
subtype is to use an isoform-specific inhibitor to eliminate its
contribution to the complex suite of conductances active at any
one time in a neuron.

Unfortunately, almost all known GlyR modulators also have
potent effects on other receptor types (Lynch, 2009) which limit
their utility as probes for establishing the physiological role of dif-
ferent GlyR subtypes. Importantly, there are no compounds known
to potentiate 0.3 GlyRs while having no effect on o1 GlyRs. Thus,
the development of novel GlyR subunit-specific pharmacological
probes is long overdue. To date there have been few, if any, published
investigations describing systematic attempts to identify novel GlyR
subtype-specific modulators.

Given the unusually high (>90%) amino acid sequence identity of
a1 and o3 GlyR subunits in their extracellular and transmembrane
receptor domains, it is relevant to consider whether pharmacologi-
cal agents are likely to be found that discriminate strongly between
these isoforms. Fortunately, there are two indications to suggest that
such ligands may eventually be identified. First, using chimeras of o1
and a3 subunits, we identified the structurally divergent M4 trans-
membrane segment as a specific determinant of the large agonist
efficacy difference between these two subtypes (Chen et al., 2009b).
This suggests that the lipid-exposed M4 domain may be a promising
region for subtype-specific modulators to bind. Second, anandamide,
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N-arachidonyl-glycine and several synthetic cannabinoid agonists
exhibit distinct pharmacological actions on o1 and o3 GlyRs (Yang
etal., 2008). For example, WIN55,212-2 has no effect on ol GlyRs
but potently inhibits o3 GlyRs. Although the location of the can-
nabinoid binding site is not yet known, these findings bode well for
the existence of pharmacologically distinct modulatory sites on ol
and o3 GlyRs.

TECHNIQUES FOR DISCOVERING NEW GlyR-ACTIVE DRUGS
AUTOMATED PATCH-CLAMP ELECTROPHYSIOLOGY

Patch-clamping is the definitive means of assaying ion channel
function. It not only offers an unparalleled signal-to-noise ratio
but also tracks the effects of compounds in real time. This later
feature permits complex effects of compounds (e.g., fast potentia-
tion followed by slow inhibition) to be resolved. Several automated
patch-clamp technologies have been successfully implemented
(Finkel et al., 2006; Lepple-Wienhues et al., 2003; Mathes et al.,
2009; Milligan et al., 2009). Although the technology is advanc-
ing steadily in terms of reliability, throughput and cost, it is still
limited by high cost and modest throughput (Dunlop et al,
2008). Thus, automated patch-clamp is probably best deployed
as a means of confirming and quantitating the activity of com-
pounds discovered by fluorescent assays (see below). Because
automated patch-clamp technologies select cells at random for
screening, it is generally necessary to create stable cell lines where
all cells express the ion channels of interest in order to optimize
data acquisition. Stably expressing cell line creation can be a slow,
painstaking process, especially when one is interested in screening
multimeric receptors.

RADIOACTIVE ASSAYS

These can be separated into radioligand displacement assays and
radiotracer flux assays. In the case of GlyRs, radioligand displace-
ment assays involve displacing *H-strychnine with unlabelled test
compound (Young and Snyder, 1973). There are several limita-
tions to this technology. First, it provides no information about the
mode of action (if any) of a compound. Second, it may not detect
compounds that modify receptor function without displacing the
radioligand. Finally, long incubations with agonists may promote
a desensitised state with different pharmacology to the normal
resting closed or activated states (Changeux and Edelstein, 1998).
Radioactive tracer flux assays detect the transmembrane flux of
the radioactive anions, '*I" or **Cl~ (Kardos, 1993; Venglarik et al.,
1990).T" is highly permeant through GlyRs (Fatima-Shad and Barry,
1993). Being an assay of receptor function rather than binding,
this technique overcomes some of the limitations of radioligand
displacement assays. In general, radioactive assays are not optimal
for high throughput (HT) drug discovery due to long incubation
times and multiple processes (e.g., tracer loading, cell-wash and
cell lysis steps) that limit HT, the high cost of materials, and the
inconvenience associated with safe handling and disposal of radio-
active materials.

COLORIMETRY

Transmembrane I" influx can be measured via a change in colour
of a non-fluorescent cytoplasmic indicator (Tang and Wildey,
2004). The rate of accumulation of intracellular I-, and hence

cell colour, will depend on the degree to which the channels are
activated. Because all reactions will eventually proceed to steady-
state regardless of the agonist concentration, it is necessary to
control the length of time that the reaction is allowed to proceed.
This assay has the advantage of low cost and avoids the safety
and environmental issues associated with radioactive materials.
However, as with the radioactive tracer flux assay, its utility is
limited by the requirement for tracer loading, cell wash and lysis
steps. An analogous approach, in which Cl~ influx precipitated an
excess of intracellular Ag* ions leading to a colour change (Gill
et al., 2006), may suffer the same limitations.

VOLTAGE SENSITIVE DYES (VSDs)

A wide range of VSDs is commercially available and the choice gen-
erally involves a trade-off between speed of response and dynamic
range. In HT screening (HTS) applications, dynamic range is
the prime consideration. A fluorescent membrane potential dye
(marketed by Diagnostic Instruments Inc.) has successfully been
employed to screen compounds against 0.1 GlyRs stably expressed
in HEK293 cells (Jensen and Kristiansen, 2004). In that study, ionic
gradients were established such that GlyR activation induced a
depolarisation and a consequent increase in fluorescence. The dye
response was relatively slow, taking at least 30 s to reach steady-state,
but it offered an excellent dynamic range.

High response speed and dynamic range can be simultaneously
achieved using fluorescence resonance energy transfer (FRET).
This technique involves the non-radiative transfer of energy from
adonor fluorophore to an acceptor fluorophore provided the donor
emission spectra and acceptor absorption spectra overlap and the
respective fluorophores are in close proximity. When the donor
is excited at its absorption wavelength, FRET causes the acceptor
fluorescence to increase and donor fluorescence to decrease. It has
been shown that a donor, CC2-DMPE, and an acceptor, DiBac2,
produce a robust FRET at negative membrane potentials when
both lie at the external membrane surface (Gonzalez and Tsien,
1997). Upon depolarisation, DiBac2 crosses the membrane thereby
increasing its distance from CC2-CPMPE and decreasing FRET
efficiency. The subsequent fluorescence change occurs rapidly over
a large dynamic range. This method has successfully been used
to screen GABA,Rs (Adkins et al., 2001) and GluCIRs (Hamelin
et al., 2005). In both cases, cells were bathed in low-CI buffer so
that GABA, R activation induced a C efflux leading to depolarisa-
tion. This technique provides a rapid and sensitive indication of
anionic receptor activation. However, the technique is expensive as
it requires two exogenous fluorescent indicators. Also, because the
plasma membrane concentrations of the respective fluorophores
must be optimised individually for maximum FRET efficiency, this
technique may require two dye incubation steps.

As a general point, exogenously applied dyes have several limi-
tations. First, they constitute a significant recurrent expense and
second, they require dye loading and (sometimes) cell-wash steps
that limit HT. Third, and perhaps most seriously, lipophilic dyes
are taken up by all cells regardless of whether or not they express
the ion channel of interest. If, for example, only half the cells
express the ion channel of interest then the dynamic range of the
averaged fluorescence response is halved. Thus, to achieve its full
dynamic range, all cells must respond to the dye. This requirement
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means that techniques involving exogenously applied indicators
are suited primarily to homogeneous assays such as those involv-
ing stably expressing cell lines.

GENETICALLY ENCODED ANION INDICATOR
Yellow fluorescent protein (YFP), an engineered variant of green
fluorescent protein, is quenched by small anions and is thus
suited to reporting anionic influx into cells. A random mutagen-
esis approach identified two mutations, I1152L and V163S, each
of which greatly enhanced YFP anion sensitivity (Galietta et al.,
2001a). The I152L mutation confers a particularly high sensitivity
toI” quench (K ~ 3 mM).YFP-I152L has proved useful in screening
compounds against the anion-conducting cystic fibrosis transmem-
brane regulator (Galietta et al., 2001b; Yang et al., 2003). It has also
been applied to the GlyR and GABA R (Kruger et al., 2005). This
assay has several advantages over the VSD assay. First, although
both assays have similar signal-to-noise ratios and dynamic ranges,
the YFP assay is faster by a factor of at least three in achieving
a given percentage fluorescence change (Jensen and Kristiansen,
2004; Kruger et al., 2005). Second, as a propagable substance, YFP
cDNA is cheaper. Third, the simultaneous transfection of YFP and
ion channel cDNAs in separate plasmid vectors results in a high
rate of transient co-expression of YFP and functional recombinant
channels (Kruger et al., 2005). Thus, the YFP-based assay does not
require stably expressing cell lines to achieve its full dynamic range.
Finally, as a genetically encoded probe, YFP is also suited to screen-
ing heterogeneous populations of isolated neurons where the YEP is
transgenically expressed in a defined subset of cells. If an imaging-
based detection system is used, this assay would also be suitable for
‘high-content’ screening (i.e., the correlation of multiple variables
in the same cell). As an example of this, we have recently dem-
onstrated the feasibility of screening a single compound against
numerous GlyR receptor subtypes simultaneously via the YFP assay
by using cell-permeant dyes to provide cells expressing a given
receptor with a unique optical identifier (Gilbert et al., 2009¢).
Although genetically encoded fluorescent detectors of mem-
brane potential are steadily being improved, at this stage their maxi-
mum voltage-induced fluorescence changes are typically <10% of
the resting fluorescence level (Baker et al., 2008; Perron et al.,2009).
This narrow dynamic range may be too small to yield robust rea-
douts during HTS, and may explain why these probes have yet to
be broadly implemented as drug discovery tools.

GlyR DRUG DISCOVERY IN OUR LABORATORY

YFP-BASED PRIMARY SCREENING

Our laboratory employs YFP for primary HTS of large compound
libraries or natural product fractions. For this purpose we have con-
structed a custom built robot comprising an inverted fluorescence
microscope, an automated stage, an autosampler for liquid handling
and a digital camera all under the control of Labview (National
Instruments Corp, Austin, TX, USA) programs. The components
of this device have previously been described in detail (Kruger et al.,
2005). Experiments are performed on adherent HEK293 cells in
384 well plates. The autosampler can deliver up to three different
solutions (with or without removing the previous solution) from
different sources to a single well, thus providing a wide range of
liquid handling options. Although multiple solution exchanges in

single wells is useful for assay development, we avoid it for HTS as
it slows the screening process too much. The CCD captures images
like those in Figure 1A and image analysis is automated using cus-
tomized DetecTiff® software (Gilbert et al., 2009b). VSD and YFP
screening technologies have also been successfully employed with
commercial fluorescent plate readers (Jensen and Kristiansen, 2004;
Kruger et al., 2005).

To prepare cells for experiments, we simultaneously transfect
HEK293 cells with cDNAs for YFP-I152L plus the GlyR clone of
interest. We have recently published a detailed comparison of five
transient transfection methods employed routinely in the laboratory
for this purpose (Gilbert et al., 2009a). Once transfection is com-
pleted and the transfection reagent has been removed, around 2000
cells, suspended in 40 pl culture media, are plated into each well of a
384-well plate. Plates are then returned to the incubator and used for
experiments 24—72 h later. Based on the proportion of fluorescent
cells, transfection efficiency varies from 10 to 50%. As only those
cells near the centre of the well are imaged, we are typically restricted
to analysing 100-500 fluorescent cells per well (~1000 cells total per
image). As noted above, we routinely achieve an excellent correlation
between cells expressing YEP and cells expressing GlyRs.

Sample images of cells expressing YFP-1152L and a1 GlyRs are
shown in Figure 1A. Imaged cells in the top and bottom rows were
exposed to NaCl and Nal solutions, respectively. The images in
the bottom rows were taken after an 8 s exposure to either Nal alone
(bottom left panel) or Nal plus 1 mM glycine (bottom right panel).
Figure 1B quantitates the percentage fluorescence change produced
by the addition of glycine. Percentage fluorescence change is defined
as [(F, /F,)— 1) x 100 where F,_ and F,_ are the initial and final
values of fluorescence, respectively. The experiment demonstrates
that the YFP assay provides a robust indication of GlyR activation. To
underscore this point, a sample experimental analysis output screen
of a glycine dose—response experiment is shown in Figure 1C. The
green histograms indicate the number of fluorescent cells in each of
24 wells in a single row of a 384-well plate. The blue columns show
the number of cells that displayed a >20% quench in response to
the addition of control Nal plus glycine at the indicated concentra-
tions. Each concentration was added to two adjacent wells, with con-
centrations increasing from left to right as indicated in Figure 1C.
This panel shows that almost all fluorescent cells displayed >20%
quench at saturating glycine concentrations, supporting previous
evidence for a strong correlation between YFP and GlyR expression.
Figure 1D shows an alternative analysis of the results presented in
Figure 1C, this time plotting mean percentage fluorescence change
of all fluorescent cells against glycine concentration.

To demonstrate the robustness of this assay, Figure 1E shows a
sample outcome of an actual screening experiment. In this experi-
ment, cells were pre-incubated with either no compound (‘nega-
tive control’ in wells 1 and 2), 10 uM of the antagonist strychnine
(‘positive control’ in wells 23 and 24) or a natural product frac-
tion with each fraction plated into two adjacent wells (wells 3-22).
A control image was taken prior to glycine addition and a test image
was taken 8 s after glycine addition. The mean percentage fluores-
cence change for all cells in each well was calculated as described
above and translated into a colour according to the scale shown in
Figure 1E. Thus, the ‘warmer’ the colour, the greater the antago-
nist activity. This experiment yielded two strong hits as shown in
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FIGURE 1 | Screening GlyRs using YFP -1152L. (A) Images in the upper row
were recorded in NaCl control solution whereas images in the lower row were
recorded from the same wells 8 s after replacement with Nal alone (left image)
or Nal + T mM glycine (right image). (B) Cell fluorescence distribution for
experiments shown in (A). The ‘% fluorescence change' is defined in the text.
(C) Glycine dose-response as revealed by YFP fluorescence change. Each
green histogram represents the total number of imaged fluorescent cells in a
single well of a 384-well plate. Blue histograms represent the number cells per
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well that quenched by >20% upon glycine addition. From left, glycine
concentrations were (in uM): 0, 3, 10, 15, 30, 50, 100, 300, 1000, 3000. Each
was applied to two wells and every second value is shown. (D) Mean
percentage fluorescence change of all fluorescent cells in (C) plotted against
glycine concentration. Fitted EC,; = 22 uM. (E) "Heatmap' of an actual
screening experiment comprising eight rows of a 384-well plate, with ‘hits’ (i.e.,
fractions producing antagonistic activity) boxed and labelled. Experimental
design is described in the text.

orange, and a weaker hit as shown in green. We initially screen
natural product fractions as antagonists as the dynamic range of
an antagonist fluorescence response is typically much larger than
it is for a potentiator response. Once a high affinity antagonist is
identified, we isolate and screen analogues of this compound by
automated patch-clamp electrophysiology to find subunit-specific
positive and negative modulators.

Using this assay we have screened around 3000 natural product
fractions against o1 GlyRs, yielding 27 active fractions. From these
fractions we have identified at least four compound families with

strong GlyR subunit-specific potentiating and inhibitory effects.
From active fractions, we have so far identified 28 compounds with
potent (nanomolar — low micromolar) effects on GlyRs as follows:

+ 12 compounds that specifically potentiate 0.1 GlyRs,
+ 1 compound that specifically potentiates 03 GlyRs,

+ 2 compounds that potentiate both a1 and a3 GlyRs,
1 compound that specifically inhibits a1 GlyRs,

* 4 compounds that specifically inhibit a3 GlyRs and
+ 8 compounds that inhibit both ol and a3 GlyRs.
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GENERATING STABLY EXPRESSING HEK293 CELL LINES

As automated patch-clamp electrophysiology requires stable cells
lines expressing the channels of interest, we generated cell lines
that stably express either o1 or o3 GlyRs. For this purpose, both
human o1 and 03 GlyR subunit cDNAs were cloned into the
pcDNA3.1 plasmid vector. Following transfection with linearised
vector DNA, HEK293 cells were maintained for 14-21 days in
selection medium containing 1 mg/ml of the selection antibi-
otic, G-418, and 10 pM strychnine. The strychnine was required
to prevent the glycine in the culture medium from activating
the GlyRs. The surviving cells were trypsinised, counted and
diluted, so as to yield a suspension that was used to plate (on
average) one individual clone into each well of several 96-well
plates. Individual clones were then grown in the same selection
medium for about 2 weeks. All wells identified as containing
monoclonal colonies were screened for a functional response to
1 mM glycine using the YFP assay. In this screening several cell
clones transfected with either a1 or o3 GlyR subunits exhibiting a
significant response to glycine exposure were identified and then
the selection process described above was repeated using these
clones. Finally, after further testing, cells were split into 24-well
plates, 6-well plates, 6 cm dishes and T75 flasks successively. All
remaining clones were frozen at —80°C for later use. Clones of
each subunit were then selected for further characterization in
the patch-clamp and YFP assay.

AUTOMATED PATCH-CLAMP ELECTROPHYSIOLOGY
These recordings were performed using a Nanion Patchliner
automated planar chip patch-clamp device (NPC-16A, Nanion
Technologies GmBH, Munich, Germany). This device employs
expendable planar glass ‘chips’ each consisting of a glass plate
with 16 apertures embedded into a perspex microfluidic system
which directs solutions to the internal and external sides of each
aperture. The tiny volume of this microfluidic system is a major
advantage of this system as it allows experiments to be conducted
with extremely small quantities of compounds. For example, the
external solution bathing the cells can be completely exchanged
using 25 pl of new solution. Although chips permit 16 single cell
recordings, only eight can be made simultaneously. The first step
in forming the whole cell configuration is to inject a suspension of
stably expressing cells into the microfluidic system thereby plac-
ing them at the external aperture surface. Then, by application of
negative pressure to the opposite side of the aperture, a single cell
is attached at random to the aperture. Contrary to the classical
patch-clamp technique, it is the cell that is moved to the aperture
and not the pipette that is moved to the cell. As with conventional
patch-clamp, a seal is obtained by the application of suction in
an automated manner and the membrane is then ruptured for
whole cell access. The result is a low resistance electrical pathway
to the inside of the cell allowing for whole cell patch-clamp record-
ings. Full experimental details of these standardized procedures,
including compositions of internal and external solutions, are
provided in recent reviews (Bruggemann et al., 2008; Farre et al.,
2009; Milligan et al., 2009).

Sample glycine dose—response relationships from HEK293 cells
stably expressing either ol or o3 GlyRs recorded using the pla-
nar chip device are shown in Figure 2. The current recordings are
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FIGURE 2 | Planar whole-cell patch-clamp data from HEK293 cells stably
expressing o1 or o3 GlyRs. (A) Current responses in cells expressing a1 and
03 GlyRs. Indicated glycine concentrations were applied for 2 s at 1 min
intervals. (B) Averaged glycine dose-responses averaged from five cells
expressing either a1 (filled symbols) or a3 GlyRs (unfilled symbols). Error bars
represent standard errors and curves are Hill equation fits to the averaged
data. Individual a1 GlyR dose-response curves were fitted a mean glycine
concentration of 24 + 2 uM and a Hill coefficient of 1.9+ 0.2 (n = 5 cells). Both
values were not significantly different to their respective means (30 £ 1 uM
and 1.7 £ 0.2, n = 5) recorded by conventional patch-clamp of HEK293 cells
transiently expressing a1 GlyRs (Chen et al., 2009a). The o3 GlyR dose—
responses were fitted with a mean glycine concentration of 166 £ 9 pM and a
Hill coefficient of 1.4 £ 0.1 (n = 5 cells). In contrast, the respective mean
values for a3 GlyRs recorded by patch-clamp of transiently transfected
HEK293 cells were 309 £ 20 uM and 2.0 £ 0.1 (n = 5) (Chen et al., 2009a).

comparable in quality to those generated by conventional patch-
clamp and the glycine EC,  values generated using the planar chip
device are comparable with those recorded in our laboratory using
conventional electrophysiology (Figure 2, legend). This suggests
that both the stably expressing cell lines developed in our labo-
ratory and the planar chip recording system are appropriate for
quantitating the sensitivity of ol and a3 GlyRs to compounds
of interest. Indeed, we have used this device to generate averaged
dose-response relationships for a total 36 compounds of interest at
o1 and a3 GlyRs, each averaged from 3 to 8 cells. In broad agree-
ment with a previous study (Milligan et al., 2009), we typically
experience a whole-cell recording success rate of around 80% of
all cells sucked onto the aperture, with around 50% of recordings
lasting for 10 min or more.
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DISCOVERY OF NOVEL GlyR DRUG BINDING SITES BY
SCREENING RANDOM MUTANT LIBRARIES

CREATION AND SCREENING OF A GlyR RANDOM MUTANT LIBRARY

It is not always possible to identify novel drug binding sites using
site-directed mutagenesis. For example, at the GlyR it has not yet
proved possible to identify the binding site for the non-glycinergic
agonist, ivermectin. We are interested in identifying its binding
site because, (1) it is commonly used as an anti-parasitic in agri-
culture, veterinary and human medical practice (Omura, 2008)
and (2) it activates the GlyR by a mechanism distinct from glycin-
ergic agonists (Pless et al., 2007) and thus may prove a useful tool
for probing GlyR activation mechanisms. One way of discovering
this and other intractable binding sites is to use HT methods to
screen the drug of interest against a large library of randomly
mutated GlyRs.

Random mutagenesis methods generally involve error-prone
PCR and a range of strategies for implementing this approach have
been developed (An et al., 2008; Emond et al., 2008; Fujii et al.,
2006). The approach we used was to create a library of randomly
mutated o1 GlyR-pcDNA 3.1 clones using the GeneMorph II
Random Mutagenesis Kit (Stratagene). Following manufacturers’
instructions, fragment PCR reaction conditions were optimized
(750 ng template and 30 cycles of PCR) to yield a mutation fre-
quency of one to two mutations per 1000 base pairs (15-20 clones
from each PCR reaction were sequenced, covering more than
10,000 bp). The observed mutational spectra, which closely resem-
bled that predicted for Mutazyme II, corresponded to one to three
amino acid changes per receptor. The observed amino acid changes
were scattered throughout the entire coding sequence with no evi-
dence of clustering. Approximately 20—-25% of the sequenced clones
contained no mutations. A similar mutation rate was successfully
employed in a similar screen of the TRPM8 channel (Bandell et al.,
2006). As this was deemed an appropriate mutation rate, we then
used a commercial service (Australian Genome Research Facility,
Brisbane, QLD, Australia) to grow 1536 clones derived from the
same PCR reaction in 384-well format and then extract plasmid
DNA of sufficient quality. A glycerol stock of each clone was also
made. This process resulted in an average yield of around 100 ng
plasmid DNA per clone.

Since all transfection procedures of which we are aware use at
least 100 ng plasmid DNA regardless of cell number or culture
media volume, it was necessary to develop a technique of reli-
ably transfecting much smaller amounts of plasmid DNA into
single wells of a 384-well plate. This technique is presented in
the Supplementary Material. In brief, we scaled down a standard
calcium phosphate transfection procedure and tested its transfec-
tion efficiency with differing amounts of YFP plasmid DNA. As
shown in Figure 3, the YFP transfection efficiency was found to
be maximal at 10 ng plasmid DNA per well.

In a search for mutations that affect ivermectin sensitivity, we
first added Nal containing 30 nM ivermectin to each well. This
was followed by an application of 10 pM ivermectin and then one
of 10 mM glycine. The rationale for this approach was that 30 nM
ivermectin is subthreshold at the wild type (WT) o1 GlyR, whereas
10 uM is barely saturating (Shan et al., 2001). Thus, quantitating
variations in receptor responses to both of these concentrations
should permit the detection of mutations that substantially increase

0.6 ng/well

(0]
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@©
£
2
: 400
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£ %
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g
1 200} §
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— [e]
& o 90
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0.1 1 10 100
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FIGURE 3 | Yellow fluorescent protein expression in cells transfected in
single wells of a 384-well plate as a function of the amount of cDNA
transfected. (A) Sample results from a single experiment. All wells contained
an equivalent number (~5000) of cells. (B) Mean number of fluorescent cells
per image, averaged from four independent experiments. Arrow denotes
point of optimal transfection efficiency.

or decrease ivermectin sensitivity. The final saturating glycine
application was a control to ascertain the functional expression
of GlyRs in the event that a mutation completely eliminated iver-
mectin sensitivity.

SAMPLE RESULTS OF RANDOM MUTANT SCREEN

After a first round screen of a total of 1566 clones (1536 random
mutants plus 30 site directed mutants previously generated in
the laboratory), we identified 44 mutant clones that significantly
changed ivermectin sensitivity. The effects of 20 of these clones
were confirmed by a second round of fluorescence-based screen-
ing. From this pool of clones, we have so far confirmed by nucle-
otide sequencing and electrophysiology a total of four ol GlyR
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mutations that significantly change ivermectin sensitivity. One of
the mutations identified by this process was the highly conserved
Y279F substitution in the extracellular M2-M3 linker domain.
Examples of currents activated by the indicated concentrations of
ivermectin and glycine in the WT and Y279F mutant o1 GlyRs are
shown in Figure 4A. Averaged ivermectin dose-responses for both

receptors, with current magnitudes normalised to those activated
by glycine in the same cell are presented in Figure 4B. An averaged
ivermectin dose-response for the Y279C mutant GlyR is also shown
to indicate the specificity of the Y-F substitution in disrupting
ivermectin sensitivity. Because this substitution involves simply the
removal of a hydroxyl group, we hypothesise that Y279 is specifically

A
0.3 1 10 30
ivermectin (uM):
1 mM glycine:=a [
WT
|3 nA
15 s
. _ 1 3 10 30
ivermectin (uM): T S S FIS e T
10 mM glycine— —
Y279F
B —
S
< 100 - WT
-
c
(0]
=
3 80 - Y279C
(0]
£
S 60 -
[e)]
5 40
£ Y279F
X
©
€ 20 A %
o
=
8 0
° v v
—
T T T 1
0.1 1 10 100
[ivermectin] (uM)
FIGURE 4 | The Y279F mutation dramatically reduces o1 GlyR sensitivity to by successively applying increasing ivermectin concentrations. (B) Averaged
ivermectin. (A) Conventional whole-cell patch-clamp recordings from HEK293 ivermectin dose-responses each averaged from five cells expressing either WT
cells transiently expressing unmutated or Y279F mutant a1 GlyRs (upper and a1 GlyRs (filled circles), Y279C mutant a1 GlyRs (unfilled circles) or Y279F
lower panels, respectively). The indicated concentrations of glycine and mutant a1 GlyRs (triangles). Error bars represent standard errors of the mean
ivermectin were applied as indicated by the unfilled and filled bars, respectively. and curves represent fits to the averaged data with the Hill equation. TheY to F
Because ivermectin activation is irreversible, dose-responses were generated mutation causes an approximately 50 fold reduction in ivermectin sensitivity.
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involved in either the binding or gating mechanism of ivermectin.
Experiments are currently underway to resolve the molecular basis
of this effect. We expect these experiments may provide crucial
insights into the binding site or mechanism of action of this impor-
tant pharmaceutical agent.

CONCLUSION

Despite GlyRs emerging as potential drug targets for therapies
aimed at movement disorders, chronic inflammatory pain, tem-
poral lobe epilepsy and immunomodulation, we are not aware of
any systematic, published attempts to discover new drugs active at
these receptors. The first aim of this review was to consider various
HTS-amenable methods that may be applicable to these receptors.
We conclude that an anion sensitive YFP is an optimal method
for first round screening and that automated electrophysiology
of cell stably expressing GlyRs is a useful means of confirming

activity and quantitating the actions of identified compounds.
The second aim of this review was to demonstrate how these
techniques are used in practice in our laboratory for the purpose
of both discovering novel GlyR-active compounds and establish-
ing their mechanisms of action.

ACKNOWLEDGMENTS

This project was supported by the Australian Research Council and
the National Health and Medical Research Council of Australia
(NHMRC). J.W. Lynch is supported by an NHMRC Senior
Research Fellowship.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at
http://www.frontiersin.org/molecularneuroscience/paper/10.3389/
neuro.02/017.2009/

REFERENCES

Adkins, C. E., Pillai, G. V., Kerby,].,
Bonnert, T. P., Haldon, C.,
McKernan, R. M., Gonzalez, J.E.,
Oades, K., Whiting, P. J., and
Simpson, P. B. (2001). alpha4beta3-
delta GABA(A) receptors character-
ized by fluorescence resonance energy
transfer-derived measurements of
membrane potential. J. Biol. Chem.
276, 38934-38939.

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

An,Y,,Ji,J., Wu,W,, Huang, R.,Wei,Y.,and
Xiu, Z. (2008). Random mutagenesis
and recombination of sam1 gene by
integrating error-prone PCR with stag-
gered extension process. Biotechnol.
Lett. 30, 1227-1232.

Baker, B. J., Mutoh, H., Dimitrov, D.,
Akemann, W., Perron, A., Iwamoto, Y.,
Jin, L., Cohen, L. B., Isacoff, E. Y.,
Pieribone, V. A., Hughes, T., and
Knopfel, T. (2008). Genetically
encoded fluorescent sensors of mem-
brane potential. Brain Cell Biol. 36,
53-67.

Bakker, M. J., van Dijk, J. G., van den
Maagdenberg,A.M.,and Tijssen, M. A.
(2006). Startle syndromes. Lancet
Neurol. 5,513-524.

Balse, E., Tessier, L. H., Forster, V.,
Roux, M. ], Sahel, ]. A., and Picaud, S.
(2006). Glycine receptors in a
population of adult mammalian cones.
J. Physiol. (Lond.) 571, 391-401.

Bandell, M., Dubin, A. E., Petrus, M. J.,
Orth, A., Mathur, J., Hwang, S. W,,
and Patapoutian, A. (2006). High-
throughput random mutagenesis
screen reveals TRPMS residues spe-
cifically required for activation by
menthol. Nat. Neurosci. 9, 493—500.

Betz, H., and Laube, B. (2006). Glycine
receptors: recent insights into their
structural organization and func-
tional diversity. J. Neurochem. 97,
1600-1610.

Bruggemann, A., Farre, C., Haarmann, C.,
Haythornthwaite, A., Kreir, M.,
Stoelzle, S., George, M., and Fertig, N.
(2008). Planar patch clamp: advances
in electrophysiology. Methods Mol.
Biol. 491, 165-176.

Caspary, D.M., Ling, L., Turner, J. G., and
Hughes, L. . (2008). Inhibitory neu-
rotransmission, plasticity and aging
in the mammalian central auditory
system. J. Exp. Biol. 211, 1781-1791.

Changeux, J. P.,,and Edelstein, S.J. (1998).
Allosteric receptors after 30 years.
Neuron 21, 959-980.

Chen, X., Cromer, B., Webb, T. 1.,
Yang, Z., Hantke, J., Harvey, R. J.,
Parker, M. W., and Lynch, J. W.
(2009a). Dihydropyridine inhibition
of the glycine receptor: subunit selec-
tivity and a molecular determinant
of inhibition. Neuropharmacology
56,318-327.

Chen, X., Webb, T. I., and Lynch, J. W.
(2009b). The M4 transmembrane
segment contributes to agonist effi-
cacy differences between alphal and
alpha3 glycine receptors. Mol. Membr.
Biol. 1-12.

Dunlop,J., Bowlby, M., Peri,R., Vasilyev, D.,
and Arias, R. (2008). High-throughput
electrophysiology: an emerging para-
digm for ion-channel screening and
physiology. Nat. Rev. Drug Discov. 7,
358-368.

Eichler, S. A., Forstera, B., Smolinsky, B.,
Juttner,R.,Lehmann, T.N., Fahling, M.,
Schwartz, G., Legendre, P., and
Meier, J. C. (2009). Splice-specific roles
of glycine receptor alpha3 in the hip-
pocampus. Eur. J. Neurosci.(In press).

Eichler, S. A., Kirischuk, S., Juttner, R.,
Schafermeier, P. K., Legendre, P.,

Lehmann, T. N., Gloveli, T.,
Grantyn, R., and Meier, J. C. (2008).
Glycinergic tonic inhibition of hip-
pocampal neurons with depolariz-
ing GABAergic transmission elicits
histopathological signs of temporal
lobe epilepsy. J. Cell Mol. Med. 12,
2848-2866.

Emond, S., Mondon, P, Pizzut-Serin, S.,
Douchy, L., Crozet, E,, Bouayadi, K.,
Kharrat, H., Potocki-Veronese, G.,
Monsan, P.,,and Remaud-Simeon, M.
(2008). A novel random mutagenesis
approach using human mutagenic
DNA polymerases to generate enzyme
variant libraries. Protein Eng. Des. Sel.
21,267-274.

Farre, C.,Haythornthwaite, A., Haarmann,
C., Stoelzle, S., Kreir, M., George, M.,
Bruggemann, A.,and Fertig, N. (2009).
Port-a-patch and patchliner: high
fidelity electrophysiology for second-
ary screening and safety pharmacol-
ogy. Comb. Chem. High Throughput
Screen. 12,24-37.

Fatima-Shad, K., and Barry, P. H. (1993).
Anion permeation in GABA- and
glycine-gated channels of mammalian
cultured hippocampal neurons. Proc.
Biol. Sci. 253, 69-75.

Finkel, A., Wittel, A., Yang, N., Handran,
S., Hughes, J., and Costantin, J.
(2006). Population patch clamp
improves data consistency and suc-
cess rates in the measurement of
ionic currents. J Biomol Screen. 11,
488-496.

Flint, A. C,, Liu, X., and Kriegstein, A. R.
(1998). Nonsynaptic glycine receptor
activation during early neocortical
development. Neuron 20, 43-53.

Froh, M., Thurman, R. G., and
Wheeler, M. D. (2002). Molecular
evidence for a glycine-gated chloride
channel in macrophages and leuko-
cytes. Am. J. Physiol. Gastrointest. Liver
Physiol. 283, G856-G863.

Fujii, R., Kitaoka, M., and Hayashi, K.
(2006). Error-prone rolling circle
amplification: the simplest random
mutagenesis protocol. Nat Protoc 1,
2493-2497.

Galietta, L. J., Haggie, P. M., and
Verkman, A.S. (2001a). Green fluores-
cent protein-based halide indicators
with improved chloride and iodide
affinities. FEBS Lett. 499, 220-224.

Galietta, L. V., Jayaraman, S., and
Verkman, A. S. (2001b). Cell-based
assay for high-throughput quantitative
screening of CFTR chloride transport
agonists. Am. J. Physiol., Cell Physiol.
281, C1734-C1742.

Ge,L.H., Lee,S.C,, Liu, J., and Yang, X. L.
(2007). Glycine receptors are func-
tionally expressed on bullfrog retinal
cone photoreceptors. Neuroscience
146, 427-434.

Gilbert, D.E, Esmaeili, A.,and Lynch, J. W.
(2009a). Optimizing the expression
of recombinant alphabetagamma
GABAA receptors in HEK293 cells for
high-throughput screening. J. Biomol.
Screen. 14, 86-91.

Gilbert, D. E,, Meinhof, T., Pepperkok, R.,
and Runz, H. (2009b). DetecTiff(C):
a novel image analysis routine for
high-content screening microscopy.
J. Biomol. Screen.

Gilbert, D. F,, Wilson, J. C., Nink, V.,
Lynch, J. W,, and Osborne, G. W.
(2009¢). Multiplexed labeling of viable
cells for high-throughput analysis of
glycine receptor function using flow
cytometry. Cytometry A 75, 440—449.

Gill, S., Gill, R., Xie, Y., Wicks, D., and
Liang, D. (2006). Development and
validation of HT'S flux assay for endog-
enously expressed chloride channels in
a CHO-K1 cell line. Assay Drug Dev.
Technol. 4, 65-71.

Gonzalez, J. E., and Tsien, R. Y. (1997).
Improved indicators of cell mem-
brane potential that use fluorescence

Frontiers in Molecular Neuroscience

www.frontiersin.org

October 2009 | Volume 2 | Article 17 | 9


http://www.frontiersin.org/molecularneuroscience/paper/10.3389/neuro.02/017.2009/

Gilbert et al.

Discovering new glycine receptor modulators

resonance energy transfer. Cherm. Biol.
4,269-277.

Grudzinska, J., Schemm, R., Haeger, S.,
Nicke, A., Schmalzing, G., Betz, H.,
and Laube, B. (2005). The beta subunit
determines the ligand binding prop-
erties of synaptic glycine receptors.
Neuron 45,727-739.

Grunert, U., and Ghosh, K. K. (1999).
Midget and parasol ganglion cells of
the primate retina express the alphal
subunit of the glycine receptor. Vis.
Neurosci. 16, 957-966.

Grunert, U., and Wassle, H. (1993).
Immunocytochemical localization
of glycine receptors in the mam-
malian retina. J. Comp. Neurol. 335,
523-537.

Gundersen, R.Y., Vaagenes, P., Breivik, T.,
Fonnum, F., and Opstad, P. K.
(2005). Glycine — an important neu-
rotransmitter and cytoprotective
agent. Acta Anaesthesiol. Scand. 49,
1108-1116.

Hamelin, M., Meng, X., Cuddy, M.,
Korsun,K.,Ondeyka, ., Simpson, P. B.,
Cully, D. E, and Priest, B. T. (2005).
A high-throughput assay for modula-
tors of ligand-gated chloride channels.
Assay Drug Dey. Technol. 3, 59-64.

Harvey, R. J., Depner, U. B., Wassle, H.,
Ahmadj, S., Heindl, C., Reinold, H.,
Smart, T. G., Harvey, K., Schutz, B.,
Abo-Salem, O. M., Zimmer, A.,
Poisbeau, P., Welzl, H., Wolfer, D. P,
Betz,H., Zeilhofer, H. U.,and Muller, U.
(2004). GlyR alpha3: an essential target
for spinal PGE2-mediated inflamma-
tory pain sensitization. Science 304,
884-887.

Haverkamp, S., Muller, U., Harvey, K.,
Harvey, R. ., Betz, H., and Wassle, H.
(2003). Diversity of glycine receptors
in the mouse retina: localization of
the alpha3 subunit. J. Comp. Neurol.
465, 524-539.

Haverkamp, S.,Muller, U., Zeilhofer, H. U.,
Harvey, R. J., and Wassle, H. (2004).
Diversity of glycine receptors in the
mouse retina: localization of the
alpha2 subunit. J. Comp. Neurol. 477,
399-411.

Hilf, R. J., and Dutzler, R. (2008). X-ray
structure of a prokaryotic pentameric
ligand-gated ion channel. Nature452,
375-379.

Ikejima, K., Qu, W., Stachlewitz, R. E,
and Thurman, R. G. (1997). Kupffer
cells contain a glycine-gated chlo-
ride channel. Am. J. Physiol. 272,
G1581-G1586.

Jensen, A. A., and Kristiansen, U. (2004).
Functional characterisation of the
human alphal glycine receptor in
a fluorescence-based membrane

potential assay. Biochem. Pharmacol.
67,1789-1799.

Jusuf, P.R., Haverkamp,S.,and Grunert, U.
(2005). Localization of glycine recep-
tor alpha subunits on bipolar and
amacrine cells in primate retina.
J. Comp. Neurol. 488, 113-128.

Kandler, K. (2004). Activity-dependent
organization of inhibitory circuits: les-
sons from the auditory system. Curr.
Opin. Neurobiol. 14, 96-104.

Kardos, J. (1993). The GABAA receptor
channel mediated chloride ion trans-
location through the plasma mem-
brane: new insights from 36Cl-ion flux
measurements. Synapse 13,74-93.

Kruger, W,, Gilbert, D., Hawthorne, R.,
Hryciw, D. H., Frings, S., Poronnik, P.,
and Lynch, J. W. (2005). A yellow fluo-
rescent protein-based assay for high-
throughput screening of glycine and
GABAA receptor chloride channels.
Neurosci. Lett. 380, 340-345.

Lepple-Wienhues, A., Ferlinz, K.,
Seeger, A., and Schafer, A. (2003). Flip
the tip: an automated, high quality,
cost-effective patch clamp screen.
Recept. Channels 9, 13-17.

Lynch,].W.(2009). Native glycine receptor
subtypes and their physiological roles.
Neuropharmacology 56, 303—-309.

Lynch, J. W,, and Callister, R. J. (2006).
Glycine receptors: a new therapeutic
target in pain pathways. Curr. Opin.
Investig. Drugs 7, 48—53.

Majumdar, S., Heinze, L., Haverkamp, S.,
Ivanova, E., and Wassle, H. (2007).
Glycine receptors of A-type ganglion
cells of the mouse retina. Vis. Neurosci.
24,471-487.

Malosio, M. L., Marqueze-Pouey, B.,
Kuhse, J., and Betz, H. (1991).
Widespread expression of glycine
receptor subunit mRNAs in the adult
and developing rat brain. EMBO]. 10,
2401-2409.

Mathes, C., Friis, S., Finley, M., and
Liu, Y. (2009). QPatch: the missing
link between HTS and ion channel
drug discovery. Comb. Chem. High
Throughput Screen. 12, 78-95.

McCool, B. A., and Farroni, J. S. (2001).
Subunit composition of strychnine-
sensitive glycine receptors expressed
by adult rat basolateral amygdala
neurons. Eur. J. Neurosci. 14,
1082-1090.

Meizel, S. (1997). Amino acid neurotrans-
mitter receptor/chloride channels of
mammalian sperm and the acrosome
reaction. Biol. Reprod. 56, 569-574.

Milligan, C. J., Li, J., Sukumar, P,
Majeed, Y., Dallas, M. L., English, A.,
Emery, P, Porter, K. E., Smith, A. M.,
McFadzean, L., Beccano-Kelly, D.,

Bahnasi, Y., Cheong, A., Naylor, J.,
Zeng, E, Liu, X., Gamper, N., Jiang, L.
H.,Pearson, H. A., Peers, C., Robertson,
B., and Beech, D. J. (2009). Robotic
multiwell planar patch-clamp for
native and primary mammalian cells.
Nat Protoc 4, 244-255.

Mori, M., Gahwiler, B. H., and Gerber, U.
(2002). Beta-alanine and taurine
as endogenous agonists at glycine
receptors in rat hippocampus in vitro.
J. Physiol. (Lond.) 539, 191-200.

Omura, S. (2008). Ivermectin: 25 years and
still going strong. Int. J. Antimicrob.
Agents 31,91-98.

Perron, A., Mutoh, H., Akemann, W.,
Gautam, S. G., Dimitrov, D.,
Iwamoto, Y., and Knopfel, T. (2009).
Second and third generation voltage-
sensitive fluorescent proteins for mon-
itoring membrane potential. Front Mol
Neurosci 2, 5.

Pless, S. A., Dibas, M. I, Lester, H. A., and
Lynch, J. W. (2007). Conformational
variability of the glycine receptor M2
domain in response to activation by
different agonists. J. Biol. Chem. 282,
36057-36067.

Reinold, H., Ahmadj, S., Depner, U. B.,
Layh, B.,Heindl,C.,Hamza,M.,Pahl, A.,
Brune, K., Narumiya, S., Muller, U.,and
Zeilhofer, H. U. (2005). Spinal inflam-
matory hyperalgesia is mediated by
prostaglandin E receptors of the EP2
subtype. J. Clin. Invest. 115, 673-679.

Shan, Q., Haddrill, J. L., and Lynch, J. W.
(2001). Ivermectin, an unconven-
tional agonist of the glycine receptor
chloride channel. J. Biol. Chem. 276,
12556-12564.

Simon, J., Wakimoto, H., Fujita, N.,
Lalande, M.,and Barnard, E. A. (2004).
Analysis of the set of GABA(A) recep-
tor genes in the human genome. J. Biol.
Chem. 279, 41422-41435.

Tang, W., and Wildey, M. J. (2004).
Development ofacolorimetricmethod
for functional chloride channel assay.
J. Biomol. Screen. 9, 607—613.

Unwin, N. (2003). Structure and action
of the nicotinic acetylcholine receptor
explored by electron microscopy. FEBS
Lett. 555, 91-95.

Venglarik, C. J., Bridges, R. J., and
Frizzell, R. A. (1990). A simple
assay for agonist-regulated Cl and
K conductances in salt-secreting
epithelial cells. Am. J. Physiol. 259,
C358-364.

Veruki, M. L., Gill, S. B., and Hartveit, E.
(2007). Spontaneous IPSCs and
glycine receptors with slow kinetics
in wide-field amacrine cells in the
mature rat retina. J. Physiol. (Lond.)
581, 203-219.

Watanabe, E., and Akagi, H. (1995).
Distribution patterns of mRNAs
encoding glycine receptor channels
in the developing rat spinal cord.
Neurosci. Res. 23, 377-382.

Wheeler, M., Stachlewitz, R. F,
Yamashina, S., Ikejima, K., Morrow,
A. L., and Thurman, R. G. (2000).
Glycine-gated chloride channels in
neutrophils attenuate calcium influx
and superoxide production. FASEB J.
14, 476-484.

Yang, H., Shelat, A. A, Guy, R. K,,
Gopinath,V.S.,Ma, T., Du, K., Lukacs,
G.L., Taddei, A., Folli, C., Pedemonte,
N., Galietta, L. J., and Verkman, A.
S., (2003). Nanomolar affinity small
molecule correctors of defective Delta
F508-CFTR chloride channel gating.
J. Biol. Chem. 278, 35079-35085.

Yang, Z., Aubrey, K. R., Alroy, I,
Harvey, R. J., Vandenberg, R. J., and
Lynch, J. W. (2008). Subunit-specific
modulation of glycine receptors by
cannabinoids and N-arachidonyl-
glycine. Biochem. Pharmacol. 76,
1014-1023.

Young, A. B, and Snyder, S. H. (1973).
Strychnine binding associated with
glycine receptors of the central nerv-
ous system. Proc. Natl. Acad. Sci. U.S.A.
70, 2832-2836.

Young, T. L., and Cepko, C. L. (2004).
A role for ligand-gated ion channels
in rod photoreceptor development.
Neuron 41, 867-879.

Zeilhofer, H. U. (2005). The glycinergic
control of spinal pain processing. Cell
Mol. Life Sci. 62,2027-2035.

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential conflict
of interest.

Received: 23 July 2009; paper pending
published: 15 August 2009; accepted: 27
September 2009; published online: 30
October 2009.

Citation: Gilbert DF, Islam R, Lynagh T,
Lynch JW and Webb TI (2009) High
throughput techniques for discovering new
glycinereceptor modulators and their bind-
ing sites. Front. Mol. Neurosci. 2:17. doi:
10.3389/neuro.02.017.2009

Copyright © 2009 Gilbert, Islam, Lynagh,
Lynch and Webb. This is an open-access
article subject to an exclusive license agree-
ment between the authors and the Frontiers
Research Foundation, which permits unre-
stricted use, distribution, and reproduc-
tion in any medium, provided the original
authors and source are credited.

Frontiers in Molecular Neuroscience

www.frontiersin.org

October 2009 | Volume 2 | Article 17 | 10




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


