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a b s t r a c t

Glycine receptors (GlyRs) mediate inhibitory neurotransmission in spinal cord motor and pain

sensory neurons. Recent studies demonstrated apparently contradictory (potentiating versus

inhibitory) effects of the endocannabinoid anandamide on these receptors. The present study

characterised the effects of cannabinoid agonists on a1, a1b, a2 and a3 GlyRs recombinantly

expressed in HEK293 cells with the aims of reconciling effects of cannabinoids on these

receptor subtypes and to establish the potential of different GlyR isoforms as novel physio-

logical or analgesic targets for cannabinoids. The compounds investigated were anandamide,

HU-210, HU-308, WIN55,212-2 and the endogenous non-cannabinoid, N-arachidonyl-glycine.

The latter compound waschosendue to the structural similarity with anandamide and known

analgesic actions in the spinal cord. Recombinant a1 and a1b GlyRs were potentiated by

anandamide and HU-210 at submicromolar concentrations, whereas WIN55,212-2 had no

effect and HU-308 produced only weak inhibition. By contrast, N-arachidonyl-glycine exerted

complex effects including both potentiation and inhibition. Anandamide had no effect at a2 or

a3 GlyRs although the other cannabinoids produced potent inhibition. On a2 GlyRs, the

inhibitory potency sequence was HU-210 = WIN55,212-2 > HU-308 > N-arachidonyl-glycine

but on a3 GlyRs it was HU-210 = WIN55212 = HU-308> N-arachidonyl-glycine. These results

suggest that a1, a2 and a3 containing GlyRs exhibit distinct pharmacological profiles for

cannabinoids. We conclude that cannabinoid agonists may be useful as pharmacological tools

for selectively inhibiting a2 and a3 GlyRs. Our results also establish GlyRs as potential novel

targets for endogenous and exogenous cannabinoids.

# 2008 Elsevier Inc. All rights reserved.

avai lable at www.sc iencedi rec t .com
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1. Introduction

Pharmacological and gene knockout experiments have shown

that the analgesic effects of cannabinoids are mediated
* Corresponding author. Tel.: +61 7 3365 3157; fax: +61 7 3365 1766.
E-mail address: j.lynch@uq.edu.au (J.W. Lynch).

Abbreviations: AEA, anandamide; GABAAR, g-aminobutyric acid ty
hannel; IPSC, inhibitory postsynaptic current; NA-Gly, N-arachidony
HC, D9-tetrahydrocannabinol; WT, wild type.
006-2952/$ – see front matter # 2008 Elsevier Inc. All rights reserved
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primarily through CB1 and CB2 G protein-coupled receptors

[1,2]. However, cannabinoids also produce actions that are not

mediated by these receptors [3]. Because cannabinoid agonists

exert effects on a wide variety of membrane proteins at
pe-A receptor chloride channel; GlyR, glycine receptor chloride
l-glycine; nAChR, nicotinic acetylcholine receptor cation channel;

.
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physiologically relevant concentrations, there are many

potential candidate receptors for these actions [4].

Potent direct potentiating effects of the cannabinoids

anandamide (AEA) and D9-tetrahydrocannabinol (THC) have

recently been identified at the glycine receptor (GlyR) chloride

channel [5]. Because GlyRs mediate inhibitory neurotransmis-

sion onto nociceptive sensory neurons in peripheral laminae

of the spinal cord dorsal horn [6–10], agents that specifically

potentiate glycinergic inhibitory postsynaptic currents (IPSCs)

should dampen the transmission of nociceptive impulses to

the brain and thereby exert analgesic activity. It is thus

feasible that GlyRs could mediate some of the analgesic effects

of cannabinoids in the spinal cord.

AEA is closely related in structure to N-arachidonyl-glycine

(NA-Gly), with the two molecules differing only by an OH

group. NA-Gly is also found endogenously in the nervous

system where it is distributed at highest levels in the spinal

cord [11,12]. Spinal administration of NA-Gly also produces

analgesia via an unknown mechanism [12–14]. Whereas AEA

potently activates both CB1 and CB2 receptors, NA-Gly has no

effects on either receptor [15].

GlyRs are members of the Cys-loop ligand-gated ion

channel superfamily and can be formed either as pentameric

homomers of a1, a2 or a3 subunits or as ab subunit

heteromers [16].

Several recent publications have investigated the effects of

cannabinoids on GlyRs [5,17,18]. One study showed that the

endocannabinoid agonists AEA and 2-arachidonylglycerol

inhibited glycine-gated currents in isolated hippocampal

and cerebellar neurons [17]. Since the effect was not abolished

by CB1 receptor antagonists or G protein inhibitors, a direct

interaction between endocannabinoids and GlyRs was pro-

posed. In apparent contradiction, AEA and THC increased the

amplitude of subsaturating glycine-induced currents in

Xenopus oocytes expressing homomeric a1 or heteromeric

a1b GlyRs [5], with similar effects being observed in native

GlyRs in rat ventral tegmental area neurons. This study also

showed that GlyR modulation occurred independently of the

CB1 receptor. The third study identified no direct effect of the

synthetic cannabinoid agonist, WIN55,212-2, on glycinergic

IPSCs in hypoglossal motor neurons [18]. The inconsistency

between these reports is possibly the result of the lower

glycine concentrations used in the study reporting potentia-

tion. Alternatively, it may have resulted from differences in

GlyR subunit composition.

The present study systematically investigated the phar-

macological profiles of several cannabinoids on recombi-

nantly expressed a1, a1b, a2 and a3 GlyRs with the aims of

reconciling the apparently contradictory results obtained to

date, and to establish the potential of different GlyR isoforms

as possible non-CB receptor analgesic targets for cannabi-

noids. At each of the four GlyR isoforms, we compared the

actions of the following five compounds: AEA which is a non-

specific agonist of CB1 and CB2 receptors [19], HU-308 which is

highly specific for CB2 over CB1 receptors [20], HU-210 which is

a highly potent CB1 and CB2 receptor agonist [19,21],

WIN55,212-2 which is selective for CB2 over CB1 receptors

[19,21] and NA-Gly which exhibits no activity at either CB1 or

CB2 receptors, but is structurally related to AEA and exerts

potent analgesic effects in the spinal cord. The synthetic
cannabinoid compounds used in this study belong to three

different structural classes: HU-210 is a classical cannabinoid,

HU-308 is a non-classical bicyclic cannabinoid, and

WIN55,212-2 belongs to the aminoalkylindoles which bear

no obvious structural similarities to either classical or non-

classical cannabinoids.
2. Materials and methods

2.1. Mutagenesis and expression of GlyR cDNAs

The human GlyR a1 subunit cDNA was cloned into the pCIS2

plasmid vector. The human a2 and rat a3L subunits were

cloned into the pcDNA3.1 plasmid vector (Invitrogen, Carls-

bad, CA). The human b subunit was cloned into the pIRES2-

EGFP plasmid vector (Clontech, Mountain View, CA). HEK293

cells, cultured in Dulbecco’s Modified Eagles Medium, were

transfected using a calcium phosphate precipitation protocol.

When co-transfecting plasmids encoding the GlyR a and b

subunits, cDNAs were combined in a ratio of 1:20. After

exposure to transfection solution for 24 h, cells were washed

twice in calcium-free phosphate buffered saline and used for

recording over the following 24–72 h.

2.2. Electrophysiology

Cells were visualised using an inverted fluorescent micro-

scope and currents were measured by whole cell patch-clamp

recording. Cells were perfused by a control solution that

contained (in mM): 140 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES,

10 glucose, with the pH adjusted to 7.4 with NaOH. Patch

pipettes were fabricated from borosilicate hematocrit tubing

(Vitrex, Modulohm, Denmark) and heat polished. Pipettes had

a tip resistance of 1–2 MV when filled with the standard

pipette solution which contained (in mM): 145 CsCl, 2 CaCl2, 2

MgCl2, 10 HEPES, 10 EGTA, with the pH adjusted to 7.4 with

NaOH. After establishment of the whole cell configuration,

cells were voltage-clamped at �40 mV and membrane

currents were recorded using an Axon Instruments Multi-

Clamp 700B amplifier and pClamp9 software (Molecular

Devices, Union City, CA). The cells were perfused by a parallel

array of microtubular barrels through which solutions were

gravity-induced. All experiments were conducted at room

temperature (19–22 8C).

Because a subunits can form functional GlyRs, it was

necessary to confirm the incorporation of b subunits into

functional ab heteromers. As the GlyR b subunit cDNA was

cloned into the pIRES2-EGFP plasmid vector, we used EGFP

fluorescence to identify cells expressing the GlyR b subunit.

The successful incorporation of b subunits into functional

heteromeric GlyRs was inferred by their characteristic

insensitivity to 5 mM picrotoxin [22]. Picrotoxin (PTX), from

Sigma (St Louis, MO), was dissolved in DMSO at a concentra-

tion of 100 mM.

HU-210 and HU-308 (both gifts from Pharmos Ltd., Rehovot,

Israel) were dissolved in ethanol at a concentration of 100 mM.

WIN55,212-2 (Biomol, Plymouth Meeting, PA, USA) was

dissolved in DMSO at a concentration of 50 mM. NA-Gly and

AEA (both from Cayman Chemical, Ann Arbor, MI, USA) were
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dissolved in DMSO at a concentration of 100 mM. Stock

solutions were kept frozen for up to 2 weeks in small aliquots.

Once thawed, aliquots were used or discarded. Substances

were applied to cells within 2 h of being dissolved into room

temperature bathing solution at their final concentration. The

different solvents were employed in line with supplier’s

instructions. Solvent application alone had no effect at the

concentrations used here. The molecular weights of the

compounds used in this study were as follows: HU-210,

386.6 g; HU-308, 414.6 g; WIN55,212-2, 522.6 g; AEA, 347.5 g;

NA-Gly, 361.5 g.

2.3. Data analysis

Results are expressed as mean � S.E.M. of three or more

independent experiments. The Hill equation was used to

calculate the half-maximal concentration (EC50) and Hill

coefficient (nH) values for activation. A similar equation was

also used to calculate the half maximal concentrations for
Fig. 1 – Effects of cannabinoids on a1 GlyRs. (A) Examples of th

WIN55,212-2 on currents activated by EC10 (10–15 mM) glycine.

applications are indicated by unfilled and filled bars, respective

HU-210 are shown together with curves of best fit to the Hill eq

responses are presented in Table 1. (C) Examples of the effects

and AEA on currents activated by EC80 (100 mM) glycine. The fir

Averaged effects on current magnitude of 30 mM concentrations

A 30 mM concentration of each compound corresponds to the fo

0.0124 g lS1; WIN55,212-2: 0.0157 g lS1; AEA: 0.0104 g lS1; NA-Gl

significantly reduced in magnitude at the higher glycine concen

produced a statistically significant potentiation at EC80 glycine.

affected by the increased glycine concentration.
inhibition (IC50) and nH values for inhibition. All curves were

fitted using a non-linear least squares algorithm (Sigmaplot

9.0, Jandel Scientific). Statistical significance was determined

by unpaired Student’s t-test with p < 0.05 representing

significance.
3. Results

3.1. Effects on a1 GlyRs

Because glycine concentrations >EC30 have previously been

shown to dramatically reduce the sensitivity of GlyRs to AEA

[5], all drug dose–response relationships were measured at the

EC10 glycine concentration. The EC10 concentrations, deter-

mined empirically for each cell, were in the range of 10–15, 50–

70, and 100–150 mM for a1, a2 and a3 GlyRs, respectively.

Examples of the effects of increasing concentrations of AEA,

HU-308 and WIN55,212-2 on the amplitude of EC10 glycine
e effects of indicated concentrations of AEA, HU-308 and

In this and subsequent figures, glycine and cannabinoid

ly. (B) Averaged potentiating dose–responses for AEA and

uation. Averaged parameters of best fit to individual dose–

of 30 mM concentrations of HU-210, HU-308, WIN55,212-2

st three traces were recorded from the same cell. (D)

of each compound at EC10 and EC80 glycine concentrations.

llowing quantities in g lS1: HU-210: 0.0116 g lS1; HU-308:

y: 0.0108 g lS1. Potentiation by HU-210 and AEA was

tration (***p < 0.001 using unpaired t-test). Only HU-210

The inhibitory potency of HU-308 was not significantly



Table 1 – Cannabinoid sensitivity of recombinantly expressed GlyRs

Compound a1 a2 a3

EC50 (mM) nH IC50 (mM) nH IC50 (mM) nH

AEA 0.038 � 0.011* 1.2 � 0.1 (4) No effect No effect

HU-210 0.27 � 0.05 1.1 � 0.1 (5) 0.090 � 0.021 0.8 � .03 (5) 0.050 � 0.006 0.8 � 0.1 (4)

HU-308 Weak inhibition 1.13 � 0.30** 1.1 � 0.2 (5) 0.097 � 0.017 0.8 � 0.1 (3)

WIN55,212-2 No effect 0.22 � 0.05* 0.9 � 0.1 (4) 0.086 � 0.026 1.2 � 0.3 (5)

NA-Gly Complex effects – see text 3.03 � 0.09** 1.4 � 0.4 (4) 1.32 � 0.10*** 1.0 � 0.1 (5)

n values for each experiment are given in brackets.
* p < 0.05.
** p < 0.01.
*** p < 0.001 relative to HU-210 using unpaired Student’s t-test.
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currents mediated by a1 GlyRs are shown in Fig. 1A. AEA and

HU-210 both produced a concentration-dependent potentia-

tion. The averaged dose–response relationships for both

compounds are shown in Fig. 1B with the mean EC50 and nH

values of best fit summarised in Table 1. By contrast, 30 mM HU-

308 inhibited EC10 a1 GlyR currents to 78� 4% (n = 4) of the

originalvalue (e.g., Fig. 1A). Fig. 1A alsodemonstrates that30 mM

WIN55,212-2 had no significant effect on current magnitude

(+4 � 4%, n = 8 cells), although in some cells a slow irreversible

run-up in EC10 glycine current magnitude was apparent after

prolonged WIN55,212-2 application. NA-Gly elicited complex

effects which are described separately below.

The glycine-dependence of the cannabinoid effects was

investigated by applying 30 mM of each cannabinoid at an EC80

(100 mM) glycine concentration. Examples of the effects of each

compound are shown in Fig. 1C with averaged responses

shown in Fig. 1D. For comparison, this panel also shows

averaged effects of 30 mM of the same compounds at an EC10

glycine concentration. As previously shown [5], AEA had no

significant effect at EC80 glycine. The efficacies of HU-308 and

WIN55,212-2 were independent of glycine concentration,

whereas the potentiating effect of HU-210 was significantly

reduced at higher glycine concentrations (Fig. 1D). This is to be

expected given that potentiating agents usually cannot

increase current magnitude beyond the saturating glycine-

activated amplitude.

AEA also produced a potent potentiation of heteromeric

a1b GlyR currents activated by EC10 (10 mM) glycine, with a

mean EC50 of 75 � 20 nM an nH of 1.4 � 0.2 and a maximum

potentiation magnitude of 128 � 33% (n = 4 cells). Using an

unpaired t-test, none of these parameters differed signifi-

cantly from those seen at homomeric a1 GlyRs. This agrees

with a previous study that suggested that the b subunit

exerted no influence on AEA sensitivity or efficacy [5]. Effects

of HU-210, HU-308 and WIN55,212-2 were tested at 30 mM

concentrations only on EC10 currents in a1b heteromeric

GlyRs. HU-210 potentiated currents by 78 � 5% (n = 3), HU-308

modestly inhibited currents to 69 � 8% (n = 3), whereas

WIN55,212-2 had no effect in each of five cells. Using an

unpaired t-test, none of these values differed significantly

from their respective values at homomeric a1 GlyRs. Thus, the

GlyR b subunit appears to have no influence on sensitivity to

synthetic cannabinoids.

The effects of NA-Gly were complex. As shown in the

example in Fig. 2A, 10 mM NA-Gly potently potentiated EC10

glycine currents in a rapidly reversible manner. The averaged
NA-Gly dose–response was bell-shaped, reaching a maximum

near 10 mM (Fig. 2B), although it was not possible to test

concentrations greater than 30 mM due to solubility limita-

tions. During the course of these experiments we noticed that

potentiation magnitude progressively declined with succes-

sive 30 mM NA-Gly applications. This effect was quantified

using continuous recordings as shown in Fig. 2C, where 10 s

applications of 30 mM NA-Gly were applied at 20 s intervals in

the presence of EC10 glycine. In addition to the potentiation

observed at the onset of NA-Gly application (which we refer to

as ‘initial potentiation’), a sustained rebound potentiation was

also observed immediately following the termination of the

NA-Gly application (Fig. 2C). Interestingly, although the initial

potentiation declined in magnitude to the extent that it

virtually disappeared after four successive NA-Gly applica-

tions, the rebound potentiation magnitude remained almost

unchanged. Results from five similar experiments, pooled in

Fig. 2D, confirm these trends. Once lost, the initial potentiation

did not reappear following a 5 min washout in 10 cells. This

unusual effect most likely explains the bell shaped decline in

the NA-Gly dose–response curve.

After several 30 mM NA-Gly applications had been applied to

abolish the initial potentiation, it was possible to quantitate the

NA-Gly inhibitory dose–response in the absence of contamina-

tion by potentiation. The inhibitory NA-Gly dose–responses

thus determined were compared at EC10 and EC80 glycine

concentrations, with averaged results presented in Fig. 2E. The

mean IC50 and nH values for both experiments, summarised in

the legend to Fig. 2E, indicate that NA-Gly inhibitory potency

significantly increased with glycine concentration.

3.2. Effects on a2 GlyRs

In contrast to their effects on the a1 GlyR, all three synthetic

cannabinoids potently inhibited a2 GlyRs. Sample current

recordings are shown in Fig. 3A, with averaged dose–

responses for HU-210, HU-308 and WIN55,212-2 presented in

Fig. 3B. Parameters of best fit to individual inhibitory dose–

response curves, summarised in Table 1, reveal a potency

sequence of HU-210 = WIN55,212-2 > HU-308. In contrast to

the dramatic potentiation of a1 GlyRs, AEA had no significant

effect on a2 GlyRs at concentrations up to 30 mM (n = 5 cells,

Fig. 3A). NA-Gly also produced a dose-dependent inhibition at

EC10 glycine concentrations, although a rebound potentiation

was observed upon removal of high NA-Gly concentrations

(e.g., Fig. 3A). This potentiation did not run down with



Fig. 2 – Effects of NA-Gly on a1 GlyRs. (A) Example of the potentiating effect of 10 mM (or 3.6 mg lS1) NA-Gly on EC10 glycine

current (left panel). Note the rapid reversibility. The right panel displays the mean potentiating NA-Gly dose–response in

the presence of EC10 glycine, with each point averaged from 4–6 cells. (B) A sample recording showing that repeated 5 s

applications of 30 mM (or 10.8 mg lS1) NA-Gly every 20 s produce a progressive rundown in the initial potentiation

magnitude of EC10 glycine currents, to uncover a sustained inhibitory effect. It also shows a rebound potentiation upon

removal of NA-Gly which exhibits little rundown with repeated NA-Gly application. The displayed trace is a continuous

recording and dashed lines are included to facilitate comparison of current magnitudes. Filled and unfilled circles indicate

the time points at which initial and rebound potentiation magnitudes, respectively, were plotted in part (D). (D) Averaged

magnitudes of initial potentiation and rebound potentiation plotted as a function of NA-Gly application number (with NA-

Gly applied for 5 s every 20 s). All points were averaged from the same five cells. The initial potentiation magnitude reduced

drastically with successive exposures to NA-Gly but rebound potentiation magnitude displays a slight downward trend

that is not statistically significant. (E) Averaged NA-Gly inhibitory dose–responses at EC10 and EC80 glycine concentrations

are plotted as unfilled and filled circles, respectively. The dose–response at EC80 glycine revealed a mean IC50 of

2.4 W 0.7 mM (or 0.86 mg lS1) and an nH of 0.8 W 0.03 (both n = 5 cells). The inhibitory dose–responses for NA-Gly at EC10

glycine (which were recorded following the elimination of initial potentiation by repeated 30 mM NA-Gly applications)

revealed a mean IC50 of 24.1 W 6.2 mM (or 8.6 mg lS1) and an nH of 1.1 W 0.1 (n = 3 cells). The difference in IC50 values was

highly significant ( p < 0.005) using an unpaired t-test.
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successive exposures to NA-Gly (not shown). Fig. 3B shows

averaged dose–responses for both the inhibitory and rebound

potentiating effects of NA-Gly, both averaged from the same

four cells. Parameters of best fit to individual inhibitory dose–

response curves are shown in Table 1. As the potentiating

effect did not saturate, it was not possible to fit a Hill curve.
The effects of 30 mM HU-210, HU-308, WIN55,212-2 and NA-

Gly were also investigated at an EC80 (500 mM) glycine

concentration. Examples of the effects of each compound

are shown in Fig. 3C with the averaged responses recorded at

both EC10 and EC80 glycine concentrations compared in Fig. 3D.

The inhibitory effects of HU-210, HU-308 and WIN55,212-2



Fig. 3 – Effects of cannabinoids and NA-Gly on a2 GlyRs. (A) Examples of the effects of indicated compounds on currents

activated by EC10 glycine. AEA has no effect even at a 30 mM concentration. HU-210, WIN55,212-2 and NA-Gly each produce

a dose-dependent inhibition. Note the large rebound potentiation upon removal of 10 mM NA-Gly. (B) Averaged inhibitory

dose–responses for NA-Gly, HU-210, HU-308 and WIN55,212-2. Parameters of best fit to individual dose–response curves

are summarised in Table 1. The NA-Gly inhibitory and rebound potentiation dose–responses are both plotted as filled

circles. (C) Effects of IC50 concentrations of each compound in the presence of an EC80 (500 mM) glycine concentration. (D)

Averaged results of the experiments displayed in C (n = 4 for each compound). The inhibitory potencies of HU-210, HU-308

and WIN55,212-2 were significantly (***p < 0.001) reduced at the higher glycine concentration whereas inhibition by NA-Gly

was not.
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were effectively abolished at the higher glycine concentration

(Fig. 3D), implying a competitive mode of action. Inhibition by

NA-Gly was, however, independent of glycine concentration.

3.3. Effects on a3 GlyRs

Sample traces and averaged dose–responses of the five test

compounds on EC10 glycine currents in the a3 GlyR are

shown in Fig. 4A and B. Parameters of best fit to the

individual inhibitory dose–response relationships, sum-

marised in Table 1, reveal a potency sequence of HU-

210 = WIN55212 = HU-308 > NA-Gly. Again, AEA had no

effect at concentrations up to 30 mM (n = 5 cells, Fig. 4A).

The effects of 30 mM HU-210, HU-308, WIN55,212-2 and NA-

Gly were also investigated at an EC80 (500 mM) glycine

concentration. Examples of the effects of each compound

are shown in Fig. 4C with averaged responses at both EC10

and EC80 glycine concentrations compared in Fig. 4D. As for

a2 GlyRs, the higher glycine concentration dramatically
reduced the potency of HU-210, HU-308 and WIN55,212-2

but had no effect on the potency of NA-Gly.
4. Discussion

4.1. GlyRs exhibit novel cannabinoid pharmacological
profiles

This study has demonstrated that a1, a2 and a3 GlyRs have

distinct cannabinoid pharmacological profiles. However, the

profiles of a1 and a1b GlyRs were similar, strongly suggesting

that the b subunit has minimal impact on cannabinoid

pharmacology. The a1 GlyR exhibited a potentiating potency

sequence of AEA > HU-210 which is the reverse of that seen at

both CB1 and CB2 receptors [23]. By contrast, the a2 GlyR

exhibited an inhibitory potency sequence of HU-

210 > WIN > HU308� AEA. Although similar to the CB2

receptor potency sequence [19–21], HU-210 is more than two



Fig. 4 – Effects of cannabinoids and NA-Gly on a3 GlyRs. (A) Examples of the effects of indicated compounds currents

activated by EC10 glycine in a3 GlyRs. AEA has no effect at a 30 mM concentration and HU-308, WIN55,212-2 and NA-Gly

produce dose-dependent inhibition. (B) Averaged inhibitory dose–responses for NA-Gly, HU-210, HU-308 and WIN55,212-2.

Parameters of best fit to individual dose–response curves are summarised in Table 1. (C) Examples the effects of IC50

concentrations of HU-210, HU-308, WIN55,212-2 and NA-Gly on EC80 (500 mM) GlyR currents. (D) Averaged results of the

experiments displayed in part (C) (n = 4 for each compound). As with a2 GlyRs, inhibition by HU-210, HU-308 and

WIN55,212-2 were significantly (***p < 0.001) reduced at the higher glycine concentration whereas inhibition by NA-Gly was

not.
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orders of magnitude more sensitive at the CB2 receptor, and

AEA potently activates CB2 receptors at low micromolar

concentrations whereas these concentrations are completely

ineffective at a2 GlyRs [21,23]. The a3 GlyR was found to be

equally sensitive to inhibition by HU-210, WIN55,212-2 and

HU-308, but completely insensitive to AEA. However, the

synthetic cannabinoid IC50 values at the a3 subunit were 50-

fold lower than the Ki for HU-210 at both CB1 and CB2

receptors, only 4-fold lower than the Kis of HU-308 and WIN-

55,212-2 at CB2 receptors, and similar to the affinity of WIN-

55,212-2 at the CB1 receptor [21,23]. The characteristics to the

glycine receptor subunits differ dramatically from the proper-

ties of both CB1 and CB2 receptors [23]. Thus, the cannabinoid

pharmacological profiles a1, a2 and a3 GlyRs bear little or no

resemblance to each other or to existing CB receptor subtypes.

Our results are in close agreement with [23] who also found

that AEA potentiated recombinant a1 and a1b GlyRs at sub-

micromolar concentrations. They also concur with the results

of another study demonstrating that glycinergic postsynaptic

currents in hypoglossal neurons (which are most likely

mediated by a1b GlyRs) were not directly affected by

WIN55,212-2 [18]. However, our results are at variance with
a third report showing that AEA potently blocked a glycine-

gated current in central neurons [17]. This discrepancy cannot

be explained by the subunit or glycine concentration-

dependent differences in AEA activity observed in the present

study.

The effects of NA-Gly on all tested GlyR subtypes tested

were significant at low micromolar concentrations, suggesting

that GlyRs could be among the physiological targets of this

endogenous compound [12,24]. As CB1 and CB2 receptors are

insensitive to NA-Gly [15], the current findings further

differentiate the pharmacological properties of GlyRs from

those of CB1 and CB2 receptors.

4.2. Mechanisms of action

As cannabinoid agonists and NA-Gly are lipophilic, it is

possible they may partition into the cell membrane where

they may reach high local concentrations and thereby

influence the actions of membrane proteins via a so-called

‘receptor-independent’ mechanisms [4]. Since the times

required for cannabinoids to reach equilibrium in the cell

membrane, and to deplete from the membrane following their
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removal from the extracellular solution, are unknown, it is

difficult to assess the likelihood of such a mechanism

contributing their effects on the GlyR. However, despite the

close structural similarities of AEA and NA-Gly, their drasti-

cally different sensitivities and modes of action at a1, a2 and

a3 GlyRs strongly implies that these compounds interact via

specific and distinct binding interactions.

The mechanism of action of NA-Gly at a1 GlyRs is highly

complex, producing a potent potentiation which declines with

exposure time at high NA-Gly concentrations. This suggests

that NA-Gly progressively accumulates at a site closely

associated with the GlyR, possibly the cell membrane, where

it is able to progressively inactivate the potentiating mechan-

ism. In the absence of potentiation, an inhibitory effect is

uncovered, which is likely to be mediated by a distinct binding

site since NA-Gly unbinds completely and rapidly from the

inhibitory site. Upon removal of NA-Gly at EC10 glycine

concentrations a rapidly reversible rebound potentiation is

observed. This is possibly due to a third cannabinoid site as its

sensitivity is lower than that of the inhibitory site in the a2

GlyR (Fig. 3B). Our data suggest that a3 GlyRs contain only the

inhibitory site, whereas a2 GlyRs contain both the inhibitory

site and the rebound potentiating site (Fig. 3).

Our data provide no direct clues as to the location of any of

the cannabinoid binding sites. However, the dramatic subunit-

specific differences in the modes of action of the cannabinoids

suggest that weakly conserved regions among the three a GlyR

subtypes might be promising sites to investigate. As the

glycine ligand binding pocket residues are highly conserved in

a1, a2 and a3 GlyRs, it is unlikely cannabinoids bind to this

region despite exhibiting apparently competitive modes of

inhibition. The regions of lowest sequence identity are in the

large intracellular M3-M4 domain, the M4 domain and the

short C-terminal tail. The rapid on and off rates of the

cannabinoid effects suggest that an intracellular binding site is

unlikely. It is more likely that the differential effects of

cannabinoids are mediated by the relatively non-conserved

M4 domain and C-terminal tail. Indeed, such a location fits

well with the lipid solubility of these compounds.

4.3. Possible physiological and pharmacological
significance

Since AEA potentiates a1b GlyRs with an EC50 of 75 nM, which

is lower than its Ki at either CB1 or CB2 receptors [23], it is

feasible that the a1b GlyR is endogenously modulated by this

compound. Endocannabinoids are known to be released

postsynaptically by depolarisation and to exert local pre-

synaptic actions via CB1 or CB2 receptors to reduce neuro-

transmitter release probability [25]. Since a CB1-specific

antagonist increased glycinergic IPSC magnitude in hyoglossal

neurons, it has been proposed that an endocannabinoid

(possibly AEA) exerts a retrograde action to inhibit the

presynaptic release of glycine [18]. Since AEA has a direct

potentiating effect on a1b GlyRs at low glycine concentrations

only ([5] and present study), it is likely to prolong the decay of

glycinergic IPSCs rather than exert a significant effect on peak

current magnitude. Indeed, such an effect has been observed

in glycinergic IPSCs in hypoglossal neurons in response to a

stimulus that increases presynaptic endocannabinoid release
[18]. Further research is required to establish whether AEA is in

fact the agent responsible for these effects.

As noted above, it is also possible that a1, a2 and a3 GlyRs

may all be endogenous targets for NA-Gly. So far little is known

about the physiological targets of NA-Gly or about the

physiological stimuli that control its production and release.

However, it has recently been shown that the glycine

transporter, GlyT2, is inhibited by NA-Gly at low micromolar

concentrations, similar to those that modulate the GlyR [24].

Because GlyT2 is responsible for the presynaptic accumulation

of glycine, and inhibition of GlyT2 is expected to reduce the

magnitude of glycinergic IPSCs [26], this action could be

counteracted by the potentiating effects of low concentrations

of NA-Gly on a1b GlyRs. Conversely, IPSCs at synapses

incorporating a2 or a3 GlyRs should be strongly inhibited by

NA-Gly. NA-Gly has also been shown to stimulate a G-protein

coupled receptor, GPR92, which is highly expressed in dorsal

root ganglia and has been postulated to play a role in sensory

perception [27].

Heteromeric a1b GlyRs predominate at glycinergic

synapses on spinal motor neurons [16,28]. Compounds that

potentiate a1b GlyRs should dampen excessive motor neuron

activity and thereby provide therapeutic leads for movement

disorders including spasticity. Thus, HU-210 and AEA may

provide useful starting points for developing novel GlyR-

positive drugs. By contrast, a3 GlyRs are restricted to

glycinergic synapses in the retina [29], superior colliculus,

parietal cortex, cerebellum and hippocampus [30] as well as

the peripheral laminae of the spinal cord dorsal horn [8]. In the

latter area they are known to be co-localised with a1 GlyRs at

inhibitory synapses on nociceptive sensory neurons [8]. A role

for GlyRs in inflammatory pain sensitization is implied by the

observation that the inflammatory mediator, prostaglandin E2

(PGE2) specifically inhibits a3 subunit-containing GlyRs in

dorsal horn nociceptive neurons via a G protein-coupled

receptor signalling pathway [8,9,31]. This process is likely to

result in the disinihibition of firing activity in nociceptive

projection neurons, thereby increasing the transmission of

nociceptive stimuli to the brain [32,33]. This could explain the

hyperalgesia and allodynia that is associated with chronic

inflammation. It thus follows that compounds that increase

current flux in GlyRs containing a1 or a3 subunits could

produce anti-inflammatory analgesia. Spinal administration

of cannabinoids and NA-Gly indeed produces analgesia in

both inflammatory and neuropathic pain models [12–14,34,35].

The extent to which GlyRs may be targets of these actions are

yet to be investigated, although data presented in this study

suggest that NA-Gly, HU-210 and AEA could theoretically

produce analgesia via this mechanism.

It is not known why different GlyR a subunits are present at

particular synapses in retina and spinal cord [8,29,36,37].

Pharmacological elimination of a single GlyR subtype would

permit the remaining glycinergic current to be analysed in

isolation. Unfortunately, currently available pharmacological

tools are not sufficiently selective to achieve this in a1, a2 and

a3 subunit-containing GlyRs [38]. The results of the present

study suggest that cannabinoid ligands such as WIN55,212-2,

HU-210 and HU-308 should potently block synaptic a3 GlyRs

while leaving a1 GlyR currents intact. These agents may

therefore permit the dissection of the distinct properties of
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a1- and a3-mediated glycinergic IPSCs in retinal and spinal

pain sensory neurons.

Finally, the result that only synthetic cannabinoids inhibit

the activity of a3 GlyRs should be considered when interpret-

ing the anti-nociceptive or pro-nociceptive effects of endo-

genous and synthetic cannabinoids in CB receptor knockout

animals. Furthermore, since synthetic cannabinoids inhibit a3

GlyRs, their role as analgesics in inflammatory pain should be

assessed carefully. Indeed, a non-monotonic dose response of

synthetic cannabinoids in humans was observed in situations

were inflammation contributes to pain, such as third molar

extraction (Cannabinor, Pharmos Ltd.) and capsaicin-induced

pain [39], implying the existence of multiple synthetic

cannabinoid targets.
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