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Abstract

In the present study, we have created a stable HEK293 cell line expressing the human homomeric a1 glycine receptor (GlyR) and

characterised its functional pharmacology in a conventional patch-clamp assay and in the FLIPR1 Membrane Potential (FMP) assay, a

fluorescence-based high throughput screening assay. In the patch-clamp assay, the a1 GlyR exhibited the properties expected from a

strychnine-sensitive glycine-gated chloride channel. In the FMP assay exposure of the cell line to GlyR agonists elicited a concentration-

dependent increase in fluorescent intensity, a signal that could be suppressed by pre-incubation with GlyR antagonists. Agonists and

antagonists displayed EC50 and Ki values in good agreement with previously reported values from studies of recombinant a1 GlyRs and

native a1b GlyRs. The rank orders of potencies was glycine > b-alanine > taurine for the agonists and RU 5135 > strychnine >
brucine > PMBA ¼ picrotoxin > atropine for the antagonists. The actions of three allosteric modulators at the a1 GlyR cell line were

also characterised in the FMP assay. Micromolar concentrations of Zn2þ inhibited a1 GlyR signalling but in contrast to previous reports

the metal ion did not appear to potentiate GlyR function at lower concentrations. Analogously, whereas pregnenolone sulphate inhibited

a1 GlyR function, the potentiation of a1 GlyR by pregnenolone in electrophysiological studies could not be reproduced in the assay. In

conclusion, the FMP assay may not be suited for sophisticated studies of GlyR pharmacology and kinetics. However, the assay offers

several advantages in studies of ligand–receptor interactions. Furthermore, the assay could be highly useful in the search for structurally

novel ligands acting at GlyRs.
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1. Introduction

Inhibitory neurotransmission in the mammalian CNS is

predominantly mediated by the amino acids g-aminobu-

tyric acid (GABA) and glycine. Glycinergic synapses are

most abundant in spinal cord, brain stem and caudal

brain, where the neurotransmitter is involved in the

control of reflex responses, processing of sensory signals

and motor rhythm generation [1–4]. Besides its role as a

co-agonist at NMDA receptors [5], glycine exerts its

effects via the strychnine-sensitive glycine receptors

(GlyRs). These receptors belong to a superfamily of

pentameric ligand-gated ion channels (LGICs), which

also includes receptors for the neurotransmitters acetyl-

choline (ACh), GABA and serotonin and as well as a

recently cloned Zn2þ-gated channel and invertebrate

glutamate and histamine receptors [1–3]. The nicotinic

ACh and serotonin 5-HT3 receptors mediate excitatory

transmission by the opening of cationic Naþ/Ca2þ chan-

nels and depolarisation of the postsynaptic cell, whereas

activation of GABAA/CRs and GlyRs open anionic Cl�/

HCO3
� channels leading to hyperpolarisation and inhibi-

tion of neuronal firing [1–4].
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To date five GlyR subunits have been cloned: four a
subunits (a1–a4) and one b subunit. When expressed in

Xenopus oocytes or in mammalian cell lines, functional

GlyR complexes can be formed by the a subunits alone

(homomeric GlyRs) or by a subunits together with the b
subunit (heteromeric GlyRs). The composition of the

native GlyRs changes during development. Embryonic

GlyRs are predominantly a2 homomeric receptors,

whereas the adult GlyR is composed by a1 and b subunits

in a 3:2 stoichiometry [3,6,7].

The pharmacology of the homomeric a GlyR is very

similar to that of the corresponding a/b heteromer, the

major differences being that the homomeric GlyRs exhibit

larger single channel conductances and are more sensitive

to the antagonist picrotoxin than the corresponding hetero-

meric receptors [2,3,8]. Since the homomeric a1 GlyR

displays functional properties similar to the adult native

GlyR, it has become the prototypic recombinant GlyR

subtype in electrophysiological and mutagenesis studies

[2,3,8]. In the present study, we have created a stable

HEK293 cell line expressing the human a1 GlyR and

characterised its functional pharmacology in a conven-

tional patch-clamp assay and in a fluorescence-based high

throughput screening (HTS) assay.

2. Materials and methods

2.1. Materials

Culture media, serum, antibiotics and buffers for cell

culture were obtained from Invitrogen (Paisley, Scotland).

Glycine, taurine, b-alanine, (�)-strychnine (hereafter

strychnine), brucine, o-[20-phosphonomethyl[1,10-biphe-

nyl]-3-yl]alanine (PMBA), atropine, pregnenolone

(PREG) and pregnenolone sulphate (PREGS) were

obtained from Sigma, and picrotoxin was purchased from

Tocris Cookson. RU 5135 (3a-hydroxy-16-imino-5b-17-

azaandrostan-11-one) was a kind gift from Dr. Mogens

Nielsen (The Danish University of Pharmaceutical

Sciences, Copenhagen, Denmark). The chemical structures

of the compounds are given in Fig. 1. The cDNA for the

human a1 GlyR subunit (a1-pIRES-EGFP) was a kind gift

from professor Peter R. Schofield (Garvan Institute of

Medical Research, Sydney, New South Wales, Australia).

2.2. Cell culture and generation of the stable cell line

The a1 GlyR subunit was subcloned from its original

pIRES-EGFP vector into pCDNA3.1 using EcoRI as restric-

tion enzyme. For the stable expression, HEK293 cells were

maintained at 37 8C in a humidified 5% CO2 incubator in

culture medium (Dulbecco’s Modified Eagle Medium

(DMEM) supplemented with penicillin (100 U/ml), strep-

tomycin (100 mg/ml) and 10% dialysed fetal bovine serum).

The cells were transfected with a1-pCDNA3.1 using Poly-

fect as a DNA carrier according to the protocol by the

manufacturer (Qiagen). The transfected cells were main-

tained for 2–3 weeks in selection medium containing 3 mg/

ml G-418 and 10 mM strychnine. Antibiotic-resistant colo-

nies were isolated and maintained in culture medium sup-

plemented with 1 mg/ml G-418 and 10 mM strychnine for

3–4 weeks. Cell colonies were screened for a functional

response to 1 mM glycine in the FMP assay (see below). In

this screening, several cell clones exhibiting a significant

response to glycine exposure were identified, and one of

these were selected for further characterisation in the patch-

clamp assay and the FMP assay.

2.3. Electrophysiological recordings

The a1 GlyR-HEK293 cells were split into poly-D-

lysine-coated 35 mm Petri dishes in culture medium sup-

plemented with 1 mg/ml G-418. 16–24 h later the culture

medium was exchanged for an extracellular recording

solution containing (in mM): NaCl 140, KCl 3.5, Na2HPO4

1.25, MgSO4 2, CaCl2 2, glucose 10, and HEPES 10; pH

7.35. The Petri dish with cells was transferred to the stage

of an inverted phase-contrast Axiovert 10 microscope

(Zeiss). The cells were constantly perfused with extracel-

lular recording solution (0.5 ml/min) at room temperature

from a gravity fed 7-barrelled perfusion pipette (List,

Germany) approximately 100 mm from the recorded neu-

ron. By switching application from one barrel to another,

the extracellular solution surrounding the neuron was

exchanged with a time constant of �50 ms. Individual

cells were approached with micropipettes of 2–3 MO
resistance manufactured from 1.5 mm o.d. glass (World

Precision Instruments). The intrapipette solution contained

(in mM): KCl 140, MgCl2 1, CaCl2 1, EGTA 10, MgATP 2,

and HEPES 10; pH 7.3. Standard patch-clamp techniques

[9] in voltage clamp mode were used to record from

neurons in the whole-cell configuration using an EPC-9

amplifier (HEKA Elektronik). Clamping potentials were

corrected for liquid junction potentials. Series resistance

was 70–80% compensated. The high intracellular Cl�

concentration shifted the Cl� reversal potential to approxi-

mately 0 mV and substantially increased the currents

recorded at �64 mV. Whole-cell membrane currents were

plotted on a low fidelity chart recorder during the experi-

ment and stored on computer hard disk and videotape using

a VR-10B digital data recorder (Instrutech).

Glycine and strychnine were dissolved in distilled water

at a concentrations at least 100� greater than that required

for perfusion and diluted with extracellular recording

solution. Different concentrations of glycine were applied

for 5 s at 1 min intervals. Strychnine was preapplied for

10 s immediately before application of a premixed solution

of glycine and solution.

Membrane currents were analysed using Pulse (HEKA

Elektronik) software. Currents were normalised to the

peak current induced by 3 mM glycine in the same cell.
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Concentration–response relationships were fitted to the

equation:

I ¼ Imax

ð1 þ ðEC50=½glycine	ÞnÞ

where I is the membrane current induced by a glycine

concentration [glycine], Imax is the maximum current that

glycine can induce, EC50 is the glycine concentration

eliciting 50% of Imax, and n is the Hill coefficient. Data

were described using mean and standard error (S.E.) or

95% confidence intervals.

2.4. The FLIPR1 Membrane Potential (FMP) assay

The pharmacology of the a1 GlyR-HEK293 cell line

was characterised in the FMP assay according to the

protocol of the manufacturer (Molecular Devices). The

lipophilic, anionic, bis-oxonol dye in this kit is excited at

530 nm, and the distribution of the dye across the plasma

membrane is dependent on the membrane potential of the

cell. Hence, depolarisation of the cells will cause more dye

to enter the cells, where it will bind to intracellular proteins

and lipids and cause an increase in the fluorescence signal.

Conversely, the dye exits the cells upon hyperpolarisation

giving rise to a decrease in the fluorescence signal.

Thea1 GlyR-HEK293 cells were split into poly-D-lysine-

coated black 96-well plates (Packard) in culture medium

supplemented with 1 mg/ml G-418. 16–24 h later the med-

ium was aspirated, and washed with 100 ml Krebs buffer

(140 mM NaCl/4.7 mM KCl/2.5 mM CaCl2/1.2 mM

MgCl2/11 mM HEPES/10 mM D-glucose, pH 7.4). Fifty

microlitres Krebs buffer was added to each well (in the

antagonist experiments, various concentrations of the

antagonists were dissolved in the buffer). Fifty microlitres
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Fig. 1. Chemical structures of the compounds characterised at the a1 GlyR-HEK293 cell line.
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of loading buffer (loading dye dissolved in Krebs buffer)

was added to each well, and the plate was incubated at 37 8C
in a humidified 5% CO2 incubator for 30 min. The plate was

assayed in a NOVOstarTM plate reader (BMG Labtechnol-

ogies) measuring emission (in fluorescence units (FU)) at

560 nm caused by excitation at 530 nm before and up to

1 min after addition of 25 ml agonist solution (agonist was

dissolved in Krebs buffer). The experiments were per-

formed in duplicate at least three times for each compound.

The detailed characterisation of the interactions of antago-

nists strychnine, RU 5135 and PMBA and allosteric mod-

ulators Zn2þ, PREG and PREGS with a1 GlyR were

performed exactly according to the protocol described

above.

2.5. Data analysis

Concentration–response curves for agonists and antago-

nists were constructed based on the maximal responses at

different concentrations of the respective ligands. The

curves were generated by nonweighted least-squares fits

using the program KaleidaGraph 3.6 (Synergy Software).

Antagonist potencies were calculated from the inhibition

curves using the ‘‘functional equivalent’’ of the Cheng–

Prusoff equation Ki ¼ IC50=½1 þ ð½A	=EC50Þ	 [10], where

[A] is the agonist concentration used in the specific experi-

ment.

3. Results

In a conventional patch-clamp set-up the stable a1

GlyR-HEK293 cell line displayed the characteristics of

a strychnine-sensitive glycine-gated Cl� channel (Fig. 2).

When cells were voltage-clamped at �64 mV application

of glycine gave rise to a concentration-dependent inward

current, which at the lowest concentration (10 mM) reached

a stable plateau but at the higher concentrations rose

quickly to a peak and faded within the 5 s of glycine

application. Analysis of the concentration–response rela-

tionship of the peak currents revealed an EC50 of 91 mM

(95% confidence interval [77; 108]) and a Hill coefficient

of 2.0 (95% confidence interval [1.3; 2.8]). We also

analysed the currents remaining after 5 s of agonist appli-

cation. This resulted in an EC50 of 56 mM (95% confidence

interval [31; 103]) and Hill coefficient 2.3 (95% confidence

interval [1.0; 3.6]) (Fig. 2A). These parameters were not

significantly different from those calculated from the peak

currents. The wider confidence intervals of the EC50 and

the Hill coefficient for the currents remaining after 5 s are

probably due to the lack of points on the steep part of the

corresponding concentration–response curve. The voltage

dependence of the glycine-gated current was investigated

using 100 mM glycine and clamping potentials ranging

from �64 to þ36 mV (Fig. 2B). The current–voltage

relationship showed modest outward rectification and a

reversal potential close to 0 mV, as expected with nearly

equal Cl� concentrations on each side of the cell mem-

brane. Based on the reversal potentials of the individual

cells a mean value of 1:75 � 0:3 mV was calculated.

Assuming an intracellular Cl� concentration equal to the
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Fig. 2. Pharmacological characterisation of the a1 GlyR-HEK293 cell line

in the patch-clamp set-up. The experimental procedures used are described

in Section 2. (A) Concentration–response relationship for glycine induced

peak currents (closed circles) and currents remaining after 5 s of glycine

application (open circles) at a holding potential of �64 mV. Currents were

normalised to the peak current induced by 3 mM glycine in each cell and

shown as mean � S:E:M: (n ¼ 7). Non-linear regression analysis (solid

curves) showed EC50 ¼ 91 mM (95% confidence interval [77; 108]) and Hill

coefficient ¼ 2:0 (95% confidence interval [1.3; 2.8]) for the peak currents

while for the currents remaining after 5 s of agonist application EC50 was

56 mM (95% confidence interval [31; 103]) and the Hill coefficient 2.3 (95%

confidence interval [1.0; 3.6]). (B) Current–voltage relationship for peak

membrane currents induced by 100 mM glycine. Currents were normalized

to the peak current induced at �64 mV in each cell (�100%) and shown as

mean � S:E:M: (n ¼ 6). (C) Example of the effect of 10 mM strychnine on

the current induced by 1 mM glycine. Horizontal bars above the current

traces indicate application of the two drugs. When 10 mM strychnine was co-

applied with glycine the current was reduced to 0:007 � 0:007%

(mean � S:E:M:, n ¼ 7) of the control value.
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intrapipette concentration a theoretical Cl� equilibrium

potential of �0.6 mV was calculated from the Nernst

equation. The sensitivity of glycine-gated currents to the

GlyR antagonist strychnine was investigated using 1 mM

glycine. When 10 mM strychnine was co-applied with

glycine the current was reduced to 0:007 � 0:007%

(mean � S:E:M:, n ¼ 7) of the control value (Fig. 2C).

In the FMP assay, exposure of the a1 GlyR-HEK293 cell

line to GlyR agonists gave rise to solid concentration-

dependent increases in fluorescent intensity (exemplified

by glycine in Fig. 3A). This response could be suppressed

in a concentration-dependent manner by pre-incubation of

antagonist (exemplified by strychnine in Fig. 3A). In order

to characterise the pharmacology of the a1 GlyR-HEK293

cell line in the assay in detail, the functional properties of

three agonists, six structurally diverse antagonists and

three allosteric modulators were determined in this manner

(Fig. 1).

The endogenous GlyR agonists glycine, taurine and b-

alanine displayed EC50 values in the high micromolar

range and Hill slopes between 2 and 3 (Fig. 3B and

Table 1). Since exposure of non-transfected HEK293 cells

to the three agonists in 10 mM concentrations did not give

rise to any significant fluorescent response, the agonist-

induced signal in the stable cell line was clearly mediated

by a1 GlyR (data not shown). The GlyR antagonists

strychnine, brucine, picrotoxin, PMBA, RU 5135 and

atropine all inhibited the glycine-induced response through

the receptor in a concentration-dependent manner (Fig. 3B

and Table 1). The pharmacological data for both agonists

and antagonists were highly reproducible.

The pharmacological profiles of three of the antagonists

strychnine, RU 5135 and PMBA were characterised in

greater detail. Concentration–response relationships for

the antagonists at five different glycine concentrations

and concentration–response relationships for glycine in

the absence and presence of various antagonist concentra-

tions are depicted in Fig. 4. The IC50 values for all three

antagonists increased with increasing glycine concentra-

tions, whereas their calculated Ki values were not signifi-

cantly different in the different experiments (Fig. 4, upper

panel). Furthermore, the potency of glycine at the a1 GlyR

was decreased in the presence of increasing concentrations

of the antagonists, whereas the maximal response of the

agonist was not influenced by the different antagonist

concentrations used (Fig. 4, lower panel).

Zn2þ and the neurosteroids PREG and PREGS have

been reported to be allosteric modulators of GlyR function

[11–17]. In the FMP assay, Zn2þ and PREGS inhibited a1

GlyR function with IC50 values in the mid-micromolar

range (Fig. 5A and B and Table 1). The antagonism of both

allosteric modulators appeared to be predominantly com-

petitive in nature, since the EC50 value of glycine was

increased in the presence of increasing concentrations of
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Fig. 3. Agonist and antagonist pharmacology of a1 GlyR in the FMP assay. (A) Time–response curves for the glycine-induced response in the a1 GlyR-

HEK293 cell line and the antagonism exerted by strychnine. Measurement of fluorescence (FU) was performed immediately before (seconds 0–3) and after

(seconds 8–42) addition of glycine to the wells and mixture of the final solution. (B) Concentration–response curves of agonists and antagonists at the a1

GlyR-HEK293 cell line. The experimental procedures are described in Section 2. In the antagonist experiments, 100 mM glycine was used as agonist. The

graphs in (A) and (B) are based on individual experiments.
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Zn2þ or PREGS (Fig. 5A and B, lower panel). In contrast,

PREG in concentrations up to 100 mM had no significant

effect on a1 GlyR signalling (Fig. 5C). In the experiments

in Fig. 5, the allosteric modulators were applied to a1 GlyR

30 min prior to glycine exposure. However, when Zn2þ,

PREGS or PREG were co-applied with glycine, their

pharmacological profiles were not significantly different

from those depicted in Fig. 5 (data not shown).

4. Discussion

In recent years fluorescence-based HTS assays have

been applied extensively in the search for small molecule

modulators of membrane-bound effector proteins such as

voltage-gated ion channels, G-protein coupled receptors

and the ligand-gated ion channels for glutamate, GABA

and ACh [18–22]. This study represents the first pharma-

cological characterisation of a glycine receptor in one of

these assays.

It is important to realise the differences underlying the

pharmacological characteristics of the a1 GlyR determined

in the patch-clamp assay and in the FMP assay. In the

voltage-clamp experiment the membrane potential of the

a1-HEK293 cell is clamped at a fixed value (Fig. 2). The

increase in current measured during application of an

agonist, which opens Cl� channels, is therefore directly

proportional to the number of open channels, assuming a

homogeneous population of Cl� channels with equal con-

ductance. In the FMP assay, however, the change in

membrane potential is not a linear function of the number

of Cl� channels opened by an agonist. Rather, as predicted

by the Goldman equation, when the number of open

channels increases, the membrane potential approaches

asymptotically the equilibrium potential of Cl� [23].

The change in membrane potential per channel opened

is largest for the first channels and approaches zero as more

and more channels open. Thus, when using membrane

potential as response parameter, the relationship between

agonist concentration and response will be distorted and, in

Table 1

Pharmacological characteristics of the a1 GlyR-HEK293 cell line in the FMP assay

Compound FMP assay Electrophysiology (Xenopus oocytes or HEK293 cells)

EC50 (mM) (pEC50 � S.E.M.) nH n EC50 (mM) nH

Agonists

Glycine 82 (4.08 � 0.07) 2.6 � 0.23 8 25a, 25–280b, 158c, 25d, 290e, 18f, 18h 1.7a, 1.7-3b, 1.8d, 1.7h

Taurine 490 (3.31 � 0.12) 2.7 � 0.12 3 178a, 167–3400b, 153f, 920g 2.5a, 1.2-3b, 1.7g

b-Alanine 180 (3.75 � 0.08) 3.0 � 0.27 5 48a, 52f 2.2a

Ki (mM) (pKi � S.E.M.) Ki (mM)

Antagonists

Strychnine 0.11 (6.96 � 0.09) 7 0.029a, 0.016e

Brucine 1.01 (5.99 � 0.06) 4 –

Picrotoxin 4.2 (5.38 � 0.13) 4 3.1 (IC50 @ 30 mM glycine)d

25 (IC50 @ EC50 glycine)h

PMBA 3.5 (5.46 � 0.05) 5 0.406 (IC50 @ EC50 glycine)i

RU 5135 0.021 (7.68 � 0.11) 5 –

Atropine 220 (3.66 � 0.11) 3 161j

IC50 (mM) (pIC50 � S.E.M.) EC50/IC50 (mM)

Allosteric modulators

Zn2þ 23 (4.63 � 0.07) 5 Potentiation/inhibition (EC50 0.85/IC50 22)k

Potentiation/inhibition (EC50 0.08/IC50 546)l

PREGS 14 (4.85 � 0.09) 5 Inhibition (IC50 1.9)c

PREG N.E. 3 Potentiation (EC50 1.4)c

The experimental procedures used are described in Section 2. The IC50 values for the allosteric modulators were determined in the presence of 100 mM

glycine. The pharmacological properties from selected studies of human a1 GlyR expressed in Xenopus oocytes or HEK293 cells and assayed by

conventional electrophysiology are given for comparison. N.E., no effect.
a The electrophysiology data is from reference [25].
b The electrophysiology data is from reference [27].
c The electrophysiology data is from reference [11].
d The electrophysiology data is from reference [14].
e The electrophysiology data is from reference [26].
f The electrophysiology data is from reference [28].
g The electrophysiology data is from reference [16].
h The electrophysiology data is from reference [29].
i The electrophysiology data is from reference [31].
j The electrophysiology data is from reference [39].
k The electrophysiology data is from reference [15].
l The electrophysiology data is from reference [17].
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concentration–response relationships for glycine in the absence and in the presence of five different antagonist concentrations are depicted. The experimental procedures are described in Section 2.
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particular, the efficacies of partial agonists may be over-

estimated. Another potential source of discrepancy

between results from the patch-clamp experiments and

the membrane potential assay is the different timing of

the response measurements. In the patch-clamp experi-

ments, we have measured the peak responses, which are

minimally influenced by desensitisation, and also the

currents remaining after 5 s of agonist application, which

are considerably but not fully desensitised (Fig. 2C). If

agonist application was prolonged in order to reach steady-

state desensitisation it would take several minutes before

the receptors had recovered from desensitisation and the

agonist could be applied again, which is not compatible

with the limited duration of most whole-cell recordings.

In the membrane potential assay responses are measured

later when a steady state has been reached and they are

therefore more influenced by receptor desensitisation.

Nevertheless, in the present study the EC50 values and

Hill coefficients for glycine are in good agreement for the

two methods (Fig. 2A and Table 1).

The observation that application of GlyR agonists to the

a1-HEK293 cell line in the FMP assay gave rise to an

increase in fluorescent intensity might seem surprising.

According to the manufacturer of the FMP assay kit

(Molecular Devices), an increase in the intensity of the

fluorescence signal in this assay should reflect cell depo-

larisation, and this correlation has been demonstrated in

studies of nAChRs in the FMP assay [21,22]. The extra-

cellular Cl� concentration used in this assay (�150 mM) is

similar to that in the patch-clamp assay. In a membrane

potential assay, the change in membrane potential resulting

from agonist-induced opening of Cl� channels depends on

the resting membrane potential as well as on the equili-

brium potential of Cl�, the latter being a function of the

intracellular and extracellular Cl� concentrations. In many

mammalian cells, the Cl� equilibrium is similar to or more

negative than the resting membrane potential, and opening

of Cl� consequently leads to hyperpolarisation. However,

in certain cell types, including some embryonic cells,

opening of Cl� channels results in depolarisation, most

likely due to a relatively high intracellular Cl� concentra-

tion [24]. In any case, considering that the a1 GlyR cell line

displayed electrophysiological properties expected for a

chloride channel and that the pharmacological character-

istics for a wide range of structural diverse GlyR ligands in

the FMP assay were in excellent agreement with previous

studies of recombinant a1 GlyRs and native GlyRs, there is

no doubt that the observed increase in fluorescent intensity

upon agonist-exposure is a a1 GlyR-mediated event.

In the FMP assay, glycine exhibited an EC50 of 82 mM at

a1 GlyR, with b-alanine and taurine displaying two- and

sixfold lower potencies, respectively. The potencies and

the rank order of the three agonists were in good agreement

with electrophysiology studies of the human a1 GlyR

expressed in mammalian cell lines or in Xenopus oocytes

(Table 1) [25–28]. In the FMP assay the maximal responses

of taurine and b-alanine were not significantly different

from that of glycine (Fig. 3B). Although the efficacy of

taurine at a1 GlyR has varied considerably in previous

studies using mammalian cells or Xenopus oocytes, it is

normally considered to be a partial agonist at the receptor

[15,16,25,27,28]. In a recent study, we have found the FMP

assay to be unable to discriminate between full and partial

agonists at a a3b4 nAChR-HEK293 cell line, so it is valid

to question whether the assay would be able to do so with

the a1 GlyR [21]. An explanation for this inability could be

the above-mentioned non-linear relationship between

receptor activation and change in membrane potential.

In a study of various nAChR subtypes in the FMP assay,

the Ki values for antagonists were found to be significantly

higher than in conventional electrophysiology or patch-

clamp systems [22]. However, this does not seem to be

the case for the a1 GlyR-HEK293 cell line (Table 1).

The antagonist potencies and the rank order of the six

antagonists characterised at the cell line (RU 5135 >
strychnine > brucine > PMBA ¼ picrotoxin > atropine)

were in good agreement with the findings from previous

studies of the compounds on recombinant a1 or native a1b
GlyRs. The classic antagonists picrotoxin and strychnine

exhibited Ki values similar to and slightly (fivefold) higher,

respectively, than those obtained in electrophysiological

studies (Table 1) [25,26,29,30]. PMBA was 10-fold weaker

as an antagonist in this study than in an electrophysiology

study of a1 GlyR expressed in Xenopus oocytes (Table 1)

[31]. On the other hand, PMBA has also been reported to

inhibit native GlyRs with a potency in the midmicromolar

range [32]. To our knowledge the strychnine analogue

brucine and the steroid derivative RU 5135 have not

previously been characterised at recombinant GlyRs. How-

ever, the functional antagonism displayed by the two

compounds at the a1 GlyR-HEK293 cell line correlated

nicely with binding data. RU 5135 has displayed low

nanomolar binding affinities at native rat GlyRs, and the

steroid derivative has been estimated to be 10- to 15-fold

more potent than strychnine [33–35]. Brucine, on the other

hand, has displayed 15- to 20-fold lower binding affinities

than strychnine to native rat and pigeon GlyRs [36,37]. In

the FMP assay, RU 5135 and brucine displayed fivefold

higher and ninefold lower antagonistic potency than

strychnine, respectively (Table 1). In agreement with pre-

vious studies, atropine was found to be a weak antagonist

of a1 GlyR (Table 1) [38,39].

Taking advantage of the prolific nature of the FMP assay,

we characterised the antagonism of strychnine, PMBA and

RU 5135 in some detail (Fig. 4). It is well-documented that

the binding site of strychnine in the GlyR overlaps the

agonist binding site [2,3], and PMBA and RU 5135 have

also been shown to displace [3H]strychnine binding and

inhibit glycine-induced responses through native GlyRs in

a competitively manner [32,33,35]. The Ki values deter-

mined for the three compounds at five different glycine

concentrations in the FMP assay were very similar,
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although the antagonistic potencies of strychnine and

PMBA seemed to decrease slightly with higher agonist

concentrations (Fig. 4). Furthermore, the potency of gly-

cine decreased with increasing concentrations of antago-

nists, whereas the maximal responses exhibited by the

agonist were unchanged. All in all, the three compounds

must be said to display antagonistic profiles in the FMP

assay characterised by a predominant competitive compo-

nent (Fig. 4).

The GlyRs are subjected to allosteric modulation by a

wide range of structurally diverse ligands [2,3]. Zn2þ has

been demonstrated to potentiate GlyR function at concen-

trations below 10 mM, whereas the metal ion inhibits the

receptor at concentrations between 10 and 1000 mM [13–

17]. The potentiation and inhibition by zinc are mediated

through multiple distinct binding sites in the N-terminal

domain of a1 GlyR [14–16]. Zn2þ binding to the site

responsible for the potentiation has been proposed to cause

a decreased dissociation rate of the agonist from the

receptor and Zn2þ binding to the inhibitory site to impair

the gating of the GlyR channel [16]. The presence of

10 mM Zn2þ has also been demonstrated to increase the

potency and the maximal response of taurine at a1 GlyR,

converting it from a partial agonist to a full agonist,

whereas the metal ion inhibited the taurine signal at higher

concentrations [16]. In the FMP assay, Zn2þ inhibited the

a1 GlyR signalling elicited by 100 mM glycine with an

IC50 of 23 mM (Fig. 5A and Table 1). In contrast, we did not

observe any significant potentiation of the receptor signal-

ling at lower concentrations of the metal ion (Fig. 5A).

Furthermore, neither EC50 nor the maximal response of

taurine was increased in the presence of Zn2þ but the metal

ion inhibited the a1 GlyR response elicited by 700 mM

taurine in a concentration-dependent manner with an IC50

of 89 mM (data not shown).

PREG and its 3b-sulphate derivative PREGS are other

allosteric GlyR modulators with distinct effects at different

subtypes. PREG has been shown to potentiate a1 GlyR

function, having no effect on the signalling of a2 and a1b
GlyRs [11,12]. In contrast, PREGS inhibits signalling

through all three GlyR subtypes [11]. In the FMP assay,

a1 GlyR signalling was inhibited by midmicromolar con-

centration of PREGS, whereas no potentiation of receptor

function was observed in the presence of PREG (Fig. 5B

and C). The fact that neither potentiation of a1 GlyR by

Zn2þ or PREG could be reproduced in the FMP assay could

suggest that this assay is unable to detect allosteric poten-

tiation of the receptor. Another explanation could be

differences in the kinetics of the potentiation and inhibition

processes. Schofield and co-workers have demonstrated

that Zn2þ potentiation of a1 GlyR is characterised by a

rapid onset and recovery, whereas the processes underlying

the inhibition mediated by the metal ion are considerably

slower [15]. Considering that no fluorescence recordings

are being performed in the time frame from agonist addi-

tion to the end of assay solution mixture, a time period of

5.8 s (see Fig. 3A), the potentiation of a1 GlyR exerted by

Zn2þ, and possibly also PREG, may not be detected in the

FMP assay.

In conclusion, we have implemented a HTS assay

suitable for the characterisation of GlyRs. While the assay

is not suited for sophisticated and mechanistic studies of

GlyR pharmacology and kinetics, the high reproducibility

and the prolific nature of the assay allow for elaborate

studies of GlyR pharmacology. Furthermore, the assay

should accommodate pharmacological characterisation

of GlyR combinations other than the a1 GlyR. In pre-

liminary studies, a stable HEK293 cell line expressing the

human heteromeric a1b GlyR has been found to be func-

tional in the assay (data not shown). Finally, the ability to

screen diverse compound libraries will be very useful in the

search for structurally novel compounds targeted at various

GlyR subtypes.
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