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1 We have previously found that intrathecal administration of prostaglandins E2 (PGE2) and D2

(PGD2) into conscious mice induced hyperalgesia by the hot plate test. The present study investigated the
involvement of N-methyl-D-aspartate (NMDA) receptor in the prostaglandin-induced hyperalgesia by
use of mice lacking NMDA receptor e1, e4, or e1/e4 subunits.

2 PGE2 induced hyperalgesia over a wide range of doses from 50 pg to 500 ng kg71 in wild-type mice.
But PGE2 could not induce hyperalgesia in e1, e4, or e1/e4 subunit knockout mice.

3 The NMDA receptor antagonist D-(7)-2-amino-5-phosphonovaleric acid (D-AP5), the non-NMDA
receptor antagonist g-D-glutamylaminomethyl sulphonic acid (GAMS), and the nitric oxide synthase
inhibitor No-nitro-L-arginine methyl ester (L-NAME) inhibited the PGE2-induced hyperalgesia in wild-
type mice.

4 PGD2 induced hyperalgesia at doses of 25 ng to 250 ng kg71 in both wild-type and e1/e4 subunit
knockout mice. The substance P receptor antagonist CP 96,345 blocked the PGD2-induced hyperalgesia
in wild-type and e1/e4 subunit knockout mice.

5 These results demonstrate that the pathways leading to hyperalgesia are di�erent between PGD2 and
PGE2 and that both e1 and e4 subunits of the NMDA receptor are involved in the PGE2-induced
hyperalgesia.
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Introduction

Prostaglandins are formed in virtually all mammalian tissues
and involved in various aspects of in¯ammation including pain
(Coleman et al., 1990). Recent evidence indicates that pros-
taglandins are critical for the processing of pain not only by
sensitizing the peripheral terminals of primary a�erent noci-
ceptors but also by augmenting processing of pain information
at the spinal level (Malmberg & Yaksh, 1992a, b; Minami et
al., 1992; 1994a, c). We previously showed that intrathecal (i.t.)
administration of prostaglandin D2 (PGD2) and PGE2 into
mice induced hyperalgesia, which was blocked by antagonists
for substance P and N-methyl-D-aspartate (NMDA) receptors,
respectively (Uda et al., 1990; Nishihara et al., 1995a). The
NMDA receptor channel is formed by the e (NR2) and z
(NR1) subfamilies (Hollmann & Heinemann, 1994; Mori &
Mishina, 1995). Highly active NMDA receptor channels are
produced only when the z subunit is expressed together with
any one of four e subunits (e1 ± e4). Because the four e subunits
are distinct in distribution, functional properties, and regula-
tion, the molecular diversity of the e subunit family is con-
sidered to underlie the functional heterogeneity of the NMDA
receptor channel (Mishina et al., 1993). Although many studies
including ours have demonstrated the involvement of gluta-
mate receptors in pain transmission and processing in the
spinal cord, these studies have been con®ned to studies of
NMDA versus non-NMDA receptors due to a lack of selective
antagonists (Aanonsen & Wilcox, 1987; Urca & Raigorodsky,
1988; Malmberg & Yaksh, 1992a; Minami et al., 1994b). To
elucidate the physiological signi®cance of e subunits of the
NMDA receptor channel, the gene targeting technique has
been employed (Sakimura et al., 1995; Ikeda et al., 1995;
Kutsuwada et al., 1996; Ebralidze et al., 1996). In the present

study to clarify which subtype of the NMDA receptor is in-
volved in the prostaglandin-induced hyperalgesia, we ex-
amined the hyperalgesic response in mice lacking NMDA
receptor e1, e4, or e1/e4 subunits.

Methods

Animals

The mutant mice lacking either the e1 or e4 subunit of the
NMDA receptor channel were obtained by the gene targeting
technique (Sakimura et al., 1995; Ikeda et al., 1995). The
murine e1 and e4 subunit genes were localized in di�erent
autosomes; chromosomes 16 and 7, respectively (Nagasawa et
al., 1996). Crossing of the e1 subunit knockout mouse strain
H10 and the e4 subunit knockout mouse strain G72 yielded the
mutant mice lacking both the e1 and e4 subunits of the NMDA
receptor channel (the e1/e4 subunit mutant mice). The geno-
types of the mice were determined by Southern blotting ana-
lyses of tail DNA as described by Sakimura et al. (1995) and
Ikeda et al. (1995). The e1, e4, and e1/e4 subunit mutant mice
grew and mated normally. The animals were housed under
conditions of a 12 h light-dark cycle and a constant tempera-
ture of 22+28C and 60+10% humidity.

Hot plate test

Male mice weighing 20+2 g were used in this study. A 27-
gauge stainless-steel needle (0.35 mm, o.d.) attached to a mi-
crosyringe was inserted between the L5 and L6 vertebrae by a
slight modi®cation of the technique of Hylden & Wilcox
(1980). The volume of the i.t. injection was 5 ml. Mice were
placed on a hot plate maintained at 558C, and the elapsed time
until the mice showed the ®rst avoidance responses (licking the
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feet, jumping, or rapidly stamping the paws) was recorded as
described previously (Minami et al., 1994a). The response time
of the mice to the hot plate was measured at 30 min and
10 min after the i.t. injection of PGE2 and PGD2, respectively.

The animals were used only for one measurement in each
experiment. This study was conducted with the approval of the
local ethics committee and in accordance with the guidelines of
the Ethics Committee of the International Association for the
Study of Pain (Zimmermann, 1983).

Chemicals

PGD2 and PGE2 were generous gifts from Ono Central Re-
search Institute (Osaka, Japan). D-(7)-2-Amino-5-phospho-
novaleric acid (D-AP5) and g-D-glutamylaminomethyl
sulphonic acid (GAMS) were obtained from Cambridge Re-
search Biochemicals (Cambridge, England). No-Nitro-L-argi-
nine methyl ester (L-NAME) was purchased from Sigma (St.
Louis, MO, U.S.A.). CP 96,345 (2S,3S)-cis-2-(diphe-
nylmethyl)-N-((2-methoxyphenyl)methyl-1-azabicy-
clo[2.2.2]octan-3-amine) was a gift from P®zer Inc. (Groton,
CT, U.S.A.). All chemicals were dissolved in sterile saline on
the day of experiments and kept on ice until used. All drugs,
including saline, were coded to assure blind testing.

Statistics

The statistical analyses were carried out by analysis of variance
(ANOVA). Statistical signi®cance (P50.05) was further ex-
amined with Duncan's test for multiple comparison.

Results

E�ects of i.t. PGE2 and PGD2 on hyperalgesia in
NMDA receptor e1/e4 subunit knockout mice

PGE2 produced a hyperalgesic action by the hot plate test
between 3 ± 30 min after i.t. injection in conscious mice (Uda et
al., 1990). Because the maximum e�ect was observed between
15 ± 30 min, here we assessed the hyperalgesic response to
PGE2 at 30 min after i.t. injection. Saline-injected control mice
responded to the hot plate with a constant latency (16.0+0.7 s
and 15.9+1.2 s, mean+s.e.mean, n=10) in wild-type and e1/
e4 subunit mutant mice, respectively. The PGE2-induced hy-
peralgesia was observed in wild-type mice over a range of doses
(50 pg ± 500 ng kg71) with a maximum e�ect at 500 ng kg71

(10.2+0.7 s). However, PGE2 did not show a hyperalgesic
e�ect in e1/e4 subunit mutant mice (Figure 1a).

PGD2 showed a hyperalgesic e�ect between 3 ± 60 min after
i.t. injection and the maximum e�ect was observed at 10 min.
The PGD2-induced hyperalgesic e�ect at 10 min was observed
at doses of 25 to 250 ng kg71 with a maximum e�ect at
50 ng kg71 (9.2+0.6 s and 9.8+0.7 s) in wild-type and e1/e4
subunit mutant mice, respectively. There was no signi®cant
di�erence in dose dependency of PGD2 for hyperalgesia be-
tween the mutant and wild-type mice (Figure 1b).

To elucidate the di�erence in the mechanisms of hyper-
algesia induced by PGE2 and PGD2, we examined the e�ects of
various agents on the PGE2- and PGD2-induced hyperalgesia.
As shown in Figure 2, the NMDA receptor antagonist D-AP5
(50 mg kg71), the non-NMDA receptor antagonist GAMS
(50 mg kg71), and the nitric oxide (NO) synthase inhibitor L-
NAME (50 ng kg71) attenuated the hyperalgesia induced by
PGE2 (500 ng kg

71) in wild-type mice. Uda et al. (1990) have
previously shown that the PGE2-induced hyperalgesia was not
inhibited by a substance P receptor antagonist. On the other
hand, the PGD2 (50 ng kg71)-induced hyperalgesia was
blocked by the substance P receptor antagonist CP 96,345
(500 ng kg71), but not blocked by L-NAME (50 ng kg71), in
both wild-type and e1/e4 subunit mutant mice (Figure 3). Be-
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Figure 1 Dose dependency for the e�ects of i.t. injection of PGE2 and PGD2 on hyperalgesia in wild-type and e1/e4 subunit mutant
mice. Various doses of PGE2 (a) or PGD2 (b) were injected into the subarachnoid space of wild-type (solid columns) and e1/e4
subunit mutant (open columns) mice. The time until the mice showed the ®rst avoidance response to the hot plate test (558C) was
measured 30 min (PGE2) or 10 min (PGD2) after i.t. injection. Each column represents the mean+s.e.mean of responses in ten
mice. Statistical analyses were carried out by Duncan's test. *P50.05, **P50.01, as compared with the saline-injected control
group.
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Figure 2 E�ect of various agents on PGE2-induced hyperalgesia in
wild-type mice. PGE2 (500 ng kg71) was injected alone or simulta-
neously with D-AP5 (50 mg kg71), GAMS (50 mg kg71), or L-NAME
(50 ng kg71) into the subarachnoid space of wild-type mice. The time
until the mice showed the ®rst avoidance response to the hot plate
test (558C) was measured 30 min after i.t. injection. Each column
represents the mean+s.e.mean of responses in ten mice. Statistical
analyses were carried out by Duncan's test. **P50.01, as compared
with the PGE2-injected control group.
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cause animals receiving simultaneous injections of D-AP5 or
GAMS with PGD2 displayed hind-leg muscle ¯accidity, the
mice did not respond to the hot plate by 20 s.

Induction of hyperalgesia by PGE2 in e1 and e4 subunit
mutant mice

To assess which subtype of the NMDA receptor channel is
involved in the PGE2-induced hyperalgesia, we examined the
induction of hyperalgesia by PGE2 in e1 or e4 subunit mutant
mice in addition to e1/e4 double mutant mice. Figure 4 clearly
demonstrates that PGE2 (500 ng kg71) lost its hyperalgesic
e�ect in either e1, e4 or e1/e4 subunit mutant mice.

Discussion

There is considerable evidence to implicate activation of
NMDA receptors and subsequent NO production in the me-
chanisms that underlie thermal hyperalgesia and, like other
regions of the central nervous system such as hippocampus and
neocortex, long-term, use-dependent changes are suggested to
be involved in central mechanisms associated with hypersensi-
tivity in the spinal cord (Meller & Gebhart, 1993). We pre-
viously showed that i.t. injection of PGE2 induced thermal
hyperalgesia, which was blocked by NMDA antagonists and L-
NAME (Nishihara et al., 1995a; Minami et al., 1996). In the
present study, we con®rmed that the PGE2-induced hyper-
algesia is mediated through the glutamate receptor-NO system
in wild-type mice and provided direct evidence that both e1 and
e4 subunits of NMDA receptor are involved in the PGE2-in-
duced hyperalgesia. While the e1 subunit mRNA is found in all
regions of the gray matter except for the lamina 2, the e4 sub-
unit mRNA is faintly expressed in mouse spinal cord at post-
natal day 21 (Watanabe et al., 1994). Interestingly, the e4
subunit mRNA is distributed widely in the spinal cord during
embryonic and early postnatal periods. Comparing e1/z1 and
e4/z1 heteromeric NMDA receptor channels, the e1/z1 channel
is more sensitive to Mg2+ block than the e4/z1 channel (Mis-
hina et al., 1993). The e1/z1 channel, but not e4/z1 channel, is
positively modulated by treatment with a protein kinase C
activator (Mori et al., 1993). Because the e1 and e4 subunits are
thus distinct in distribution, properties and regulation, Mishina
et al. (1993) proposed that e1 subunit as well as e2 subunit plays
an important role in synaptic plasticity and that e4 subunit may

mediate synaptic transmission at early stages of development.
Consistent with this notion, recent studies have demonstrated
that the NMDA-receptor channel currents and long-term po-
tentiation are signi®cantly reduced at the hippocampal CA1
synapses in e1 subunit mutant mice and that the mutant mice
exhibit moderate de®ciency in spatial learning (Sakimura et al.,
1995). On the other hand, whereas the e4 subunit mutant mice
showed a reduced spontaneous locomotor activity, no obvious
de®cit in motor activity and anxiety tests was observed in the
mutant mice (Ikeda et al., 1995). We demonstrated here that the
PGE2-induced hyperalgesia was completely abolished in e4
subunit mutant mice and that the e4 subunit may also play a
role in neural functions in the central nervous system.

Activation of primary a�erent C ®bres by noxious stimuli
gives rise to spinal release of the excitatory amino acids, glu-
tamate and aspartate, and neuropeptides including substance P
and these mediators may facilitate the cascade of nociceptive
processing (Malmberg & Yaksh, 1995). Previous studies on
pain transmission suggested mutual interactions between sub-
stance P and glutamate, and prostaglandins. The NMDA re-
ceptor activation evokes the spinal release of PGE2 (Sorkin,
1993). Substance P elicits a time- and dose-dependent release
of PGD2 and PGE2 from rat spinal cord astrocytes (Marriott
et al., 1991). Non-steroidal anti-in¯ammatory drugs adminis-
tered intrathecally blocked the excessive sensitivity to pain
induced by the activation of spinal glutamate and substance P
receptors and by subcutaneous injection of formalin (Malm-
berg & Yaksh, 1992a, b). These observations suggested that
the e�ects of non-steroidal anti-in¯ammatory drugs are
probably mediated by inhibition of prostaglandin synthesis in
the spinal cord. Conversely, PGE2 could enhance the release of
glutamate from rat spinal cord synaptomoses (Nishihara et al.,
1995b) and the release of substance P from isolated neurones
of the avian dorsal root ganglion (Nicol et al., 1992). Taken
together with the present study, these results suggest that PGE2

may enhance the release of glutamate from C ®bres induced by
thermal stimulation, which acts on two classes of ionotropic
glutamate receptor, NMDA- and a-amino-3-hydroxy-5-me-
thylisoxazole-4-propionic acid (AMPA)-types, on the same
postsynaptic membranes in wild-type mice. Depolarization
produced by activation of the AMPA receptor removes the
Mg2+ block on NMDA receptors, allowing for NMDA re-
ceptor activation, an in¯ux of Ca2+, NO and prostaglandin
production. Alterations in these biochemical cascades and
circuits in the spinal cord will evoke a long-lasting facilitation
of spinal pain processing by noxious stimuli.

Substance P is found in high concentrations in small dia-
meter primary a�erent axons which terminate in the super®cial
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Figure 3 E�ects of the substance P receptor antagonist CP 96,345
on PGD2-induced hyperalgesia in wild-type and e1/e4 subunit mutant
mice. PGD2 (50 ng kg

71) was injected alone or simultaneously with
CP 96,345 (500 ng kg71) or L-NAME (50 ng kg71) into the
subarachnoid space of wild-type (solid columns) and e1/e4 subunit
mutant (open columns) mice. The time until the mice showed the ®rst
avoidance response to the hot plate test (558C) was measured 10 min
after i.t. injection. Each column represents the mean+s.e.mean of
responses in ten mice. Statistical analyses were carried out by
Duncan's test. **P50.01, as compared with the PGD2-injected
control group.
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Figure 4 E�ects of PGE2 on hyperalgesia in wild-type, e1, e4, or e1/
e4 subunit mutant mice. PGE2 (500 ng kg

71, solid columns) or saline
(open columns) was injected in wild-type, e1, e4, or e1/e4 subunit
mutant mice. The time until the mice showed the ®rst avoidance
response to the hot plate test (558C) was measured 30 min after i.t.
injection. Each column represents the mean+s.e.mean of responses in
ten mice. **P50.01, as compared with the saline-injected control
group.
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laminae of dorsal horn (HoÈ kfelt et al., 1975) and is released
into the dorsal horn upon noxious stimulation (Otsuka &
Konishi, 1976; Duggan et al., 1987). In the dorsal horn, sub-
stance P preferentially excites nociceptive neurones and this
excitation is blocked by the substance P receptor antagonist,
CP 96,345 (De Koninck & Henry, 1991). Substance P, ad
ministered by intrathecal injection, facilitates spinal nocicep-
tive re¯ex function and CP 96,345 blocks the substance P-
induced facilitation and nociceptive responses to noxious
thermal and chemical stimuli (Yashpal et al., 1993). Consistent
with the localization of the e1 subunit mRNA mentioned
above, it has recently been shown that substance P receptors
are expressed in spinothalamic tract neurones in laminae I and
III-V and they are monosynaptic targets for peptidergic C
a�erents (Marshall et al., 1996). On the basis that substance P
and glutamate coexist in the terminals of the C ®bres, it has
been postulated that substance P can activate nociceptive-
speci®c dorsal neurones, possibly by a mechanism involving
glutamate and the NMDA receptor (De Biasi & Rustioni,
1988; Urban et al., 1994). In fact, several studies have sug-
gested that substance P and excitatory amino acids interact
synergistically to induce central stabilization through sub-
stance P and NMDA receptors (Xu et al., 1992). Both sub-
stance P and NMDA receptor antagonists attenuate or block
the hypersensitivity of spinal neurones evoked by noxious
stimulation and the combined administration of these an-
tagonists produced an enhanced inhibitory e�ect which sug-
gests a synergistic interaction between these two types of

antagonist. On the other hand, previous studies have suggested
that substance P is neither necessary nor su�cient to elicit
pain, and cannot be a traditional neurotransmitter of noci-
ception (Bossut et al., 1988). Thus some controversy exists
about the exact role of substance P in pain transmission in the
spinal cord. It is di�cult to distinguish a direct postsynaptic
action from polysynaptically mediated events by use of re-
ceptor agonists and antagonists. Although the involvement of
non-NMDA receptors in the PGD2-induced hyperalgesia re-
mains unknown, the present study clearly demonstrated that
the PGD2-evoked hyperalgesia is mediated by substance P
(Figure 3) and that the deprivation of e1 and e4 subunits of
NMDA receptors does not a�ect the PGD2-evoked hyper-
algesia (Figure 1b). The present study shows that the gene
targeting technique provides a valuable tool for investigation
of pain transmission and central hypersensitivity associated
with chronic pain at the molecular levels.
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