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1 We recently demonstrated that intrathecal administration of prostaglandin E, (PGE,) and PGF,,
induced allodynia through a pathway that includes the glutamate receptor and nitric oxide (NO)-
generating systems from pharmacological studies. In order to clarify the involvement of NO in
prostaglandin-induced allodynia, we measured NO released from rat spinal cord slices by a
chemiluminescence method.

2 PGE, stimulated NO release from both dorsal and ventral regions all along the spinal cord. PGE,
stimulated the release within 10 min and increased it in a time-dependent manner.

3 The PGE,-induced NO release was observed at 100 nMm—10 uM. PGF,, stimulated the release at
concentrations higher than 1 M, but PGD, (up to 10 um) did not enhance it.

4 17-Phenyl-w-trinor PGE, (EP, > EP;) and sulprostone (EP, <EP;) were as potent as PGE,, but PGE,
was less potent, in stimulating NO release. While M&B 28767 (EP;) did not enhance the release,
butaprost (EP,) stimulated it at 1 uM. The PGE,-evoked release was blocked by ONO-NT-012, a
bifunctional EP, antagonist/EP; agonist.

5 The PGE,-evoked release was Ca®'-dependent and blocked by MK-801 (NMDA receptor
antagonist) and L-NAME (NO synthase inhibitor). The release was also inhibited by PGD, and
dibutyryl-cyclic AMP.

6 The present study demonstrated that PGE, stimulates NO release in the rat spinal cord by activation
of NMDA receptors through the EP; receptor, and supports our previous findings that the NO-
generating system is involved in the PGE,-induced allodynia.
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Introduction

Nitric oxide (NO) plays important roles in many physiological
functions such as neurotransmission, the regulation of vascular
tone, and the mediation of immune responses (Moncada &
Higgs, 1993). Neuronal type NO synthase (nNOS) is a
calcium/calmodulin-dependent enzyme that is stimulated by
activation of the N-methyl-D-aspartate (NMDA)-type gluta-
mate receptor. NO activates soluble guanylate cyclase to
increase the intracellular content of guanosine 3':5'-cyclic
monophosphate (cyclic GMP) (Bredt & Snyder, 1992). A role
of NO in sensory signalling was initially suggested based on the
localization of nNOS in sensory pathways (Bredt et al., 1990).
Immunohistochemical studies have demonstrated that nNOS
is discretely localized in the superficial dorsal horn and the
intermediolateral cell column (Dun et al., 1992; 1993; Saito et
al., 1994). In accordance with these locations, NO is thought to
regulate autonomic tone and sensory transduction at the spinal
cord level. Many pharmacological studies have indirectly
demonstrated that NO released in the spinal cord may be
involved in the mediation of hyperalgesia by use of inhibitors
for NOS and guanylate cyclase (Moore et al., 1991; Haley et
al., 1992; Kitto et al., 1992; Meller et al., 1992; Malmberg &
Yaksh, 1993). The mechanisms of the production and roles of
NO during nociceptive transmission have been reviewed; it
may act as a retrograde messenger between neurones, as a
modulator of postsynaptic function, or as a paracrine mediator
in adjacent neurones or glia (Meller & Gehart, 1993). One or
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more modes of action may underline the involvement of NO in
spinal nociceptive processing.

We recently showed that intrathecal (i.t.) administration of
prostaglandin E, (PGE,) to conscious mice induced hyper-
algesia in the hot plate test and that i.t. PGE, and PGF,,
induced allodynia, a state of discomfort and pain evoked by
innocuous tactile stimuli (Uda et al., 1990; Minami et al., 1992;
1994c). The diversity of PGE, actions is ascribed to PGE
receptor subtypes EP,, EP,, EP; and EP, coupled to different
signal transduction pathways (Coleman et al., 1994). We
suggested with EP receptor agonists that PGE, may exert
allodynia through EP, receptors and hyperalgesia through EP,
and/or EP; receptors in the mouse spinal cord (Minami et al.,
1994a). Furthermore, the bifunctional EP, antagonist/EP;
agonist ONO-NT-012, (5(Z)-7-[(1S,2S,3S,5R)-3-(trans-3-styr-
ene) sulphonamido-6,6-dimethylbicyclo (3.1.1.)hept-2-yl]-5-
heptenoic acid), is found to be a highly potent, simple
competitive antagonist for the PGE,-induced allodynia
(Minami et al., 1995b). Recent studies from our laboratory
further demonstrated, with glutamate receptor antagonists and
inhibitors for NOS and guanylate cyclase (Minami et al.,
1994b; 1995a; 1996b; Nishihara et al., 1995a) that prostaglan-
din-induced hyperalgesia and allodynia are mediated by the
glutamate receptor-NO generating pathways. However,
whether PGE, and PGF,, stimulate NO synthesis in the spinal
cord has not been examined directly. Kitade er al. (1996)
recently established a sensitive system for NO measurement. In
order to elucidate the involvement of NO in prostaglandin-
induced pain responses, in the present study we measured NO
production by prostaglandins in rat spinal cord slices.
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Methods
Release of NO from rat spinal cord slices

Adult male Wistar rats (230 + 10 g) were killed by decapitation
and spinal cords were removed quickly. After careful removal
of the pia-arachnoid membranes on ice and washing the tissue
in Krebs-Ringer buffer (KRB in mm: NaCl 135, KCl 4.8,
CaCl, 2, MgSO, 1.2, KH,PO, 1.2, NaHCO; 25, glucose 10 and
N - (2-hydroxyethyl) - piperazine - N' - 2-ethane-sulphonic acid
12.5; pH 7.4), the dorsal halves of whole spinal cords were
separated from the ventral ones and sliced into small pieces
(cubic-like block; 0.5 mm thick). If necessary, the tissue was
first cut transversely into three regions-cervical, thoracic and
lumbar, and each selected region was then divided into the
dorsal and ventral parts by a horizontal cut. The slices
(0.84+0.2 mg protein) were washed with KRB for 10 min,
transferred to 12-well culture dishes and incubated at 37°C
with test agents in 2 ml of KRB in a CO, incubator for
indicated times. In Ca®*-free experiments, the slices were
incubated with a Ca®>"-free KRB to which 0.5 mM ethylene
glycol-bis(fi-aminoethylether)- N, N'-tetraacetic acid was added.

Measurement of NO content in the incubation medium

The concentrations of NO,~ and NO;~ in the medium were
determined with a redox chemiluminescence NO analyser
(FES-450, Scholar Tec., Osaka, Japan) essentially as described
previously (Kitade er al., 1996). Briefly, 200 ul of the medium
was mixed with 2 ml of saturated ascorbic acid solution in a
sealed tube for 10 to 15 s at room temperature to reduce NO, ™
to NO or with 2 ml of 0.1 M vanadium trichloride in 1 N HCI
solution in a sealed tube for 60 s at 70°C to reduce NO,~ and
NO;~ to NO (Hendrix & Braman, 1995). Measurement of NO
was based on the observation of chemiluminescence (660—
900 nm) produced by the reaction of NO with ozone. Sodium
nitrite or sodium nitrate was used as standard. The sensitivity
threshold for detection of NO was around 50 pmol with either
sodium nitrite or sodium nitrate as standard and the NO-
chemiluminescence relationship was linear between 50 and
1000 pmol in a full-scale condition by the above-mentioned
reduction methods. NO; ™ is not detected by incubation with
saturated ascorbic acid, because it cannot be reduced to NO.
The background of NO in the medium was determined with
dishes without slices and the background levels of NO,™ and
NO, ™ plus NO;~ were 0.235+0.03 and 1.27 +0.29 nmol/dish,
respectively. If not specified, accumulation of NO,~ and NO; ™~
in the medium was used as a measure of NO formation. NO
release was calculated by subtracting the background from
measured NO and normalized by protein concentration.
Protein was determined by the method of Bradford (1976)
with bovine serum albumin as standard.

Chemicals

The following chemicals were generous gifts: PGD,, PGE,,
PGE,, PGF,, and ONO-NT-012, from Ono Research Institute
(Osaka, Japan); sulprostone from Dr K.-H. Thierauch,
Schering AG, Berlin; M&B 28767 (15S-hydroxy-9-oxo-16-
phenoxy-m-tetranorprost 13E-enoic acid) from Rhoéne-Pou-
lenc Rorer, U.K.; butaprost from Dr P.J. Gardiner of Bayer,
U.K.; and MK-801 ((+)-5-methyl-10,11-dihydro-5H-diaben-
zyl[a,d]cyclohepten-5,10-imine hydrogen maleate) from Merck
Research Laboratories (Rathway, NJ, U.S.A.). 17-Phenyl-w-
trinor PGE, was obtained from Cayman Chemical (Ann
Arbor, MI, U.S.A.). N@-nitro-L-arginine methyl ester (L-

NAME) and dibutyryl-cyclic AMP were purchased from
Sigma (St. Louis, MO, U.S.A.). Prostanoids were stored in
an ethanol solution at —20°C. An aliquot of the desired stock
solution was put into a borosilicate tube and the ethanol was
removed by evaporation to dryness under nitrogen gas.
Prostanoids and all other drugs were dissolved in sterile saline
on the day of experiments and kept on ice until used.

Statistics

Data are presented as mean +s.e.mean. The statistical analyses
were carried out by analysis of variance (ANOVA) followed by
Dunnett’s ¢ test for multiple comparisons or by Student’s ¢ test.

Results
PGExinduced NO release from rat spinal cords

In order to study whether PGE, could stimulate NO release
from the spinal cord, we examined its effect on the dorsal and
ventral parts of rat spinal cords at the three different levels:
cervical, thoracic and lumbar. After reduction of NO,~ and
NO;~ to NO with acidic vanadium (III), the NO level was
determined by the chemiluminescence method. As shown in
Figure 1, 60 min incubation of the dorsal part of lumbar with
100 nM PGE, stimulated NO release (7.67+ 1.89 nmol mg~")
when compared to that (0.53+0.14 nmol mg™") incubated
with KRB. NO,~ formation was 2.19+40.37 nmol/dish when
determined by reduction with saturated ascorbic acid. There-
fore, the ratio of NO;~ and NO,~ was 2.5. Similar stimulation
of NO release by PGE, was observed with spinal cords at
cervical and thoracic levels. Although PGE, stimulated NO
release from the ventral parts as well as the dorsal parts at the
three levels examined (Figure 1), we used the dorsal half of
whole spinal cords and measured the concentrations of NO,™
and NO;~ in the medium for the following experiments.
Figure 2 shows the time course of NO release induced by
100 nm PGE,. The NO level in KRB was
0.70+0.44 nmol mg™" at 10 min which was not significantly
changed in KRB during the 120 min experimental period.
PGE, increased the NO level in the medium in a time-
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Figure 1 The effect of PGE, on NO release (nmol mg ™" protein) at
three different levels of rat spinal cord. Slices in 12-well culture dishes
were incubated in 2 ml of KRB in the absence or presence of 100 nm
PGE; for 60 min in a CO, incubator. NO content in the medium was
measured as described under Methods. Each column represents the
mean+s.e.mean of fifteen independent experiments. Statistical
analyses were carried out by Student’s ¢ test. ¥**¥*P <0.01, as compared
with the control (KRB).
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dependent manner; it increased to 1.46+0.44, 3.26+1.14,
6.3440.96, and 9.5442.32 nmol mg~"' at 10, 30, 60 and
120 min, respectively.

Specificity of prostaglandin and EP agonists for NO
release

Figure 3a shows the dose-dependent effect of PGD,, PGE,,
PGE, and PGF,, on NO release from rat dorsal spinal cord
slices over 60 min. PGE, increased the NO release at 100 nM —
10 uM. PGE, showed a similar dose-dependent pattern, but to
a lesser extent. PGF,, only increased NO release at
concentrations higher than 1 yM. On the other hand, PGD,
did not enhance NO release.
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Figure 2 Time courses for the effect of PGE, on NO release
(nmol mg~" protein) from rat spinal cord. Slices in 12-well culture
dishes were incubated in 2 ml of KRB in the absence or presence of
100 nm PGE, for the indicated times in a CO, incubator. NO content
in the medium was measured as described under Methods. Each
column represents the mean+s.e.mean of five independent experi-
ments. Statistical analyses were carried out by Student’s 7 test.
**P<0.01, as compared with the control (KRB).
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In order to specify the EP receptor subtype(s) involved in
the PGE,-induced NO release, we examined the effect of
various EP agonists on the 60 min release from the spinal cord.
As shown in Figure 3b, 17-phenyl-w-trinor PGE, (an EP, and
EP; agonist, EP,>EP;) and sulprostone (an EP, and EP;
agonist, EP,; <EP;) significantly increased the NO level, in a
dose-dependent manner similar to that of PGE,. NO release
was also increased at the concentration of 1 uM of butaprost
(an EP, agonist). On the other hand, M&B 28767 (an EP;
agonist) did not stimulate NO release over the basal level.

Effect of various agents on the PGE»-induced NO release
from the rat spinal cord

We previously demonstrated that PGE, induced allodynia
through activation of NMDA receptors mediated by EP,
receptors and that PGD, blocked the PGE,-induced allodynia
(Minami et al., 1994b; 1995b; 1996a). In order to clarify the
correlation between the PGE,-induced allodynia and NO
release, we next examined the effect of various agents on the
release of NO from the spinal cord. As expected, ONO-NT-
012 and the NMDA receptor antagonist MK-801 as well as the
NOS inhibitor L-NAME inhibited the PGE,-evoked NO
release from spinal cord slices (Figure 4). The PGD, receptor
is coupled to stimulation of adenylate cyclase. Both PGD, and
dibutyryl-cyclic AMP, a membrane-permeable cyclic AMP
analogue, blocked the PGE,-induced NO release. Consistent
with the notion that nNOS is a calcium/calmodulin-dependent
enzyme, the PGE,-induced NO release was not observed in
Ca*"-free KRB.

Discussion

NO has recently been recognized as an important
neuromodulator and neurotransmitter in the central nervous
system (Bredt & Snyder, 1992; Snyder, 1992). A variety of
methods have been used to measure NO synthesis in
biological models, each with its own advantages and
disadvantages (Archer, 1993). In the spinal cord, direct

b
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Figure 3 Dose-dependence for NO release (nmol mg™~" protein) from rat spinal cord induced by prostaglandins and EP agonists.
(a) Slices in 12-well culture dishes were incubated with various doses of PGD,, PGE,, PGE, and PGF,, for 60 min in a CO,
incubator. (b) Slices in 12-well culture dishes were incubated with various doses of 17-phenyl-w-trinor PGE,, sulprostone, butaprost
and M&B 28767 for 60 min in a CO, incubator. NO contents in the medium are expressed as the mean of five experiments; vertical

lines show s.e.mean.
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Figure 4 Effect of various agents on the PGE;-evoked NO release
(nmol mg~" protein) from rat spinal cord. Slices in 12-well culture
dishes were incubated with 100 nMm PGE, for 60 min in KRB
containing PGD, (1 um) or dibutyryl-cyclic AMP (db-cAMP, 1 mm).
After 10 min incubation with L-NAME (10 M), MK-801 (10 um) or
ONO-NT-012 (10 um), slices in 12-well culture dishes were incubated
with 100 nM PGE, for 60 min. Slices in 12-well culture dishes were
also incubated with 100 nM of PGE, for 60 min in Ca>"-free KRB.
Each column represents the mean+s.e.mean of five experiments.
Statistical analyses were carried out by Dunnett’s ¢ test. **P<0.01,
as compared with PGE,-induced NO release.

measurement of NO is limited by the instability of the
molecule itself and by sensitivity of the assay. Indirect
measures such as change in citrulline or cyclic GMP levels
have been used as marker for NO synthesis (Meller &
Gebhart, 1993; Malmberg & Yaksh, 1995). NMDA and
acetylcholine have recently been shown to stimulate NO
release from rat spinal cord with a bioassay system using a
ring of endothelium-denuded rat aorta (Li et al., 1994; Xu et
al., 1996). The drawback of this technique is that
vasodilating substances such as prostaglandins cannot be
used in perfusates in the bioassay system. Compared with
the increase in NO content (1—70 nmol/dish) produced by
iNOS in primary cultured hepatocytes (Kitade et al., 1996),
the enhancement of NO release from spinal cord slices by
PGE, was rather small, at most 10 nmol/dish. Therefore, we
measured accumulation of NO,~ and NO;~ in the medium,
instead of NO,™ alone, as a measure of NO formation by a
sensitive redox chemiluminescence method. After reduction
of NO,~ and NO;~ to NO with acidic vanadium (III), NO
was detected by the interaction of ozone with NO, which
generates chemiluminescence (Archer, 1993). Because aera-
tion of incubation buffers with 5% CO,/95% O, increased
the background NO level in the medium and this increase
could not be neglected in the present study, the slices were
incubated in a 5% CO, incubator without aeration. NO;—,
but not NO, ™, increased around 0.5 nmol/dish in the tissue-
free medium during the 60 min incubation period (M. Sakai,
unpublished observations), suggesting that the contamina-
tion of air may account for a considerable portion for the
measured NO in KRB. On the other hand, increase in
NO,~ as well as NO;~ was observed in the medium after
stimulation by PGE,. Similar problems of contamination
from the air were noticed for the measurement of NO/nitrite
in cultured cells (Weikert et al., 1997). Furthermore to
minimize contamination from outside, incubation media
were freshly made up with Mill-Q water.

PGE receptors are classified into four subtypes EP,—EP,.
While the EP, receptor is coupled to Ca*>* mobilization, EP,
and EP, receptors stimulate adenylate cyclase and the EP;

receptor inhibits adenylate cyclase (Coleman et al., 1994).
Recently, we showed that i.t. administration of PGE, in
conscious mice induced allodynia through EP, receptor
stimulation and hyperalgesia through EP,/EP; receptors
(Minami et al., 1994a). The present study demonstrated that
PGE, stimulated NO release via EP; receptors for the
following reasons: (1) NO release was significantly stimulated
by 17-phenyl-o-trinor PGE, (EP,>EP;) and sulprostone
(EP, <EP;), followed by PGE,, but not by M&B 28767 (EP3)
(Figure 3). The order of potency of PG agonists to stimulate
NO release is in good agreement with that required to displace
[*H]-PGE, binding to the EP, receptor (Watabe et al., 1993).
(2) PGE;-evoked NO release was blocked by the EP;-receptor
antagonist ONO-NT-012 (Figure 4). We further demonstrated
that PGE,-stimulated NO release was blocked by MK-801 and
L-NAME and that the release was abolished in the Ca*"-free
medium (Figure 4). These results suggest that nNOS may be
responsible for the PGE,-evoked NO production. Minami et
al. (1996a) recently demonstrated that PGD, inhibits the
PGE,-induced allodynia in conscious mice. The blockade of
PGE;-evoked NO release by PGD, and dibutyryl-cyclic AMP
(Figure 4) supports the above-mentioned notion that NO
released by PGE, is involved in the induction of allodynia. We
previously showed that PGE, stimulated the glutamate release
from synaptosomes of rat spinal cord (Nishihara et al., 1995b).
Taken together, the present results support the notion that
PGE, may stimulate NO production following NMDA
receptor activation via EP, receptors and evoke allodynic
responses.

In the present study, we also found that PGF,, and
butaprost could stimulate NO release from the spinal cord
(Figure 3). While PGF,, is thought to cause Ca’* mobiliza-
tion, butaprost is coupled to stimulation of adenylate cyclase
through the EP, receptor. Therefore, the butaprost-induced
NO release must be mediated by a substance which raises
intracellular Ca®>". We previously showed in pharmacological
studies that butaprost evoked hyperalgesia through the
NMDA-NO cascade (Nishihara et al., 1995a; Minami et al.,
1996b). The involvement of NMDA receptors in PGE,-
induced hyperalgesia was confirmed by the use of NMDA
receptor ¢ subunit knockout mice (Minami et al., 1997).
Although it is possible that glutamate may mediate the
butaprost-induced NO release, the mechanism of NO
production by butaprost remains to be clarified.

In summary, the present study is the first in which NO
production is measured directly in the spinal cord and confirms
that NO production is involved in pain responses induced by
prostaglandins, especially the PGE,-induced allodynia. The
good correlation of in vitro NO production in rat spinal cord
slices with in vivo behavioural studies confirms that the redox
chemiluminescence method for NO measurement, employed
here, is valuable for studies on the involvement of NO in
nociception at the spinal level.

We thank M. Kouketsu of Ono Central Research Institute for
statistical analyses. This work was supported in part by Grants-in-
Aids for Scientific Research on Priority Areas, Scientific Research
(B) (09480168), and Encouragement of Young Scientists (06671243,
09770085) from the Ministry of Education, Science, Culture, and
Sports of Japan, and by grants from the Science Research
Promotion Fund of the Japan Private School Promotion Founda-
tion and Jinsenkai Foundation of Osaka Medical College.



894 M. Sakai et al

PGE,-induced NO release

References

ARCHER, S. (1993). Measurement of nitric oxide in biological
models. FASEB J., 7, 349—-360.

BRADFORD, M.M. (1976). A rapid and sensitive method for the
quantitation of macrogram quantities of protein utilizing the
principle of protein-dye binding. Anal. Biochem., 72, 248 —254.

BREDT, D.S., HWANG, P.M. & SYNDER, S.H. (1990). Localization of
nitric oxide synthase indicating a neural role for nitric oxide.
Nature, 347, 768 —770.

BREDT, D.S. & SNYDER, S.H. (1992). Nitric oxide, a novel neuronal
messenger. Neuron, 8, 3—11.

COLEMAN, R.A., SMITH, W.L. & NARUMIYA, S. (1994). VIII.
International union of pharmacology classification of prostanoid
receptors: properties, distribution, and structure of the receptors
and their subtypes. Pharmacol. Rev., 46, 205—229.

DUN, NJ., DUN, S.L., FORSTERMANN, U. & TSENG, L.F. (1992).
Nitric oxide synthase immunoreactivity in rat spinal cord.
Neurosci. Lett., 147, 217-220.

DUN, N.J, DUN, S.L., WU, S.Y., FORSTERMANN, U., SCHMIDT,
H.H.H.W. & TSENG, L.F. (1993). Nitric oxide synthase immunor-
eactivity in the rat, mouse, cat and squirrel monkey spinal cord.
Neuroscience, 54, 845—-857.

HALEY, J.E., DICKENSON, A.H. & SCHACTER, M. (1992). Electro-
physiological evidence for a role of nitric oxide in prolonged
chemical nociception in the rat. Neuropharmacology, 31, 251 —
258.

HENDRIX, S.A. & BRAMAN, R.S. (1995). Determination of nitrite
and nitrate by vanadium (III) reduction with chemiluminescence
detection. Methods, 7, 91-97.

KITADE, H., SAKITANI, K., INOUE, K., MASU, Y., KAWADA, N.,
HIRAMATSU, Y., KAMIYAMA, Y., OKUMURA, T. & ITO, S.
(1996). Interleukin 1 markedly stimulates nitric oxide formation
in the absence of other cytokines or lipopolysaccharide in
primary cultured rat hepatocytes but not in Kupffer cells.
Hepatology, 23, 797—-802.

KITTO, K.F., HALEY, J.E. & WILCOX, G.L. (1992). Involvement of
nitric oxide in spinally mediated hyperalgesia in the mouse.
Neurosci. Lett., 148, 1-5.

LI, P.,, TONG, C., EISENACH, J.C. & FIGUEROA, J.P. (1994). NMDA
causes release of nitric oxide from rat spinal cord in vitro. Brain
Res., 637, 287-291.

MALMBERG, A.B. & YAKSH, T.L. (1993). Spinal nitric oxide
synthesis inhibition blocks NMDA-induced thermal hyperalgesia
and produces antinociception in the formalin test in rats. Pain,
54, 291-300.

MALMBERG, A.B. & YAKSH, T.L. (1995). The effect of morphine on
formalin-evoked behaviour and spinal release of excitatory
amino acids and prostaglandin E, using microdialysis in
conscious rats. Br. J. Pharmacol., 114, 1069 —1075.

MELLER, S.T. & GEBHART, G.F. (1993). Nitric oxide (NO) and
nociceptive processing in the spinal cord. Pain, 52, 127—136.
MELLER, S.T. PECHMAN, P.S., GEBHART, G.F. & MAVES, T.J. (1992).
Nitric oxide mediates the thermal hyperalgesia produced in a

model of neuropathic pain in the rat. Neuroscience, 50, 7—10.

MINAMI, T., NISHIHARA, 1., ITO, S., SAKAMOTO, K., HYODO, M. &
HAYAISHI, O. (1995a). Nitric oxide mediates allodynia induced
by intrathecal administration of prostaglandin E, or prostaglan-
din F,, in conscious mice. Pain, 61, 285-290.

MINAMI, T., NISHIHARA, 1., SAKAMOTO, K., ITO, S., HYODO, M. &
HAYAISHI, O. (1995b). Blockade by ONO-NT-012, a unique
prostanoid analogue, of prostaglandin E,-induced allodynia in
conscious mice. Br. J. Pharmacol., 115, 73-76.

MINAMI, T., NISHIHARA, 1., UDA, R., ITO, S., HYODO, M. &
HAYAISHI, O. (1994a). Characterization of EP-receptor subtypes
involved in allodynia and hyperalgesia induced by intrathecal
administration of prostaglandin E, to mice. Br. J. Pharmacol.,
112, 735-740.

MINAMI, T., NISHIHARA, 1., UDA, R., ITO, S., HYODO, M. &
HAYAISHI, O. (1994b). Involvement of glutamate receptors in
allodynia induced by prostaglandins E, and F,, injected into
conscious mice. Pain, 57, 225-231.

MINAMI, T., OKUDA-ASHITAKA, E., MORI, H., ITO, S. & HAYAISHI,
0. (1996a). Prostaglandin D, inhibits prostaglandin E,-induced
allodynia in conscious mice. J. Pharmacol. Exp. Ther., 278,
1146-1152.

MINAMI, T., SAKAI, M., HARA, N., ONAKA, M., MORI, H. & ITO, S.
(1996b). Nitric oxide mediates hyperalgesia induced by intrathe-
cal administration of prostaglandin E, in conscious mice. Pain
Res., 11, 63-70.

MINAMI, T.,SUGATANI, J., SAKIMURA, K., ABE, M., MISHINA, M. &
ITO, S. (1997). Absence of prostaglandin E,-induced allodynia in
NMDA receptor ¢ subunit knockout mice. Br. J. Pharmacol.,
120, 1522—-1526.

MINAMI, T., UDA, R., HORIGUCHI, S., ITO, S., HYODO, M. &
HAYAISHI, O. (1992). Allodynia evoked by intrathecal adminis-
tration of prostaglandin F,, to conscious mice. Pain, 50, 223 —
229.

MINAMI, T., UDA, R., HORIGUCHI, S., ITO, S., HYODO, M. &
HAYAISHI, O. (1994c¢). Allodynia evoked by intrathecal admin-
istration of prostaglandin E, to conscious mice. Pain, 57, 217—
223.

MONCADA, S. & HIGGS, A. (1993). The L-arginine-nitric oxide
pathway. N. Engl. J. Med., 329, 2002—-2012.

MOORE, P.K., OLUYOMI, A.O., BABBEDGE, R.C., WALLACE, P. &
HART, S.L. (1991). L-NS-nitro arginine methyl ester exhibits
antinociceptive activity in the mouse. Br. J. Pharmacol., 102,
198-202.

NISHIHARA, 1., MINAMI, T., UDA, R., ITO, S., HYODO, M. &
HAYAISHI, O. (1995a). Effect of NMDA receptor antagonists
on prostaglandin E-induced hyperalgesia in conscious mice.
Brain Res., 677, 138—144.

NISHIHARA, 1., MINAMI, T., WATANABE, Y., ITO, S., HYODO, M. &
HAYAISHI, O. (1995b). Prostaglandin E, stimulates glutamate
release from synaptosomes of rat spinal cord. Neurosci. Lett.,
196, 57-60.

SAITO, S., KIDD, G.J., TRAPP, B.D., DAWSON, T.M., BREDT, D.S.,
WILSON, D.A., TRAYSTRAM, R.J.,, SNYDER, S.H. & HANLEY,
D.F. (1994). Rat spinal cord neurons contain nitric oxide
synthase. Neuroscience, 59, 447 —456.

SNYDER, S.H. (1992). Nitric oxide and neurons. Curr. Opin.
Neurobiol., 2, 323 -327.

UDA, R., HORIGUCH]I, S., ITO, S., HYODO, M. & HAYAISHI, O.
(1990). Nociceptive effects induced by intrathecal administration
of prostaglandin D,, E,, or F,, to conscious mice. Brain Res.,
510, 26-32.

WATABE, A., SUGIMOTO, Y., HONDA, A., IRIE, A., NAMBA, T.,
NEGISHI, M., ITO, S., NARUMIYA, S. & ICHIKAWA, A. (1993).
Cloning and expression of cDNA for a mouse EP; subtype of
prostaglandin E receptor. J. Biol. Chem., 268, 20175—-20178.

WEIKERT, S., FREYER, D., WEIH, M., ISAEV, N., BUSCH, C,,
SCHULTZE, J., MEGOW, D. & DIRNAGL, U. (1997). Rapid
Ca®"-dependent NO-production from central nervous system
cells in culture measured by NO-nitrite/ozone chemilumines-
cence. Brain Res., 748, 1—11.

XU, Z., TONG, C. & EISENACH, J.C. (1996). Acetylcholine stimulates
release of nitric oxide from rat spinal cord. Anesthesiology, 85,
107-111.

( Received October 17, 1997
Accepted November 6, 1997)



