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BACKGROUND AND PURPOSE

The arachidonyl-amino acid N-arachidonyl-glycine (NAGly) is an endogenous lipid, generated within the spinal cord and
producing spinally mediated analgesia via non-cannabinoid mechanisms. In this study we examined the actions of NAGly on
neurons within the superficial dorsal horn, a key site for the actions of many analgesic agents.

EXPERIMENTAL APPROACH
Whole cell patch clamp recordings were made from lamina Il neurons in rat spinal cord slices to examine the effect of NAGly
on glycinergic and NMDA-mediated synaptic transmission.

KEY RESULTS

N-arachidonyl-glycine prolonged the decay of glycine, but not B-alanine induced inward currents and decreased the
amplitude of currents induced by both glycine and B-alanine. NAGly and ALX-1393 (inhibitor of the glycine transporter,
GLYT2), but not the GLYT1 inhibitor, ALX-5407, produced a strychnine-sensitive inward current. ALX-5407 and ALX-1393, but
not NAGly prolonged the decay phase of glycine receptor-mediated miniature inhibitory postsynaptic currents (IPSCs). NAGly
prolonged the decay phase of evoked IPSCs, although to a lesser extent than ALX-5407 and ALX-1393. In the presence of
ALX-1393, NAGly shortened the decay phase of evoked IPSCs. ALX-5407 increased and NAGly decreased the amplitude of
evoked NMDA-mediated excitatory postsynaptic currents.

CONCLUSIONS AND IMPLICATIONS

Our results suggest that NAGly enhanced inhibitory glycinergic synaptic transmission within the superficial dorsal horn by
blocking glycine uptake via GLYT2. In addition, NAGly decreased excitatory NMDA-mediated synaptic transmission. Together,
these findings provide a cellular explanation for the spinal analgesic actions of NAGly.

Abbreviations

ACSEF, artificial cerebrospinal fluid; ALX-1393, O-[(2-benzyloxyphenyl-3-fluorophenyl) methyl]-L-serine; ALX-5407
(NFPS), N-[3-(4’-fluorophenyl)-3-(4’-phenylphenoxy)propyl]sarcosine hydrochloride; APS,
DL-(-)-2-amino-5-phosphonopentanoic acid; CNQX, 6-cyano-2,3-dihdroxy-7-nitro-quinoxaline; DCKA,
5,7-dichlorokynurenic acid; EPSC, excitatory postsynaptic current; FAAH, fatty acid amide hydrolase; IPSC, inhibitory
postsynaptic current; NAGly, N-arachidonyl-glycine; TTX, tetrodotoxin

Introduction

N-arachidonyl-glycine (NAGly) is the carboxylic
acid congener of the endocannabinoid anandamide
and is generated at high levels in the spinal cord and

small intestine, with lower levels in brain, kidney
and skin (Huang et al., 2001). A number of studies
have implicated NAGly in the modulation of pain
and inflammation. Oral and intraplantar NAGly
reduce responses to acute noxious thermal stimuli
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and intraplantar formalin (Burstein et al., 2000;
Huang et al., 2001; Barbara et al., 2009). Further-
more, intrathecal NAGly reduces the allodynia and
hyperalgesia associated with animal models of
chronic inflammatory and neuropathic pain (Succar
et al., 2007; Vuong et al., 2008). The spinal actions
of NAGly in chronic pain states are not reduced by
cannabinoid CB; and CB, receptor antagonists
(Succar etal., 2007; Vuong et al., 2008) which is
consistent with the finding that NAGly, unlike the
endocannabinoid arachidonyl ethanolamide (anan-
damide), has negligible affinity for the cannabinoid
CB; receptor (Sheskin etal., 1997; receptor and
channel nomenclature follows Alexander etal.,
2009). NAGly also differs from anandamide in that
it has low affinity for the vanilloid transient receptor
potential channel, TRPV1 (De Petrocellis et al.,
2000; Ross et al., 2009), but has moderate affinity for
the anandamide degrading enzyme, fatty acid
amide hydrolase (FAAH) and cyclooxygenase
(COX)-2 (Huang etal.,, 2001; Prusakiewicz etal.,
2002; Cascio et al., 2004; McHugh et al., 2010). Con-
versely, NAGly has been reported to be a degrada-
tion product of anandamide, which is partly
mediated via FAAH (Cascio et al., 2004; Bradshaw
etal., 2009). NAGly has also been identified as a
ligand for T-type Ca*-channels (Barbara et al., 2009;
Ross et al., 2009), GRP18 (Kohno et al., 2006; Yin
et al., 2009; McHugh et al., 2010) and possibly other
GPCRs (see Oh et al., 2008; Williams et al., 2009; Yin
et al., 2009; Parmar and Ho, 2010).

A potential target for the spinal analgesic actions
of NAGly is the glycine transporter system which
belongs to the Na*/Cl- dependent family of neu-
rotransmitter transporters. There are two subtypes
of glycine transporters, GLYT1 which is widely
expressed in glial cells throughout the nervous
system and GLYT2 which has a more restricted
expression pattern on the presynaptic terminals of
glycinergic neurons (Zafra et al., 1995; Spike et al.,
1997; Zeilhoter et al., 2005). It has recently been
demonstrated that NAGly inhibits GLYT2, but has
no effect on GLYT1, or the GABA transporter GAT1
(Wiles et al., 2006). Both GLYT1 and GLYT2 are
expressed at relatively high levels within the super-
ficial dorsal horn, a major integrative centre of noci-
ception within the CNS (Zafra et al., 1995; Spike
etal., 1997). Like NAGly, spinal administration of
GLYT1 and GLYT2 inhibitors reduces allodynia and
hyperalgesia in a range of chronic pain models (Her-
manns et al., 2008; Morita et al., 2008; Tanabe et al.,
2008). While the pain relieving actions of both
GLYT1 and GLYT2 inhibitors are mediated by
glycine receptors, co-activation of NMDA receptors
limits the anti-allodynic actions of GLYT1 inhibitors
(Morita et al., 2008). Cellular studies have demon-
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strated that GLYT1 and GLYT2 inhibitors modulate
glycinergic and NMDA-mediated synaptic transmis-
sion in lamina X of the spinal cord and in spinal
cord cultures (Bradaia et al., 2004; Xu et al., 2005;
Rousseau efal.,, 2008). Thus, glycine transport
inhibitors may modulate both inhibitory and exci-
tatory synaptic transmission within the dorsal horn
via the actions of endogenous glycine at glycine
receptors and NMDA ion channels respectively. The
cellular actions of NAGly within the spinal cord are,
however, unknown as are the actions of glycine
transport inhibitors within the superficial dorsal
horn. In the present study we examined the effect of
NAGly on neurons within lamina II of the superfi-
cial dorsal horn, in rats.

Methods

All animal care and experimental procedures fol-
lowed the guidelines of the ‘NH&MRC Code of Prac-
tice for the Care and Use of Animals in Research in
Australia’ and were approved by the Royal North
Shore Hospital Animal Care and Ethics Committee.
We used P14-18 Sprague-Dawley rats. Animals were
housed in individually ventilated cages with their
littermates and mother, under a 12:12 h light/dark
cycle, with environmental enrichment and free
access to water and standard rat chow. For the
experiments, animals were deeply anaesthetized
with isoflurane and decapitated. The dura was
incised and the spinal column quickly removed and
placed in ice cold artificial cerebrospinal fluid
(ACSF) of composition: (mM): NaCl, 126; KCI, 2.5;
NaH,POs, 1.4; MgCl,, 1.2; CaCl,, 2.4; glucose, 11;
NaHCOg;, 25. Transverse (300 um) slices of the
lumbar spinal cord (L4-6) were cut (vibratome;
VT1000S: Leica, Nussloch, Germany) and main-
tained at 34°C in a submerged chamber containing
ACSF equilibrated with 95% O, and 5% CO,.

Electrophysiological procedures

Individual slices were transferred to a slice chamber
(volume 0.5 mlL) and superfused continuously
(1.8 mL-min™") with ACSF at 34°C using an inline
temperature controller. Superficial dorsal horn
neurons located throughout lamina II were visual-
ized using infra-red Dodt-tube optics on an upright
microscope (Olympus BX50, Olympus, Sydney, Aus-
tralia) and whole-cell voltage clamp recordings
(holding potential —-65 mV, liquid junction poten-
tial corrected) were made using an Axopatch 200B
(Molecular Devices, Sunnyvale, CA, USA). The inter-
nal solution contained (mM): CsCl 140, HEPES 10,
EGTA 0.2, MgCl, 1, QX-314 3, MgATP 2 and NaGTP
0.3 (pH 7.3 and osmolality 280-285 mosmol-L™).
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This internal solution had an E¢; of 0 mV leading to
inward, glycine receptor-mediated, currents in
neurons at —65 mV. Series resistance (<25 MQ) was
compensated by 80% and continuously monitored
during experiments.

All recordings were filtered (1 kHz low-pass filter)
and sampled (5 kHz) for on-line and off-line analysis
using AxographX (Axograph Scientific, Sydney Aus-
tralia). Recordings examining the effect of exog-
enous glycine were made in the presence of the
non-NMDA receptor antagonist 6-cyano-2,3-
dihdroxy-7-nitro-quinoxaline (CNQX, 5uM) and
the GABA, receptor blocker bicuculline (30 uM).
The time course of the membrane current during
washout of exogenously applied glycine was mea-
sured as the time to reach one decay time constant
(t, time at 36.8% of current at start of washout).
Glycine receptor-mediated electrically evoked
inhibitory postsynaptic currents (IPSCs) were elic-
ited in neurons via ACSF-filled glass stimulating
electrodes placed within lamina II (rate 0.03 s,
intensity 1-50V, 0.05-0.2 ms) in the presence of
CNQX (5 uM), bicuculline (30 uM) and the NMDA
antagonist DL-(-)-2-Amino-5-phosphonopentanoic
acid (APS, 25 uM). Evoked NMDA-mediated excita-
tory postsynaptic currents (EPSCs) were elicited in
the presence of CNQX (5 uM), strychnine (3 uM)
and picrotoxin (100 uM) in Mg*-free ACSF via
ACSF-filled glass stimulating electrodes placed on
the dorsal rootlets (rate 0.05-0.067 s!, intensity
1-20 V, 0.05-0.2 ms). Spontaneous miniature IPSCs
were recorded in the presence of tetrodotoxin (TTX,
500 nM), CNQX and bicuculline. Miniature IPSCs,
4.5-5.5 standard deviations above baseline noise,
were automatically detected by a sliding template
algorithm and manually checked. The kinetics of
synaptic currents were measured by their width [at
36.8% (1/e) of the peak for IPSCs and at 50% of the
peak for EPSCs] and 10-90% rise-time. In addition,
the time constant of the decay phase of IPSCs was fit
to an exponential using the least square method
based on a simplex algorithm (Chery and de
Koninck, 1999). Glycine receptor-mediated evoked
and miniature IPSCs had mixed decay phase kinet-
ics, with some being best fit by one and others by
two exponentials (as assessed by visual inspection
and the sums of squared errors of the fits).

Data analysis

Normalized cumulative distribution plots of IPSC
characteristics were constructed and compared
using the Kolmogorov-Smirnov test. Statistical
assessment of drug effects were made using Stu-
dent’s t-test, or Wilcoxon’s summed rank test for
non-normally distributed data, and comparisons
between drug groups were made using a one-way

ANOVA with Newman-Keuls adjustment for post hoc
tests using Prism (GraphPad Software, La Jolla, USA).
Differences were considered significant when
P < 0.05 and all numerical data are expressed as
mean = SEmean.

Materials

N-arachidonyl-glycine was obtained from Cayman
Chemical Co. (Ann Arbor, MI, USA); dl-2-amino-5-
phosphonopentanoic acid (APS), bicuculline
methiodide, 35,7-dichlorokynurenic acid (DCKA),
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX),
QX314 and TTX from Ascent Scientific (Bristol, UK).
B-alanine, O-[(2-benzyloxyphenyl-3-fluorophenyl)
methyl]-L-serine (ALX-1393), N-[3-(4’-Fluorophen
y1)-3-(4’-phenylphenoxy)propyl]sarcosine  hydro-
chloride (ALX-5407, NFPS), glycine, picrotoxin,
strychnine hydrochloride and all other reagents
from Sigma (Sydney, Australia). Stock solutions of
NAGly (in ethanol), ALX-1393 and ALX-5407 (both
in DMSO) were diluted (1:1000-1:3000) to working
concentrations in ACSF immediately before use and
applied by superfusion to the slice chamber. NAGly,
ALX-1393 and ALX-5407 were applied to one cell
per slice, and after each recording the entire system
was washed in 30% ethanol.

Results

N-arachidonyl-glf/cine enhances the effect of
exogenously applied glycine

In the presence of CNQX (5 uM) and bicuculline
(30 uM), glycine produced an inward current in all
lamina II neurons tested which rapidly desensitized
at higher concentrations (Figure 1A). The glycine-
induced inward current was concentration depen-
dent, had an ECsy of 345uM (95% confidence
interval 226-525 uM) and a Hill slope of 1.2 = 0.2
(Figure 1C). In addition, B-alanine produced con-
centration dependent inward currents with an ECs
of 485 uM (95% confidence interval 328-765 uM)
and a Hill slope of 1.0 = 0.1 (Figure 1B and C).

To determine whether the currents induced by
exogenous glycine and B-alanine were affected by
NAGly, we repeatedly superfused sub-ECs, concen-
trations of glycine (30-100 uM) for a 1.5-2 min
period every 5-7 min (Figure 2A and C). When
glycine was superfused alone, it induced an inward
current which rapidly reversed following washout
and gradually reduced in amplitude with each suc-
cessive application (Figure 2A and B). We next
examined whether the glycine-induced current was
affected by addition of NAGly (10-60 uM) at con-
centrations which produce maximal inhibition of
the glycine transport GLYT2 (Wiles et al., 2006).
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Figure 1

Glycine and B-alanine induce concentration dependent currents in
lamina Il neurons. Membrane currents induced by (A) glycine (Gly)
and (B) B-alanine (B-ala). (C) Concentration response curves for the
membrane currents induced by glycine and B-alanine; current values
were normalized to those produced at 1000 uM in each neuron. A
logistic function was fitted to each curve to determine the ECso and
Hill slope. (A) and (B) are from different neurons.
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Figure 2

N-arachidonyl-glycine (NAGly) prolongs the decay phase of currents
induced by exogenously applied glycine. (A, C) Membrane currents
induced by repeated, brief applications of a sub-maximal concentra-
tion of glycine (Gly, 100 uM). In (C) NAGly (60 uM) was applied
following the third application of glycine. (B) and (D) show
expanded traces of the membrane currents during the (i) third and
(i) fifth applications of glycine from the traces in (A) and (C) respec-
tively. (A, B) and (C, D) are from two different neurons.

When NAGly was added following the third appli-
cation of glycine it led to a reduction in the ampli-
tude of the glycine current and a prolongation of its
decay following washout (Figure 2C and D).
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Figure 3

N-arachidonyl-glycine (NAGly) prolongs the decay phase of currents
induced by exogenous glycine, but not B-alanine. Bar chart of the
amplitude and decay time of the membrane currents produced by
exogenous application of glycine (100 uM) and B-alanine (100 uM).
The data are expressed as a percentage ratio of the 5th : 3rd appli-
cation of glycine, or B-alanine. NAGly (10-60 uM), or control ACSF
(control) was added continuously after the 3rd application of glycine,
or B-alanine (as in Figure 2). *P<0.05, **P < 0.01, ***P < 0.001. ACSF,
artificial cerebrospinal fluid.

To quantity the effect of NAGly we compared the
amplitude and decay times for the third and fifth
applications of glycine and B-alanine, for neurons in
which NAGly was, or was not added to the superfu-
sate. The decay time of the glycine-induced current
was increased from 15 * 2 s to 29 = 5s (P = 0.0005,
n = 17) when NAGly was added to the superfusate
(Figure 3). The change in decay times of the glycine-
induced current was similar at all concentrations of
NAGly tested (10 uM =188 * 44, 30 uyM =173 £ 15,
60 UM =212 =+ 38% of pre-NAGly, n=3,7,7,P=0.7)
and it might be noted that NAGly (10 uM) has no
effect at TRPV1 channels (De Petrocellis et al., 2000;
Ross et al., 2009). By contrast, there was no signifi-
cant change in decay time of the B-alanine (pre = 15
+ 25; NAGly = 15 = 25, P = 0.8, n = 10) induced
current when NAGly was added to the superfusate
(Figure 3). There was also no significant change in
decay times of the glycine (pre = 19 * 3 s; NAGly =
21 = 45, p=0.2, n=13) and B-alanine (pre = 11 =
2s; NAGly = 12 = 25, p = 0.3, n = 10) induced
currents when NAGly was not added to the super-
tusate (Figure 3). The amplitudes of the glycine- and
B-alanine-induced currents were reduced from 216
+ 48 pAto 144 = 25 pA (P=0.008, n=17) and from
262 = 80 pA to 198 = 62 pA (P =0.02, n=10) when
NAGly was added to the superfusate (Figure 3). Simi-
larly, the amplitudes of the glycine- and B-alanine-
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N-arachidonyl-glycine (NAGly) produces a glycine receptor-
mediated inward current, but has no effect on miniature IPSCs. Time
plots of the (A) membrane current and (B) variance of the membrane
current during application of NAGly (30 pM) and strychnine (3 uM).
(C) Raw current traces of the membrane current for epochs before
(Pre) and during NAGly and strychnine. Inset on the right shows the
variance of the membrane current (taken from periods where no
spontaneous miniature IPSCs were observed). (D) Averaged traces of
spontaneous miniature IPSCs before (Pre) and during superfusion of
NAGly. Cumulative probability distribution plots of miniature IPSC
(E) width (F) rise-time (G) amplitude and (H) inter-event interval,
before and during superfusion of NAGly (Kolmogorov-Smirnov test P
= 0.9, 0.5, 0.7, 0.2). (A)—(H) are from the same neuron. IPSCs,
inhibitory postsynaptic currents.

induced currents were reduced from 221 * 32 pA to
175 = 24 pA (P=0.03, n=13) and from 200 = 26 pA
to 179 £ 30 pA (P = 0.03, n = 10) when NAGly was
not added to the superfusate (Figure 3). These obser-
vations suggest that the prolongation of the decay
phase of the glycine-induced current was due to
inhibition of glycine transport (Wiles et al., 2006).

N-arachidonyl-glycine enhances the effect of
endogenous glycine

We next examined whether NAGly enhanced the
actions of endogenously released glycine. In the
presence of TTX (300 nM), CNQX (5 uM) and bicu-
culline (30 uM), addition of NAGly (30 uM) induced
a slowly developing inward current and an increase
in the variance of the inward current, both of which
did not reverse upon washout of NAGly, but were
abolished by the addition of strychnine (3 uM)
(Figure 4A-C). When averaged across all neurons
the strychnine-sensitive component of the inward
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Figure 5

ALX-1393 and ALX-5407, but not NAGly increase the decay time of
miniature IPSCs. Bar charts showing the mean (A) inward membrane
current and (B) increase in the variance of the membrane current
induced by NAGly (30 uM), ALX-1393 (1 uM) and ALX-5407 (1 uM)
measured relative to the values obtained after addition of strychnine.
Bar charts showing the effect of NAGly (30 uM), ALX-1393 (1 uM)
and ALX-5407 (1 uM) on the (C) width (D) rise-time (E) amplitude
and (F) rate of glycine receptor-mediated spontaneous miniature
IPSCs, expressed as a percentage of the pre-drug value. *P < 0.05,
**P < 0.01, ***P < 0.001. ALX-1393, O-[(2-benzyloxyphenyl-
3-  fluorophenyl) methyl]-L-serine;  ALX-5407 (NFPS), N-
[3-(4’-fluorophenyl)-3-(4’-phenylphenoxy)propyl]sarcosine  hydro-
chloride;  IPSCs, inhibitory postsynaptic currents;  NAGly,
N-arachidonyl-glycine.

current and increase in variance produced by NAGly
were significant (Figure SA and B, P =0.004, 0.004, n
=9). We also examined the effect of the GLYT1 and
GLYT2 inhibitors ALX-5407 and ALX-1393 (Atkin-
son etal.,, 2001; Aubrey and Vandenberg, 2001;
Dohi et al., 2009). ALX-1393 (1 uM), but not ALX-
5407 (1 uM) produced an inward current (P = 0.03,
0.06) and an increase in the variance of the inward
current (P = 0.03, 0.06) which was reversed by
strychnine (3 uM) (Figure 5A and B, n = 6 each).

In these recordings, strychnine (3 uM)-sensitive
spontaneous miniature IPSCs were observed which,
on average, had an amplitude of 76 = 9 pA, 10-90%
rise-time of 0.52 = 0.05 ms, and width at 36.8% of
peak of 4.5 = 0.3 ms (Figure 4C and D, n = 21). In
most neurons, the decay phase of the miniature
IPSCs was best fitted by a monoexponential curve
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(mean time constant = 4.2 = 0.3 ms, n = 18/21
neurons). NAGly (30 uM) had no effect on the kinet-
ics of miniature IPSCs in most neurons, as assessed
by their width and rise-time (Figure 4D). Corre-
spondingly, NAGly (30 uM) did not alter the cumu-
lative probability distributions of miniature IPSC
width and rise-time in most neurons (Figure 4E and
F, P> 0.05 for 8/9 and 8/9 neurons respectively). In
addition, NAGly (30 uM) had no effect on the
cumulative probability distributions of the ampli-
tude and inter-event intervals of miniature IPSCs in
most neurons (Figure 4G and H, P > 0.05 for 8/9 and
7/9 neurons respectively). When averaged across all
neurons, NAGly (30 uM) had no effect on the mean
width, rise-time, amplitude and rate of miniature
IPSCs (Figure SC-F, P =0.9, 0.3, 0.2, 0.2, n =9).

Unlike NAGly, both ALX-1393 and ALX-5407
produced an increase in the width of miniature
IPSCs (P = 0.0006, <0.0001), but had no effect on
their rise-times (P = 0.06, 0.3) (Figure SC and D, n =
6 each). This suggests that ALX-1393 and ALX-5407
altered the kinetics of miniature IPSCs largely by
prolonging the decay phase. ALX-1393 and ALX-
5407 had no effect on the amplitude of miniature
IPSCs (Figure SE, P = 0.1, 0.5). ALX-1393 had no
effect on miniature IPSC rate (Figure SE P = 0.3).
ALX-5407 had a variable effect on miniature IPSC
rate (Figure SF, range = 78-750% of pre-ALX-5407, P
=0.1), producing an increase in a subset of neurons
(n = 3/6). This is partly consistent with earlier
studies, some of which have observed presynaptic
facilitation of transmitter release (Turecek and Trus-
sell, 2001; Bradaia et al., 2004; Xu et al., 2005), and
possibly reflects the diverse phenotypes of dorsal
horn neurons.

Effect of N-arachidonyl-glycine on evoked
glycinergic synaptic transmission

We next examined the effect of NAGly, ALX-1393
and ALX-5407 on action potential evoked IPSCs. In
the presence of CNQX (5 uM), APS (25 uM) and
bicuculline (30 uM), electrical stimulation elicited
IPSCs which were abolished by strychnine (3 uM;
Figure 6A-D). These glycine receptor-mediated
evoked IPSCs had an average amplitude of 580 =
62 pA and width of 8.1 £ 0.5 ms (n = 29). Unlike
miniature IPSCs, the decay phase of the evoked
IPSCs in most recordings was best fitted by two
exponentials (n = 25/29 neurons, mean time con-
stants = 4.7 = 0.2 ms and 28.9 *= 1.5 ms). Superfu-
sion of NAGly (30 uM) produced a significant
increase in the width of evoked IPSCs, but had no
effect on the evoked IPSC amplitude (Figure 6A and
E, P=0.02 and 0.4, respectively, n = 11). Both ALX-
1393 (1 uM) and ALX-5407 (1 uM) produced an
increase in the width of evoked IPSCs (Figure 6B,C
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NAGly, ALX-1393 and ALX-5407 increase the decay time of glycine
receptor-mediated evoked IPSCs. Averaged evoked IPSCs before
(Pre) and during application of (A) NAGly (30 uM) (B) ALX-1393
(1 uM) and (C) ALX-5407 (1 uM), then during addition of strychnine
(Strych, 3 uM). (D) Averaged evoked IPSCs in a neuron pre-
incubated in ALX-1393 (1 uM) and then during addition of NAGly
(30 uM), followed by strychnine. (D) Bar chart showing the mean
amplitude and width of evoked IPSCs (elPSC) in the presence of
NAGly (30 uM), ALX-1393 (1 uM) and ALX-5407 (1 uM), expressed
as a percentage of the pre-drug value [pre-drug was either control
ACSF, or ALX-1393 (1 uM) for the NAGly (ALX-1393) group].
*P < 0.05, **P < 0.01, ***P < 0.001. Traces in (A)-(D) are from
different neurons. ACSF, artificial cerebrospinal fluid; ALX-1393,
O-[(2-benzyloxyphenyl-3- fluorophenyl) methyl]-L-serine; ALX-
5407 (NFPS), N-[3-(4’-fluorophenyl)-3-(4’-phenylphenoxy)propyl]
sarcosine hydrochloride; IPSCs, inhibitory postsynaptic currents;
NAGly, N-arachidonyl-glycine.

and E, P = 0.004, 0.0006, n = 9 each) which was
greater than for NAGly (P < 0.05). ALX-1393, but not
ALX-5407 produced a reduction in the amplitude of
evoked IPSCs (Figure 6E, P = 0.02, 0.3).

The lesser effect of NAGly on evoked IPSC width
compared with ALX-1393 and ALX-5407 could have
been due to poor penetration into the slice. Alter-
natively, it might have been some other mechanism
which functionally opposed the prolongation of the
evoked IPSC decay phase resulting from GLYT
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Figure 7

ALX-5407 increases and NAGly decreases NMDA-mediated evoked
EPSCs. Averaged evoked EPSCs before (Pre) and during application of
(A) NAGly (30 uM), and (B) ALX-5407 (1 uM), then during addition
of AP5 (25-30 uM). (C) Bar chart showing the mean amplitude and
half-width of evoked EPSCs (eEPSC) after an 8-10 min application of
NAGly (30 uM), ALX-5407 (1 uM) or control ACSF (control),
expressed as a percentage of the pre-application value. *P < 0.05.
Traces in (A) and (B) are from different neurons. ACSF, artificial
cerebrospinal fluid; ALX-5407 (NFPS), N-[3-(4’-fluorophenyl)-3-(4"-
phenylphenoxy)propyl]sarcosine hydrochloride; AP5, DL-(-)-2-
amino-5-phosphonopentanoic acid; EPSCs, excitatory postsynaptic
currents; NAGly, N-arachidonyl-glycine.

blockade. In this regard, NAGly is a low affinity
glycine receptor antagonist (Yang etal., 2008),
similar to SR95331, which shortens the evoked IPSC
decay phase if there is sufficient spill-over of glycine
(Beato, 2008; Balakrishnan et al., 2009). We there-
fore examined the effect of NAGly on glycine
receptor-mediated evoked IPSCs when GLYT2 was
already inhibited by pre-incubating slices in ALX-
1393. In the presence of ALX-1393 (1 uM), superfu-
sion of NAGly (30 uM) produced a decrease in the
width of evoked IPSCs, but had no effect on the
evoked IPSC amplitude (Figure 6D and E, P = 0.01
and 0.2, respectively, n = 6).

Effect of N-arachidonyl-glycine on
NMDA-mediated synaptic transmission
Endogenous glycine is also required as a co-activator
for excitatory, NMDA receptor-mediated, synaptic
transmission. In the presence of Mg*-free ACSF
which contained strychnine (3 uM), picrotoxin
(100 uM) and CNQX (5 uM), electrical stimulation
of the dorsal rootlets elicited EPSCs which were
abolished by APS (25-50 uM, n = 12) (Figure 7A and
B) and were reduced by the NMDA receptor glycine
binding site antagonist DCKA (30 uM, n = 5). These

evoked EPSCs had an amplitude of 151 * 24 pA
(range = 54-337 pA), 10-90% rise-time of 15.1 *
3.4 ms (range = 4.8-45.3 ms) and half-width of 133
+ 24 ms (range = 48-292 ms) (n = 12). Superfusion
of NAGly (30 uM) produced a decrease in the ampli-
tude of evoked EPSCs (Figure 7A and C, P=0.01, n =
6). By contrast, ALX-5407 (1 uM) produced an
increase in the amplitude of evoked EPSCs
(Figure 7B and C, P = 0.04, n = 6). NAGly and ALX-
5407 had no effect on the half-width of evoked
EPSCs (Figure 7A-C, P = 0.2 and 0.4 respectively).
When nothing was added to the superfusate, the
amplitude and half-width of evoked EPSCs were not
significantly different to baseline levels when mea-
sured over similar time periods (Figure 7C, P = 0.9
and 0.6, respectively, n = 5).

Discussion

The findings of the present study indicate that the
endogenous arachidonyl amino acid NAGly
enhances glycinergic synaptic transmission within
the lumbar superficial dorsal horn, a major centre
for the integration of ascending pain information in
the CNS. The enhancement of endogenous glycin-
ergic tone and synaptic transmission was mediated
by inhibition of glycine uptake via GLYTZ2, although
this was likely to be limited by direct, low-affinity,
glycine receptor antagonism. In addition, NAGly
inhibited excitatory NMDA-mediated synaptic
transmission. Together, these actions provide mul-
tiple cellular substrates for the analgesic actions of
NAGly within the spinal cord.

In the present study NAGly prolonged the
current induced by exogenous application of
glycine, but not by the glycine receptor agonist
B-alanine, the latter of which is a poor substrate for
glycine transporters. In addition, NAGly produced a
strychnine-sensitive inward current and an increase
in the variance of this current which was mimicked
by the GLYT2 inhibitor ALX-1393, but not by the
GLYT1 inhibitor ALX-5407. These observations
suggest that NAGly prolongs the actions of exog-
enous glycine and enhances ‘tonic’ endogenous
glycine levels within the lumbar superficial dorsal
horn, both of which are consistent with our previ-
ous finding that NAGly inhibits the cloned glycine
transporter GLYT2, but not GLYT1 (Wiles etal.,
2006). The difference between NAGly/ALX-1393
and ALX-5407 is also consistent with GLYT2 having
a greater driving force for glycine uptake than
GLYT1, and is a consequence of their differing sto-
ichiometries (Roux and Supplisson, 2000). It might
be noted that our observations, however, differ from
those in lamina X of the spinal cord where both
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GLYT1 and GLYT2 inhibitors produce glycine
receptor-mediated currents (Bradaia et al., 2004) and
in cultured spinal dorsal horn neurons where GLYT1
and two inhibitors do not produce ‘tonic’ currents
(Xu et al., 2005). This suggests that the actions of
transporters are region-specific, even within the
spinal cord, and that they vary between ex vivo slices
and cultured spinal systems, as the latter might have
a lower density of synaptic zones and transporters.

In the present study ALX-1393, but not ALX-
5407 reduced the amplitude of evoked glycine
receptor-mediated  synaptic transmission, as
observed earlier using GLYT1/2 knockout and phar-
macological blockade (Gomeza et al., 2003a; Bradaia
et al., 2004). These observations are consistent with
the idea that GLYT1 regulates glycinergic neu-
rotransmission by terminating the actions of glycine
within the synaptic cleft, while GLYT2 maintains
glycinergic transmission by transporting glycine
into presynaptic glycinergic terminals where it
becomes available for vesicle replenishment
(Gomeza et al., 2003a,b; Aubrey et al., 2007; Rous-
seau et al., 2008). The observations are also consis-
tent with the anatomical evidence that GLYT1 is
expressed in glial cells immediately adjacent to the
glycinergic synaptic cleft and GLYT2 is expressed
more remotely in the perisynaptic region of the
presynaptic terminals of glycinergic neurons in the
dorsal horn (Zafra et al., 1995; Spike et al., 1997). In
contrast to ALX-1393, NAGly had no effect on the
amplitude of evoked and miniature IPSCs suggest-
ing that NAGly is a less efficacious GLYT2 inhibitor
than ALX-1393. It is also possible that GLYT2 inhi-
bition only reduces glycinergic IPSC amplitude after
prolonged periods of application, or during intense
stimulation, as observed in earlier spinal cord
studies (Bradaia et al., 2004; Xu et al., 2005; Aubrey
et al., 2007). This is consistent with our finding that
ALX-1393 reduced the amplitude of evoked, but not
miniature IPSCs. The lack of effect of NAGly on IPSC
amplitude (and on glycine receptor-mediated cur-
rents induced by exogenous glycine and B-alanine)
was also surprising given that we have previously
reported that NAGly is an antagonist at some
glycine receptor subtypes (Yang et al., 2008; but see
below).

In the present study ALX-1393 and ALX-5407
prolonged the decay phase of evoked and miniature
glycine receptor-mediated synaptic transmission, as
observed previously in lamina X with other GLYT1
and two inhibitors (Bradaia et al., 2004). We also
found that NAGly prolonged the decay phase of
evoked IPSC, although to a lesser extent than ALX-
1393, and had no effect on miniature IPSCs. These
observations are not consistent with other studies
which have shown that GLYT1, but not GLYT2
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knockout and pharmacological blockade prolongs
the decay phase of glycinergic IPSC Kkinetics in
hypoglossal motoneurons and cultured spinal cord
neurons (Singer et al., 1998; Gomeza et al., 2003b;
Xu etal., 2005; Rousseau et al., 2008). The decay
phase of glycine receptor-mediated miniature IPSCs
in lamina II neurons was best fitted by a single
exponential with a short time constant, as observed
previously in various spinal cord preparations
(Chery and de Koninck, 1999; Graham et al., 2003;
Katsurabayashi et al., 2004; Rousseau et al., 2008).
By contrast, we found that the decay phase of
evoked IPSCs was best fitted by two exponentials,
the slower of which was likely to reflect glycine
spill-over from neighbouring synapses and/or diffu-
sion onto distal perisynaptic receptors during syn-
chronous evoked release (see Beato, 2008;
Balakrishnan et al., 2009). The differential effects of
NAGly on evoked and miniature IPSCs suggest that
NAGly inhibits a transporter which is engaged
during synchronous release and spill-over associated
with evoked IPSCs, but not during asynchronous
release associated with miniature IPSCs. Low affinity
glycine receptor antagonists, such as SR-95531,
shorten evoked glycine receptor-mediated IPSCs
under conditions in which there is significant spill-
over by preventing rebinding as the concentration
of glycine drops during the later phase of IPSCs
(Beato, 2008; Balakrishnan etal., 2009). In the
present study, it was observed that after occlusion of
GLYT2 mediated blockade, NAGly shortened the
decay phase of evoked IPSCs. This is consistent with
our recent finding that NAGly can act as a low
affinity glycine receptor antagonist (Yang etal.,
2008) which would partially counteract the prolon-
gation of IPSC decay phase resulting from NAGly-
induced inhibition of GLYT2.

The transmission of nociceptive information
through the superficial dorsal horn is influenced by
both excitatory and inhibitory neurons (Narikawa
et al.,, 2000; Santos etal., 2007). We found that
NAGly decreased the amplitude of evoked NMDA-
mediated EPSCs. This was surprising because glycine
transport blockade and the subsequent spill-over
would be expected to increase NMDA-mediated
EPSCs given that it is also an NMDA receptor
co-agonist (e.g. Johnson and Ascher, 1987). Indeed,
ALX-5407 increased the amplitude of evoked
NMDA-mediated EPSCs, as observed previously for
other GLYT1 inhibitors in the brain and lamina X of
the spinal cord (e.g. Chen et al., 2003; Bradaia et al.,
2004; Martina efal.,, 2004). This suggests that
endogenous glycine levels are high enough to
co-activate, but do not saturate the NMDA receptor
glycine binding site in our slice preparation. The
NAGly-induced inhibition of evoked NMDA-
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mediated EPSCs was unlikely to be due to reduced
glycine spill-over because NAGly had no effect on
the amplitude of glycine receptor-mediated IPSCs,
unlike that previously reported for nocistatin in
lamina II neurons (Ahmadi et al., 2003). Our find-
ings suggest that NAGly acts directly on NMDA
receptors as a competitive antagonist at the glycine
binding site, although confirmation of this requires
examination of NAGly-glycine interactions on
NMDA-mediated currents in isolated dorsal horn
neurons.

Glycinergic inhibitory mechanisms within the
spinal cord have a significant role in pain process-
ing, with a reduction in inhibition (disinhibition)
contributing to pathological chronic pain states (see
Zeilhofer, 2005; Dohi etal., 2009). Like NAGly,
spinal delivery of GLYT1 and GLYT2 inhibitors
reduces the abnormal pain sensations associated
with a range of animal models of chronic inflam-
matory and neuropathic pain (Succar et al., 2007;
Hermanns et al., 2008; Morita et al., 2008; Tanabe
et al., 2008; Vuong et al., 2008). Our finding that
NAGly enhances the decay phase of synchronous
evoked IPSCs, but not asynchronous spontaneous
miniature IPSCs suggests that it may preferentially
enhance inhibitory glycinergic transmission under
conditions in which spinal activity is elevated, such
as in chronic pain states. In this regard, the glycine
receptor a3 subtype has been proposed to play an
important role in chronic pain (Harvey et al., 2004)
and mediates the effects of GLYT inhibitors in
various models of chronic pain (Morita et al., 2008).
It is interesting to note that, unlike GLYT2 inhibi-
tors, intrathecally delivered GLYT1 inhibitors also
produce hyperalgesia and have a slower onset of
anti-allodynia in chronic pain models, both of
which are mediated by NMDA receptors (Morita
et al., 2008). Our findings suggest that NAGly might
also reduce the pro-algesic NMDA-mediated actions
associated with GLYT1 inhibitors. It is unclear
whether endogenous NAGly might produce similar
effects because the concentration of NAGly used in
the present study was likely to be above the gross
endogenous levels reported in the spinal cord
(Huang et al., 2001). While many aspects of endog-
enous NAGly signalling remains to be determined,
the concentration of NAGly near its site of release
may be much higher, as reported for anandamide
(Wilson and Nicoll, 2001), and endogenous levels of
NAGly may be altered in chronic pain states.

In conclusion, the present results suggest that
within lamina II of the spinal cord, the transporter
GLYT2 has a role in both vesicle replenishment with
glycine and terminating glycinergic transmission by
uptake of glycine from the synaptic cleft. The
endogenous ligand NAGly differs in some respects

from GLYT2 inhibitors and could produce fine
tuning of GLYT2 function to enhance the inhibitory
glycinergic neurotransmission, while suppressing
NMDA transmission. Overall, NAGly may modulate
nociceptive transmission within the superficial
dorsal horn via multiple mechanisms, including
glycine transporters and possibly NMDA receptors,
in addition to T-type Ca*-channels which have
been reported to mediate it’s peripheral analgesic
actions (Barbara etal., 2009; Ross etal., 2009).
Together, the pleiotropic nature of NAGly provides
novel combinations of endogenous targets for
future analgesic strategies.
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