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Effects of a partial agonist and a full antagonist acting at the
glycine site of the NMDA receptor on inflammation-induced

mechanical hyperalgesia in rats

1J.M.A. Laird, G.S. Mason, J. Webb, R.G. Hill & ?R.J. Hargreaves

Department of Pharmacology, Merck, Sharp & Dohme Research Laboratories, Neuroscience Research Centre, Terlings Park,
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1 NMDA receptor antagonists have previously been shown to have antinociceptive effects in
behavioural experiments, but controversy remains as to the role of NMDA receptors in mechanical
hyperalgesia. We have studied the effects on mechanical nociceptive thresholds in rats with carrageenin-
induced paw inflammation of L-687,414, a low efficacy partial agonist which acts as a functional
antagonist at the glycine modulatory site of the NMDA receptor and of L-701,324, a structurally novel,
highly selective, full antagonist at this site.

2 Mechanical thresholds were measured for both hind paws 1 h before and 3 h after carrageenin or
saline was injected into 1 hind paw. Dose-response curves were constructed for each test compound in
separate experiments, with test compound or vehicle being given i.p. 1 h before the final test.

3 Both compounds produced selective dose-dependent and statistically significant reversal of
mechanical hyperalgesia, with minimum effective doses of 100 mg kg~' L-687,414 and 3 mg kg~' L-
701,324. Neither L-687,414 nor L-701,324 affected the response threshold of the contralateral non-
inflamed paw over the dose-range producing reversal of carrageenin-induced hyperalgesia. Neither
compound had any effect on the paw oedema produced by carrageenin injection.

4 These results show that both a full antagonist and a low efficacy partial agonist at the glycine
modulatory site of the NMDA receptor complex reverse inflammation-induced mechanical hyperalgesia,
thus supporting the argument that maximal activation of the glycine site is required for transmission via
NMDA receptors, and showing that NMDA receptor-mediated actions are important in mechanical

hyperalgesia induced by inflammation
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Introduction

It has been proposed that the N-methyl-D-aspartate (NMDA)
glutamate receptor subtype has a particular role in mediating
persistent pain and hyperalgesia (for review see Dickenson,
1990; Woolf & Thompson, 1991; Dubner & Ruda, 1992; Ur-
ban et al., 1994). Consistent with this view, in behavioural tests
NMDA receptor antagonists attenuate or reverse the thermal
hyperalgesia evoked by local inflammation (Ren et al., 1992a,
b; Yamamoto et al., 1993; Eisenberg et al., 1994) or by per-
ipheral neuropathy (Mao et al., 1992; 1993; Yamamoto &
Yaksh, 1992; Tal & Bennett, 1993; Eisenberg et al., 1995)
without having any analgesic effect on the response to noxious
stimulation of the contralateral, non-affected limb. In contrast,
the effect of NMDA receptor antagonists on mechanical hy-
peralgesia in animals is less clear cut, since whilst Ren &
Dubner (1993) found that blockers of the NMDA receptor ion
channel attenuated mechanical hyperalgesia evoked by in-
flammation, others have found that NMDA receptor antago-
nists had no effects on mechanical hyperalgesia evoked by
neuropathy (Tal & Bennett 1993) and that intrathecal ad-
ministration of NMDA provokes thermal but not mechanical
hyperalgesia (Mellor et al., 1993). However, in electro-
physiological studies, NMDA receptor antagonists reverse the
increased mechanical responsiveness of spinal neurones in-
duced by arthritis (Schaible et al., 1991; Neugebauer et al.,
1993), by intradermal capsaicin (Dougherty et al., 1992), or by
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intraplantar injection of Freund’s adjuvant (Ren et al., 1992a)
and also reduce the hyper-reflexia to mechanical stimuli in-
duced by mustard oil or bradykinin (Woolf & Thompson,
1991; Ma & Woolf, 1995).

The observation that ketamine, an NMDA receptor ion
channel blocker, reduces mechanical hyperalgesia induced by
intradermal capsaicin in human subjects (Park et al., 1994) is
also consistent with a role for NMDA receptors in mechanical
hyperalgesia. In man, both ketamine (Stannard & Porter, 1993;
Backonja et al., 1994; Park et al., 1994; Arendt-Neilson e? al.,
1995; Cherry et al., 1995; Persson et al., 1995) and the com-
petitive glutamate recognition site antagonist, CPP (Kristensen
et al., 1992) have been shown to have analgesic properties in a
variety of experimental and clinical pain states. However, even
in studies in which the drug is given intrathecally, psychoto-
mimetic effects are seen with these agents (White et al., 1982;
Kristensen et al., 1992; Backonja et al., 1994; Park et al., 1994).
In order to exploit the therapeutic potential of this class of
compounds it is therefore important to develop NMDA an-
tagonists with reduced side-effect liability.

The NMDA receptor is now known to contain several re-
cognition sites, giving rise to at least 4 distinct classes of
NMDA receptor antagonists that act competitively at the
glutamate recognition site, by antagonizing the modulatory
actions of glycine or of polyamines, or by blocking the asso-
ciated ion channel (for review, see Wong & Kemp, 1991). The
use of agents that act at the glycine modulatory site (see Lee-
son & Iversen, 1994, for review) may be more attractive
clinically since such agents appear to have a lower potential for
adverse CNS side-effects as indicated by the lack of changes in
cerebral glucose metabolism and cortical morphology seen at
effective doses (Hargreaves et al., 1993a, b; Kemp & Leeson,
1993) and by their ability to antagonize the behavioural effects
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of psychostimulant agents without themselves activating me-
solimbic dopamine systems (Hutson e? al., 1991; 1995; Bristow
et al., 1993; 1995).

Antagonists acting at the NMDA /glycine modulatory site
have been found to have antinociceptive effects in most of the
studies in which they have been tested. They reduce the re-
sponse to formalin injection in some studies (Dickenson &
Aydar, 1991; Millan & Seguin, 1993; 1994) although not in all
(Coderre, 1993; Coderre & Van Empel, 1994). NMDA /glycine
site antagonists reverse the enhanced neuronal responses seen
after u.v.-induced inflammation (Chapman & Dickensen,
1994), and reverse thermal hyperalgesia evoked by inflamma-
tion or peripheral neuropathy in behavioural experiments
(Mao et al., 1992; Ren et al., 1992b). Furthermore, the
NMDA /glycine site partial agonist, (+)-HA-966, inhibits
spinal c-fos expression in the spinal dorsal horn after in-
traplantar carrageenin in rats (Chapman ez al., 1995). How-
ever, to our knowledge, there are no published results on the
effects of NMDA /glycine modulatory site antagonists on me-
chanical hyperalgesia.

In the present studies we have tested the effects of two
agents with antagonist actions at the glycine modulatory site of
the NMDA receptor on mechanical nociceptive thresholds in
rats with carrageenin-induced inflammation of one hind paw.
The aims of the study were to examine further the role of the
NMDA receptor in mechanical hyperalgesia, and specifically
to test the effects of antagonism of the glycine modulatory site
on mechanical hyperalgesia. To control for the possibility that
any effects seen were due to non-specific actions, two structu-
rally different compounds were used: L-687,414, a partial
agonist with lower efficacy and higher affinity at the glycine
modulatory site than (+)-HA-966 (Kemp & Leeson, 1993),
and L-701,324 (Kulagowski et al., 1994) a structurally novel,
high affinity, selective full antagonist for the NMDA/glycine
site (Table 1). Some of these results have been published in
abstract form (Laird et al., 1994).

Methods

Male Sprague-Dawley rats (Bantin & Kingman, 100-190 g
body weight) were acclimatized to the testing room for at least
1 h before behavioural testing on the day of the experiment.
The tests were performed by an experimenter who was ‘blind’
to the drug treatment given. Each animal was used once only
and was killed humanely on completion of testing. The
threshold of the response to a noxious mechanical stimulus
was measured with a modified Ugo Basile algesiometer. The
animal’s hind paw was positioned over a convex surface (ra-
dius 2.5 mm) and gradually increasing pressure applied to the
dorsal surface until the animal vocalized. The mechanical
threshold was determined for both hind paws to provide a
baseline for subsequent comparison before the injection of one
hind paw with carrageenin. Carrageenin (0.15 ml of a solution
of 30 mg ml~! in saline; salt weight) or an equivalent volume
of vehicle was injected into the plantar surface of one hind
paw, and inflammation allowed to develop for 3 h, when the
mechanical threshold for each hind paw was again determined.
Vehicle or test compounds were administered i.p. at a dose
volume of 1 ml kg~! 1 h before the final test. The volume of
each hind paw was also measured after each paw pressure test
with a plethysmometer.

Two compounds were tested in separate experiments. In
each experiment, one group of rats was given an injection in-
traplantar with saline and i.p. with vehicle to provide a control
for the effects of carrageenin. The remaining groups were in-
jected intraplantar with carrageenin and i.p. with vehicle or the
test compound. L-687,414 ((+)-cis-4-methyl- HA 966) was
dissolved in saline, and its effects tested in 2 separate experi-
ments from which the data were combined. In the first, groups
of carrageenin-injected rats were treated with vehicle, 10 or
50 mg kg~!' L-687,414. In the second, 3 groups were treated
with vehicle, 10 or 100 mg kg~' L-687,414. L-701,324 (7-

chloro-4-hydroxy-3-(3-phenoxy) phenylquinolin-2-(1H)-one)
was prepared in 0.5% methocel and 6 groups of carrageenin-
injected rats treated with vehicle, 0.3, 1, 3, 10 or 30 mg kg~! L-
701,324. Doses are free base weight.

The data were analysed as differences from the baseline
scores prior to carrageenin injection. Analysis of variance was
performed, with post-hoc Newman-Keuls multiple comparison
tests when significant main effects were seen. Differences for
which P<0.05 were considered to be statistically significant.

Results

Intraplantar injection of carrageenin produced a marked in-
flammation of the hind paw characterized by reddening and an
increase in paw volume (oedema). There was a statistically
significant decrease in the mean mechanical threshold of the
injected paw in the group with carrageenin-injected paws (and
no drug treatment) compared to the group with saline-injected
paws in all experiments, confirming the induction of mechan-
ical hyperalgesia by carrageenin. However, there was no sig-
nificant difference in the mechanical threshold of the non-
injected non-inflamed contralateral hind paws between these 2
groups (Figures 1 and 2).

Treatment with L-687,414 (Figure 1) or with L-701,324
(Figure 2) produced a statistically significant (ANOVA
P <0.01) dose-dependent reversal of mechanical hyperalgesia
in the carrageenin-injected hind paws. The minimum effective
dose (P <0.05) that was significantly different from that of the
vehicle-treated group was 100 mg kg=' of L-687,414 and
3 mg kg~! of L-701,324 in line with their functional activity in
NMDA assays (Table 1). There were no significant differences
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Figure 1 The inhibitory effect of the NMDA/glycine site partial
agonist, L-687,414, on mechanical pain threshold in the hind paw of
rats only after the induction of inflammation by intraplantar (i.pl.)
injection of carrageenin; (A, A) the negative control responses in
vehicle (i.p.)-treated rats with (A) and without (A) i.pl. injection of
saline into one paw; ([0, H) positive control responses in the
inflamed carrageenin-injected paw (M) and the contralateral non-
inflamed paw ([J) in vehicle (i.p.)-treated rats; (O, @) responses in
the inflamed carrageenin injected paw (@) and the contralateral non-
inflamed paw (Q) in L-687,414 treated rats. Points are mean+
s.e.mean for n=10. *P<0.05 with respect to inflamed carrageenin-
injected paw in vehicle i.p. treated group.
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in the mean change in mechanical threshold of the non-in-
flamed contralateral hind paw in groups treated with any dose
of L-687,414 (Figure 1) examined, indicating that L-687,414
reversed mechanical hyperalgesia at doses that were not
frankly analgesic. A similar profile was observed with L-
701,324 in the range 0.3—10 mg kg~' but at the highest dose
tested (30 mg kg~') a significant increase in mechanical
threshold was also seen in the non-inflamed hind paw (an-
algesia: Figure 2).

There was no overt behavioural disruption with L-687,414
although mild ataxia was observed after the highest
(100 mg kg~!, i.p.) dose. Similarly with L-701,324 mild ataxia
was observed at 10 mg kg~!, i.p., with overt behavioural ef-
fects typical of the NMDA antagonist class (lateral head
movements and side to side movements of the hind quarters)
becoming evident after the 30 mg kg, i.p., dose.

Neither L-687,414 nor L-701,324 had any effect on the in-
crease in volume of the carrageenin-injected hind paws (Table
2).

Discussion

The present results show that both an antagonist and a low
efficacy partial agonist at the glycine modulatory site of the
NMDA receptor are able to reverse inflammation-induced
mechanical hyperalgesia. The difference in the minimum ef-
fective doses of L-687,414 and L-701,324 in the current study
(100 versus 3 mg kg~!) can largely be explained by the ap-
proximately 20 fold difference in their functional activity as
NMDA receptor antagonists (see Table 1), and is thus unlikely
to be due to a large difference in brain penetration. Both
compounds have been found to be very active as anti-
convulsants in mice when administered i.p. (see Table 1), thus

indicating good brain penetration (see Kulagowski et al., 1994, -

for discussion of the relative brain penetration and in vivo
activity of these and related compounds). Neither 1L-687,414
nor L-701,324 had any effect on the volume of the injected
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Figure 2 The potent selective inhibitory effect of the high affinity
NMDA/glycine site antagonist, L-701,324, on mechanical pain
threshold in the hind paws of rats after the induction of inflammation
induced by intraplantar (i.pl.) injection of carrageenin; (A, A)
negative control responses in vehicle (i.p.)-treated rats with (A) and
without (A) i.pl. injection of saline into one paw; ([J, W) positive
control responses in the inflamed carrageenin injected paw (M) and
the contralateral non-inflamed paw ([J) in vehicle (i.p.)-treated rats;
(O, @) responses in the inflamed carrageenin injected paw (@) and
the contralateral non-inflamed paw (Q) in L-701,324-treated rats.
Points are meanzs.e.mean for n=10. *P<0.05 with respect to
inflamed carrageenin-injected paw in vehicle i.p. treated group;
tP<0.05 with respect to non-inflamed paw in vehicle i.p. treated
group.

Table 1 Radioligand binding, functional NMDA receptor antagonist properties and anticonvulsant activities of the glycine site
antagonists

K; (#Ml EDs, (mgkg™, ip)
Compound ICso (uM) [°H]-L-689,560° NMDA anticonvulsant activity®
L-687,414 1.6 0.63 5.1 Partial agonist
L-701,324 0.002 0.028 0.9 High affinity antagonist

*Inhibition of binding of [*H] -L-689,560 to the strychnine-insensitive glycine binding site on rat cortex/hippocampal brain membranes.
ICs is the concentration of ligand (nM) required to inhibit 50% of specific binding.

*Blockade of NMDA-induced depolarizations in rat cortical slices. Apparent K, calculated from rightward shift in NMDA
concentration-response curves.

“Anticonvulsant activity characterized by degree of protection (absence of tonic seizures during 30s of sound exposure in audiogenic
seizure prone DBA/2 mice. Data taken from Saywell ez al. (1991) and Kulagowski et al. (1994).

Table 2 Effect of the glycine site antagonists on change in volume of the injected paw

L-687,414 Change in volume (ml) L-701,324 Change in volume (ml)
Saline + vehicle 0.09+0.02 Saline + vehicle —0.03+0.03
Carra + vehicle 0.70+0.04 Carra + vehicle 1.00+0.07
Carra + 10mgkg™ 0.70+0.04 Carra+0.3mgkg™! 0.96+0.12
Carra+50mgkg™ 0.67+0.07 Carra+ 1 mgkg™ 0.9710.10
Carra+100mgkg™’ 0.67+0.07 Carra+3mgkg™ 0.90+0.12

- Carra+ 10mgkg™ 0.90+0.08

Carra+30mgkg™! NT

Saline + vehicle groups had saline injected intraplantar and the test vehicle i.p. ‘Carra’ groups had carrageenin injected intraplantar,
and vehicle or the test drug (at the dose indicated) injected i.p. Each value is the mean change in paw volume (+s.e.mean) of 10 rats.
NT indicates not tested
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paw, indicating that the actions of these compounds were not
due to an effect on peripheral inflammatory processes.

NMDA receptor antagonists are known to disrupt motor
function (Kemp & Leeson, 1993) and thus it could be argued
that the effects of the test compounds in the current study were
due to effects on the motor system rather than true anti-
nociceptive effects. However, L-701,324 had significant effects
in the current study at doses 10 fold below those which affect
motor function (Kulagowski ez al., 1994), so the actions of this
compound are very likely to be antinociceptive. In contrast, for
L-687,414 there was no separation between doses having a
significant antinociceptive effect in the current study and those
known to affect motor function (Saywell et al., 1991). None-
theless, we believe that the effects of L-687,414 in the current
study were likely to be antinociceptive, since both L-687,414
and L-701,324 (at doses <30 mg kg~") affected the response
to stimulation of the inflamed paw, and not the response to
stimulation of the contralateral paw of the same animal, and
thus the effect cannot be ascribed to general impairment of
motor function. Furthermore, the nociception endpoint used
was vocalization which is a response requiring central in-
tegration, unlike spinally-mediated withdrawal reflexes that
could be disrupted by depression of spinal reflexes or drug-
induced ataxia (see Cahusac et al., 1984, for discussion of this
endpoint). Both test compounds in the present study had sig-
nificant antinociceptive effects at doses well below those which
provoked the overt PCP-like behavioural disruption (head-
weaving, body rolls etc.) characteristic of NMDA receptor
antagonists. The actions of the 2 test compounds were thus
very similar, with the exception that the therapeutic window
appears to be greater for L-701,324. This compound also has
the advantage that it shows high oral availability (Kulagowski
et al., 1994).

In the present experiments neither L-687,414 nor L-701,324
had any effect on responses to mechanical stimulation of the
contralateral, non-inflamed paw, at doses that completely re-
versed carrageenin-induced hyperalgesia. However, at
30 mg kg~!, L-701,324 produced a significant increase in the
mechanical threshold of the non-inflamed contralateral paw,
which may be due to the overt PCP-like behavioural disruption
also seen at this dose. Intrathecal NMDA/glycine site an-
tagonists have no effect on the thermal response threshold in
the unaffected paw in rats with inflammation or neuropathy
(Mao et al., 1992; Ren et al., 1992b). This lack of effect on the
unaffected limb at doses that significantly attenuate hyper-
algesia in the affected limb is also reported for antagonists at
the NMDA receptor ion channel and at the glutamate re-
cognition site (Mao et al., 1992; Ren et al., 1992a, b; Yama-
moto & Yaksh, 1992; Ren & Dubner, 1993; Tal & Bennett,
1993; Eisenberg et al., 1994; 1995) and so appears to be a
general feature of antagonism at the NMDA receptor.

Partial reversal (~ 60%) of mechanical hyperalgesia evoked
by intraplantar Freund’s adjuvant injection in rats has been
observed after intrathecal (i.t) administration of the NMDA
receptor ion channel blocker, dizocilpine and the glutamate
recognition site antagonist, AP-5 (Ren & Dubner, 1993). In the
present experiments, full reversal of mechanical hyperalgesia
was achieved with systemic NMDA glycine site antagonists. In
a human study, mechanical hyperalgesia evoked by in-
tradermal capsaicin injection was also partially reversed by
ketamine (Park et al., 1994). A range of inflammatory stimuli
also produce NMDA receptor antagonist-sensitive increases in
the mechanical responses of dorsal horn neurones (Schaible et
al., 1991; Dougherty et al., 1992; Ren et al., 1992a; Neugebauer
et al., 1993) and of spinal reflexes (Woolf & Thompson, 1991;
Ma & Woolf, 1985). However, mechanical hyperalgesia
evoked by peripheral neuropathy in rats was not affected by
treatment with dextrorphan, an NMDA receptor ion channel
blocker, although thermal hyperalgesia was reversed in the

same study (Tal & Bennett, 1993). Further, i.t. NMDA ad-
ministration in rats failed to produce mechanical hyperalgesia,
although heat hyperalgesia was seen (Mellor et al., 1993). This
suggests that there may be differences in the mechanisms
producing mechanical hyperalgesia following tissue injury or
inflammation as compared with that following peripheral
nerve injury or acute pharmacological manipulation.

NMDA /glycine site antagonists have been reported to show
antinociceptive effects on the responses evoked by formalin
(Dickenson & Aydar, 1991; Millan & Seguin, 1993; 1994), a
procedure which provokes on-going pain without central
sensitization (Xu et al., 1995), although other studies do not
show such effects (Coderre, 1993; Coderre & Van Empel, 1994)
for reasons that are not clear. NMDA /glycine site antagonists
also block the increased neuronal responsiveness evoked by
repetitive electrical stimulation of C-fibres, known as ‘wind-up’
(Dickenson, 1990), as do other classes of NMDA receptor
antagonists (Davies & Lodge, 1987; Dickenson & Sullivan,
1987). Wind-up is thought to be a substrate for central sensi-
tization and thus hyperalgesia (Dickenson, 1990; Woolf &
Thompson, 1991; Urban et al., 1994), although it is unlikely to
be involved in all forms of hyperalgesia, for example, in pain
and hyperalgesia as a result of visceral stimuli or damage, since
visceral nociceptive pathways show little or no evidence of
wind-up (Alarcon & Cervero, 1990; Laird et al., 1995). Fur-
thermore, NMDA /glycine site antagonists reduce the increased
neuronal excitability (Chapman & Dickenson, 1994) and also
the mechanical and thermal hyperalgesia evoked by peripheral
inflammation (Ren et al., 1992b, present results), and the
thermal hyperalgesia evoked by neuropathy (Mao et al., 1992).

Thus, the available evidence suggests that NMDA /glycine
site antagonists are effective (as are other classes of NMDA
receptor antagonists) in inhibiting the behavioural expression
of hyperalgesia and the increased responsiveness of nociceptive
neurones in animal models of inflammatory and neuropathic
pain which closely mirror human pain states. In human clinical
studies, other classes of NMDA receptor antagonists have
been shown to have analgesic properties (Kristensen et al.,
1992; Stannard & Porter, 1993; Backonja et al., 1994; Cherry et
al., 1995; Persson et al., 1995). This suggests that NMDA/
glycine site antagonists are likely to show similar analgesic
effects in clinical pain states.

The potential use of novel NMDA receptor antagonists for
the treatment of hyperalgesia and pain in man is dependent
upon the demonstration of an acceptable therapeutic window.
This appears to be a more realistic goal with the NMDA
glycine site antagonists than with the non-competitive ion
channel blocking agents or the competitive glutamate re-
cognition site antagonists (see Introduction). The recent de-
scription of NMDA glycine receptor full antagonists with
good oral availability and brain penetration, such as L-701,324
(Kulagowski et al., 1994), coupled with the present results
showing that this agent is effective in reversing experimental
hyperalgesia, suggest that it would be interesting and feasible
to test the analgesic effects of full antagonists of the glycine site
in man.

We are grateful to our colleagues in the Medicinal Chemistry
Department, Merck Sharp and Dohme Research Laboratories,
Harlow, for the syntheses of L-687,414 and L-701,324.



J.MA. Laird et al

NMDA/glycine antagonists reverse hyperalgesia 1491

References

ALARCON, G. & CERVERO, F. (1990). The effects of electrical
stimulation of A and C visceral afferent fibres on the excitability
of viscero-somatic neurones in the thoracic spinal cord of the cat.
Brain Res., 509, 24 -30.

ARENDT-NEILSON, L., PETERSEN-FELIX, S., FISCHER, M., BAK, P.,
BJERRING, P. & ZBINDEN, A.M. (1995). The effect of N-methyl-
D-aspartate antagonist (ketamine) on single and repeated
nociceptive stimuli: A placebo-controlled experimental human
study. Anaesth. Analg., 81, 63—68.

BACKONJA, M., ARNDT, G., GOMBAR, K.A., CHECK, B. &
ZIMMERMANN, M. (1994). Response of chronic neuropathic
pain syndromes to ketamine: a preliminary study. Pain, 56, 51—
57.

BRISTOW, L.J.,, FLATMAN, K.L., YOUNG, L., THORN, L., HUTSON,
P.H. & TRICKLEBANK, M.D. (1995). The glycine /NMDA
receptor antagonist L-701,324 blocks the neurochemical and
behavioural effects of amphetamine in rodents. Br. J. Pharmacol.,
114, 321P.

BRISTOW, L.J., HUTSON, P.H.,, THORN, L. & TRICKLEBANK, M.D.
(1993). The glycine /NMDA receptor antagonist R-(+)- HA-966
blocks activation of the mesolimbic dopamine system induced by
phencyclidine and dizocilpine (MK-801) in rodents. Br. J.
Pharmacol, 108, 1156—1163.

CAHUSAC, P.M.B,, EVANS, R.H,, HILL, R.G., RODRIGUEZ, R.E. &
SMITH, D.A S. (1984). The behavioural effects of an N-methyl-D-
aspartate receptor antagonist following application to the
lumbar spinal cord of conscious rats. Neuropharmacol., 23,
719-724.

CHAPMAN, V., & DICKENSON, A .H. (1994). Enhanced responses of
rat dorsal horn neurones after uv irradiation of the hindpaw;
roles of the NMDA receptor. Neurosci. Lett., 176, 41 —44.

CHAPMAN, V., HONORE, P., BURITOVA, J. & BESSON, J-M. (1995).
The contribution of NMDA receptor activation to spinal c-fos
expression in a model of inflammatory pain. Br. J. Pharmacol.,
116, 1628 - 1634.

CHERRY, D.A.,, PLUMMER, J.L., GOURLAY, GK., COATES, K.R. &
ODGERS, C.L. (1995). Ketamine as an adjunct to morphine in the
treatment of pain. Pain, 62, 119-121.

CODERRE, T.J. (1993). Potent analgesia induced in rats by combined
action at PCP and polyamine recognition sites of the NMDA
receptor complex. Eur. J. Neurosci., 5, 390—-393.

CODERRE, T.J. & VAN EMPEL, 1. (1994). The utility of excitatory
amino acid (EAA) antagonists as analgesic agents. I. Comparison
of the antinociceptive activity of various classes of EAA
antagonists in mechanical, thermal and chemical nociceptive
tests. Pain, 59, 345-352.

DAVIES, S.N. & LODGE, D. (1987). Evidence for the involvement of
N-methyl-D-aspartate receptors in ‘wind-up’ of class 2 neurones
in the dorsal horn of the rat. Brain Res., 424, 402—406.

DICKENSON, A.H. (1990). A cure for wind-up: NMDA receptor
antagonists as potential analgesics. Trends Pharmacol. Sci., 11,
307-309.

DICKENSON, A.H. & AYDAR, E. (1991). Antagonism at the glycine
site of the NMDA receptor reduces spinal nociception in the rat.
Neurosci. Lett., 121, 263 —266.

DICKENSON, A.H. & SULLIVAN, A.F. (1987). Evidence for a role of
the NMDA receptor in the frequency dependent potentiation of
deep rat dorsal horn nociceptive neurones following C-fibre
stimulation. Neuropharmacol., 26, 1235-1238.

DOUGHERTY, P.M., PALECEK, J., PALECEKOVA, V,, SORKIN, L.S. &
WILLIS, W.D. (1992). The role of NMDA and non-NMDA
excitatory amino acid receptors in the excitation of primate
spinothalamic tract neurones by mechanical, chemical, thermal
and electrical stimuli. J. Neurosci., 12, 3025-3041.

DUBNER, R. & RUDA, M.A. (1992). Activity-dependent plasticity
following tissue injury and inflammation. Trends Neurosci., 15,
96-103.

EISENBERG, E., LACROSS, S. & STRASSMAN, A.M. (1994). The
effects of the clinically tested NMDA receptor antagonist
memantine on carrageenan-induced thermal hyperalgesia in
rats. Eur. J. Pharmacol., 255, 123 -129.

EISENBERG, E., LACROSS, S. & STRASSMAN, AM. (1995). The
clinically tested NMDA receptor antagonist memantine blocks
and reverses thermal hyperalgesia in a rat model of painful
mononeuropathy. Neurosci. Letts., 187, 17-20.

HARGREAVES, R.J., RIGBY, M., SMITH, D. & HILL, R.G. (1993a).
Lack of effect of L-687,414 ((+)-cis-4-methyl-HA-966), an
NMDA receptor antagonist acting at the glycine site, on cerebral
glucose metabolism and cortical neuronal morphology. Br. J.
Pharmacol., 110, 36-42.

HARGREAVES, R.J., RIGBY, M., SMITH, D., HILL, R.G. & IVERSEN,
L.L. (1993b). Competitive as well as uncompetitive N-methyl-D-
aspartate receptor antagonists affect cortical neuronal morphol-
ogy and cerebral glucose metabolism. Neurochem. Res., 18,
1263 -1269.

HUTSON, P.H., BRISTOW, L.J.,, THORN, L. & TRICKLEBANK, M.D.
(1991). R-(+)- HA-966, a glycine/NMDA receptor antagonist,
selectively blocks the activation of the mesolimbic dopamine
system by amphetamine. Br. J. Pharmacol., 103, 2037 —-2044.

HUTSON, P.H., THORN, L., BRISTOW, L.J. & TRICKLEBANK, M.D.
(1995). L-701-324, a glycine/NMDA receptor antagonist,
attenuates activation of the mesolimbic dopamine system by
phencyclidine. Br. J. Pharmacol., 114, 322P.

KEMP, J.A. & LEESON, P.D. (1993). The glycine site of the NMDA
receptor - five years on. Trends Pharmacol. Sci., 14, 20-25.

KRISTENSEN, J.D., SVENSSON, B. & GORDH, T. (1992). The NMDA
receptor antagonist CPP abolishes neurogenic ‘wind-up pain’
after intrathecal administration in humans. Pain, 51, 249-253.

KULAGOWSKI, J.J., BAKER, R., CURTIS, N.R.,, LEESON, P.D,
MAWER, M., MOSELEY, AM., RIDGILL, M.P., ROWLEY, M.,
STANSFIELD, I, FOSTER, A.C., GRIMWOOD, S., HILL, R.G.,
KEMP, J. A, MARSHALL, G.R., SAYWELL, K.L. & TRICKLE-
BANK, M.D. (1994). 3'-(Arylmethyl)- and 3'-(Aryloxy)-3-phenyl-
4-hydroxyquinolon-2(1H)-ones: Orally active antagonists of the
glycine site of the NMDA receptor. J. Med. Chem., 37, 1402
1405.

LAIRD, J.M.A,, GARCIA DE LA RUBIA, P. & CERVERO, F. (1995).
Excitability changes of somatic and viscero-somatic nociceptive
reflexes in the decerebrate spinal rabbit: role of NMDA
receptors. J. Physiol., 489, 545-555.

LAIRD, J.M.A., MASON, G.S., HARGREAVES, RJ. & HILL, R.G.
(1994). Antagonists at the glycine modulatory site of the NMDA
receptor complex reverse inflammation-induced mechanical
hyperalgesia in the rat. Soc. Neurosci. Abstr., 20, 1390.

LEESON, P.D. & IVERSEN, L.L. (1994). The glycine site on the
NMDA receptor: Structure-activity relationships and therapeu-
tic potential. J. Med. Chem., 37, 4053 -4067.

MA, Q.-P. & WOOLF, C.J. (1995). Noxious stimuli induce an N-
methyl-D-aspartate receptor-dependent hypersensitivity of the
flexion withdrawal reflex to touch: implications for the treatment
of mechanical allodynia. Pain, 61, 383 —390.

MAO, J., PRICE, D.D., HAYES, R.L, LU, J. & MAYER, D.J. (1992).
Differential roles of NMDA and non-NMDA receptor activation
in induction and maintenance of thermal hyperalgesia in rats
with painful peripheral mononeuropathy. Brain Res., 598, 271 —
278.

MAO,J.,, PRICE, D.D., HAYES,R.L,, LU, J, MAYER, D.J. & FRENK, H.
(1993). Intrathecal treatment with dextrorphan or ketamine
potently reduces pain-related behaviours in a rat model of
peripheral mononeuropathy. Brain Res., 605, 164—168.

MELLOR, S.T., DYKSTRA, C. & GEBHART, G.F. (1993). Acute
mechanical hyperalgesia in the rat is produced by coactivation
of ionotropic AMPA and metabotropic glutamate receptors.
Neuroreport, 4, 879 —882.

MILLAN, M.J. & SEGUIN, L. (1993). (+)-HA 996, a partial agonist at
the glycine site coupled to NMDA receptors, blocks formalin-
induced pain in mice. Eur. J. Pharmacol., 238, 445—-447.

MILLAN, M.J. & SEGUIN, L. (1994). Chemically diverse ligands at the
glycine B site coupled to N-methyl-D-aspartate (NMDA)
receptors selectively block the late phase of formalin-induced
pain in mice. Neurosci. Letts., 178, 139—143.

NEUGEBAUER, V., LUCKE, T. & SCHAIBLE, H.-J. (1993). N-methyl-
D-aspartate (NMDA) and non-NMDA receptor antagonists
block the hyperexcitability of dorsal horn neurones during the
development of acute arthritis in rat’s knee joint. J.
Neurophysiol., 70, 1365—-1377.



1492 JMA. Laird et al

NMDA/glycine antagonists reverse hyperalgesia

PARK, K.M., MAX, M.B., ROBINOVITZ, E., GRACELY, RH. &
BENNETT, G.J. (1994). Effects of intravenous ketamine and
alfentanil on hyperalgesia induced by intradermal capsaicin. In
Proceedings of the 7th World Congress on Pain. ed. Gebhart,
G.F., Hammond, D.L. & Jensen, T.S. pp. 647-655. Seattle:
IASP Press.

PERSSON, J., AXELSSON, G., HALLIN, R.G. & GUSTAFSSON, L.L.
(1995). Beneficial effects of ketamine in a chronic pain state with
allodynia, possibly due to central sensitization. Pain, 60, 217—
222.

REN, K. & DUBNER, R. (1993). NMDA receptor antagonists
attenuate mechanical hyperalgesia in rats with unilateral
inflammation of the hind-paw. Neurosci. Lett., 163, 19-21.

REN, K., HYLDEN, J.LK., WILLIAMS, G., RUDA, M.A. & DUBNER,
R. (1992a). The effects of a non-competitive NMDA receptor
antagonist on behavioural hyperalgesia and dorsal horn neuronal
activity in rats with unilateral inflammation. Pain, 50, 331-344.

REN, K., HYLDEN, J.LK., WILLIAMS, G., RUDA, M.A. & DUBNER,
R. (1992b). The intrathecal administration of excitatory amino
acid receptor antagonists selectively attenuated carrageenan-
induced behavioural hyperalgesia in rats. Eur. J. Pharmacol.,
219, 235-243.

SAYWELL, K., SINGH, L., OLES, R.J., VASS, C, LEESON, P.D,,
WILLIAMS, B.J. & TRICKLEBANK, M.D. (1991). The anti-
convulsant properties in the mouse of the glycine/NMDA
receptor antagonist L-687,414. Br. J. Pharmacol., 102, 66P.

SCHAIBLE, H.-J.,, GRUBB, B.D., NEUGEBAUER, V. & DUBNER, R.
(1991). The effects of NMDA antagonists on neuronal activity in
cat spinal cord evoked by acute inflammation in the knee joint.
Eur. J. Neurosci., 3,981 -991.

STANNARD, C.F. & PORTER, G.E. (1993). Ketamine hydrochloride in
the treatment of phantom limb pain. Pain, 54, 227-230.

TAL, M. & BENNETT, G.J. (1993). Dextrorphan relieves neuropathic
heat-evoked hyperalgesia in the rat. Neurosci. Lett., 151, 107 -
110.

URBAN, L., THOMPSON, S.W.N. & DRAY, A. (1994). Modulation of
spinal excitability: co-operation between neurokinin and ex-
citatory amino acid neurotransmitters. Trends Neurosci., 17,
432-438.

WHITE, P.F, WAY, W.L. & TREVOR, AlJ. (1982). Ketamine-Its
pharmacology and therapeutic uses. Anesthesiology, 56, 119—
136.

WONG, E.H.F. & KEMP, J.A. (1991). Sites for antagonism on the N-
methyl-D-aspartate receptor channel complex. Annu. Rev.
Pharmacol. Toxicol., 31, 401 -425.

WOOLF, C.J. & THOMPSON, S.W.N. (1991). The induction and
maintenance of central sensitisation is dependent on N-methyl-
D-aspartic acid receptor activation: implications for the treat-
ment of post-injury pain hypersensitivity states. Pain, 44, 293 —
299.

XU, X.-J., ELFVIN, A. & WIESENFELD-HALLIN, Z. (1995). Sub-
cutaneous carrageenan, but not formalin, increases the excit-
ability of the nociceptive flexor reflex in the rat. Neurosci. Lett.,
196, 116-118.

YAMAMOTO, T., SHIMOYAMA, N. & MIZUGUSHI, T. (1993). The
effects of morphine, MK-801, an NMDA antagonist, and CP-
96,345, an NK1 antagonist on the hyperesthesia evoked by
carrageenan injection in the rat paw. Anesthesiology, 78, 124—
133.

YAMAMOTO, T. & YAKSH, T.L. (1992). Spinal pharmacology of
thermal hyperesthesia induced by constriction injury of sciatic
nerve. Excitatory amino acid antagonists. Pain, 49, 121 -128.

( Received September 1, 1995
Revised December 7, 1995
Accepted December 19, 1995)



