
Purpose: Not all bone cancer pain can be effectively treated 
with current therapies. In the present study, the effects of ip 
administration of α-2 agonists (dexmedetomidine and cloni-
dine), N-methyl-D-aspartate (NMDA) antagonists (MK-801 and 
ketamine), an N-acetylaspartylglutamate peptidase inhibitor 
(ZJ-43), and morphine were examined in a mouse bone cancer 
pain model. 

Methods: A bone cancer pain model was produced by injection 
of murine sarcoma cells into the medullary cavity of the distal 
femur. To estimate the level of bone cancer pain, the number 
of pain-related behaviours induced by repeated applications 
of a von Frey monofilament (0.166 g) to the site of tumour 
cells implantation was counted. Drugs were administered two 
weeks after the implantation. 

Results: Morphine produced a significant analgesic effect (P < 
0.001). The α-2 agonists produced analgesic effects (P < 0.001) 
with an efficacy similar to that of morphine, but only at doses 
that produced severe sedation. MK-801 had only limited anal-
gesic effects, while ketamine produced an analgesic effect (P < 
0.001) with the same efficacy as morphine. ZJ-43 (100 mg·kg–1) 
had a significant analgesic effect (P < 0.05) and the effect of 
ZJ-43 was antagonized by the selective group II metabotropic 
glutamate receptor (mGluR) antagonist. 

Conclusion: These data suggest that α-2 agonists produce an 
analgesic effect only at a sedative dose and that ketamine, but 
not MK-801, is associated with an analgesic response without 
overt side effects. The effect of ZJ-43 is mediated by activating 
group II mGluRs. 

Objectif : Les douleurs du cancer des os ne sont pas toujours 
soulagées par les traitements habituels. Dans la présente étude, 
les effets de l’administration ip d’agonistes α-2 (dexmédétomi-
dine et clonidine), d’antagonistes N-méthyl-D-aspartate (NMDA) 
(MK-801 et kétamine), d’un inhibiteur de N-acétylaspartylgluta-
mate peptidase (ZJ-43) et de morphine ont été examinés dans un 
modèle de douleur du cancer des os chez la souris.

Méthode : Un modèle de douleur du cancer des os a été produit 
en injectant des cellules de sarcome d’Ewing dans la cavité médul-
laire distale du fémur. Pour évaluer le niveau de douleur, nous avons 
calculé le nombre de mouvements reliés à la douleur induite par 
l’application répétée d’un monofilament von Frey (0,166 g) au site 
de la tumeur implantée. Les médicaments ont été administrés deux 
semaines après l’implantation.

Résultats : La morphine a produit une analgésie significative (P < 
0,001). Les agonistes α-2 ont produit une analgésie (P < 0,001) 
similaire à celle de la morphine, mais seulement à des doses pro-
duisant une sédation importante. Le MK-801 a eu un effet limité 
et la kétamine a produit une analgésie aussi efficace que celle de la 
morphine (P < 0,001). Le ZJ-43 (100 mg·kg-1) a eu un effet anal-
gésique significatif (P < 0,05) contré par l’antagoniste sélectif des 
récepteurs de glutamate métabotropique (mGluR) de groupe II.

Conclusion : Les agonistes α-2 produisent un effet analgésique 
à des doses sédatives seulement et la kétamine, mais non le MK-
801, est associée à une réaction analgésique sans effets secondai-
res apparents. L’effet du ZJ-43 origine de l’activation des mGluR 
de groupe II.
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THE presence of bone metastases is the most 
common cause of cancer related pain.1 The 
World Health Organization (WHO) has 
recommended the use of non-steroidal anti-

inflammatory drugs as the first step on the analgesic 
ladder and the use of weak and strong opioids as the 
second and the third steps2 but, at present, many 
patients still have severe bone cancer pain which wors-
ens their quality of life.3 Given the development of tol-
erance to opioids and secondary effects of these drugs, 
it is important to identify and characterize new drug 
therapies for the management of bone cancer pain. 

Alpha-2 adrenergic receptors and glutamate recep-
tors are reported to be involved in transmission of 
nociceptive information. Systemic administration of 
an α-2 receptor agonist, such as dexmedetomidine, 
has been reported to produce analgesic and sedative 
effects.4 Two types of glutamate receptors, an iono-
tropic receptor and a metabotropic receptor, have 
been reported to be involved in pain perception.5,6 
Ionotropic glutamate receptors are classified into 
three subtypes; α-amino-3-hydroxy-5-methyl-4-isoxa-
solepropionic acid (AMPA), N-methyl-D-aspartate 
(NMDA) and kainate receptors, whereas metabo-
tropic glutamate receptors (mGluR) are classified 
into eight subtypes, mGluR1-8. The mGluRs are 
classified into three subgroups. Group I (mGluR1 
and mGluR5) are coupled to polyphosphoinositide 
hydrolysis. Group II (mGluR2 and mGluR3) and 
group III (mGluR4, mGluR6, mGluR7 and mGluR8) 
are negatively coupled to cyclic AMP (cAMP) levels. 
Spinal application of an NMDA receptor antagonist 
produces an analgesic effect in both inflammatory 
and neuropathic pain models.7,8 It has been suggested 
that Group II mGluRs play an inhibitory role.9 It has 
also been reported that the peptide neurotransmitter 
N-acetylaspartylglutamate (NAAG; reviewed in Neale 
et al.)10,11 is released from spinal cord cells by depo-
larizing stimuli and selectively activates mGluR3.12 
Intrathecal administration of NAAG peptidase inhibi-
tors produces an analgesic effect in both inflamma-
tory pain models and in neuropathic pain models.13–16 
Taken together, these data support the hypothesis 
that α-2 adrenergic receptor agonists, NMDA recep-
tor antagonists, and NAAG peptidase inhibitors may 
have some analgesic effects on bone cancer pain. At 
present, however, the efficacy of these drugs on bone 
cancer pain has not been examined comprehensively. 

Recently, an animal model of bone cancer pain, pro-
duced by injecting osteolytic murine sarcoma cells into 
the mouse femur, has been developed.17 It has been 
reported that systemic administration of morphine 
produces an analgesic effect in this model, although 

the potency of morphine appears to be lower in the 
bone cancer pain model compared to the inflamma-
tory pain model.18,19 This suggests the existence of a 
different mechanism underlying bone cancer pain vs 
inflammatory pain. In the present study, the authors 
investigated the analgesic effects of ip administered α-
2 receptor agonists dexmedetomidine and clonidine, 
NMDA receptor antagonists MK801 and ketamine, 
and the NAAG peptidase inhibitor ZJ-43, and com-
pared the analgesic effect of these drugs with that of 
morphine in an animal model of bone cancer pain. 

Methods
The following investigations were performed accord-
ing to the protocol approved by the Institutional 
Animal Care Committee of Chiba University, Chiba, 
Japan. 

Experiments were performed on adult male C3H/
HeJ mice, approximately five weeks old, weighing 
20–25 g (Japan SLC, Shizuoka, Japan). This strain 
was chosen for its histocompatibility with the NCTC 
2472 tumor line (American Type Culture Collection 
(ATCC), Rockville, MD, USA). A tumour cell injec-
tion protocol was performed as described previously 
by Schwei et al.17 Tumour cells, 105 in 20 µl of α 
minimal essential medium (αMEM, Sigma, St. Louis, 
MO, USA) containing 1% bovine serum albumin were 
injected directly into the medullary cavity of the distal 
femur under pentobarbital anesthesia. 

Mice were placed in a clear plastic observation box 
(9 cm × 11 cm × 20 cm) with a wire mesh floor. After 
a period of acclimatization, pain-related behaviours 
were induced by iterative applications of a von Frey 
monofilament (0.166 g) to the site of tumour cell 
implantation every second for 20 sec (20 stimuli). To 
estimate the level of bone cancer pain, the number of 
pain-related behaviours was recorded. The behaviours 
were characterized as either guarding, strong with-
drawal, or fighting and biting. 

The ip administered drugs were dissolved in saline 
and administered in a volume of 0.5 mL. The drugs 
were morphine (Takeda, Osaka, Japan), naloxone (10 
mg·kg–1; Sigma), dexmedetomidine (an α-2 agonist, 
Abbott, Peapack, NJ, USA ), clonidine (an α-2 ago-
nist, Sigma), idazoxan (an α-2 antagonist, Sigma), 
ketamine (an NMDA antagonist, Sigma), MK801 
(an NMDA antagonist, Research Biochemicals 
Incorporated, Natick, MA, USA), ZJ-43 (an NAAG 
peptidase inhibitor), and LY341495 (a highly selective 
Group II mGluR antagonist, Tocris Cookson Ltd., 
Bristol, UK). ZJ-43 was synthesized in our labora-
tory as described previously.20 To obtain control data, 
vehicle was administered ip.
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Our previous study revealed that severe pain-related 
behaviour occurred two weeks after the implantation 
of tumour cells. Three weeks after the implantation of 
tumour cells, radiological examination revealed a bone 
fracture at the site of implantation in all animals.21 
We examined the effect of drugs two weeks after the 
implantation of tumour cells. The investigator respon-
sible for counting the number of pain-related behav-
iours evoked by application of a von Frey monofilament 
was blind to the drug treatment of each animal. All 
animals were tested for pain-related behaviours before 

the injection of tumour cells. At day 14 post-tumour 
cell implantation, morphine (2.5, 5, 10, 20, 40 and 
80 mg·kg–1), dexmedetomidine (10, 20, 30 and 60 
µg·kg–1), clonidine (0.1, 0.25, 0.5 and 1 mg·kg–1), 
MK-801 (0.1, 0.2, and 0.4 mg·kg–1), ketamine (5, 10, 
20, 40 and 80 mg·kg–1) and ZJ-43 (10, 30, 100, 170 
and 300 mg·kg–1) were administered ip. Four to six 
mice were treated at each dose of each drug. Only one 
dose of each drug was tested per mouse. Animals were 
tested before drug administration and five, ten, 15, 30, 
45 and 60 min after the drug administration. To deter-

Saito et al.: TREATMENT OF BONE CANCER PAIN 893

FIGURE 1  Response to ip administration of an opioid agonist [morphine (MOR)], N-methyl-D-aspartate (NMDA) recep-
tor antagonists (MK801 and ketamine), α-2 agonists (clonidine (CLO) and dexmedetomidine (DEX)), NAAG peptidase 
inhibitor (ZJ-43) and vehicle (saline) on the number of pain related behaviours induced by 20 applications of a 0.166 g von 
Frey filament to the site of tumour implantation. The effect of naloxone (NAL) on morphine analgesia, the effect of idazox-
ian (IDA) on clonidine and dexmedetomidine analgesia, and the effect of LY341495 on ZJ-43 analgesia are also presented. 
Naloxone ip was administered 10 min after morphine administration and idazoxan ip was administered 10 min after adminis-
tration of dexmedetomidine or clonidine. LY341495 ip was administered 30 min before the ZJ43 administration. Ordinate: 
number of pain related behaviours induced by 20 applications of 0.166 g von Frey filament to the site of tumour implanta-
tion. Abscissa: time after drug administration. Each line represents mean ± SEM of measurements made in five mice. 
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mine if the analgesic effects of either morphine or ket-
amine were due to interactions with an opioid receptor, 
the most effective dose of morphine (80 mg·kg–1, n = 
5) or ketamine (40 mg·kg–1, n = 5) was administered ip, 
followed ten minutes later by naloxone 10 mg·kg–1, and 
the number of pain-related behaviours was measured 
five, 20, 35 and 50 min after the naloxone adminis-
tration. To confirm that the analgesic effect of either 
clonidine or dexmedetomidine was due to the interac-
tion with an α-2 receptor, the most effective dose of 
either clonidine (1 mg·kg–1, n = 5) or dexmedetomi-

dine (60 µg·kg–1, n = 5) was administered ip, followed 
ten minutes later by idazoxan 100 mg·kg–1, and the 
number of pain-related behaviours was measured five, 
20, 35 and 50 min after the idazoxan administration. 
To test the hypothesis that the analgesic effect of ZJ-43 
was mediated by the activation of mGluR3, LY-341495 
1 mg·kg–1 was administered ip 30 min before the ip 
injection of ZJ-43 (n = 5) and the tumour implanted 
paw was tested at five, ten, 15, 30, 45 and 60 min after 
ZJ-43 administration. To obtain control data, naloxone 
10 mg·kg–1 (n = 5), idazoxan 10 mg·kg–1 (n = 5) or LY-

FIGURE 2  Dose-response curves for the effect of ip administered morphine, MK801, ketamine, clonidine (CLO), dex-
medetomidine (DEX) and ZJ-43 on the minimum number of pain related behaviours between ten and 60 min after drug 
administration. *P < 0.05 as compared with the vehicle response. Each line represents mean ± SEM of measurements made 
in four to six mice. 
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341495 1 mg·kg–1 (n = 5) were administered ip and the 
tumour implanted paw was tested five, ten, 15, 30, 45 
and 60 min after the drug administration. All animals 
were euthanized with an overdose of barbiturate after 
completion of all behavioural analyses. 

To determine whether the implantation of tumour 
cells induced significant bone cancer pain, we com-
pared the number of pre-implantation pain-relat-
ed behaviours with responses observed two weeks 
after the implantation using a t test. To compare 
the base-line data (before the drug administration) 
between groups, one-way analysis of variance (one-
way ANOVA) was used. For the dose-response analy-
sis, the minimum number of pain related behaviours 
between ten and 60 min after the drug administration 
was used. Use of the minimum number of pain related 
behaviours allowed us to examine maximum drug 
effect independently from the variation in the time 
course of analgesic effect of each drug. To analyze the 
dose-dependency, one-way ANOVA with Dunnett’s 
test was used. In the antagonist study (naloxone and 
idazoxan), the paired t test was used. To analyze the 
effect of LY-341495 on the analgesic effect of ZJ-43, 
the t test was used. 

Wherever appropriate, results are expressed as mean 
± SD in the text, and as mean ± SEM in the figures. A 
P value < 0.05 was considered statistically significant.

Results
Intraperitoneal administration of MK801 0.4 mg·kg–1, 
but not doses of 0.1 and 0.2 mg·kg–1, resulted in 
agitation. Accordingly, we were unable to perform 
nociceptive testing at the higher dose. Vigilance of the 
animals was depressed by ip administration of dexme-
detomidine 30 and 60 µg·kg–1 and clonidine doses of 
0.25, 0.5 and 1 mg·kg–1, indicating sedation. 

Before tumour cell implantation, the number of 
pain-related behavioural responses was 1.3 ± 1.7 (n = 
191), whereas two weeks after implantation, the num-
ber of responses increased to 18.8 ± 1.1 (P < 0.001). 
No difference was apparent between the pre-drug 
number of pain related behavioural responses in each 
group (data not shown, P > 0.2) demonstrating that 
the groups had similar degrees of bone cancer pain 
before the drug administration. 

Morphine decreased the minimum number of 
pain-related responses in a dose-dependent manner, 
over a dose range from 2.5–80 mg·kg–1 as compared 
with vehicle treated mice (P < 0.001 by one-way 
ANOVA, Figures 1, 2). The effect of morphine was 
completely antagonized by naloxone 10 mg·kg–1 (P < 
0.01 by paired Student’s t test, Figure 1). Naloxone 
10 mg·kg–1 had no effect on the minimum number 

of pain-related behaviours as compared with vehicle 
treated mice (P > 0.4, Figure 1). 

Dexmedetomidine was associated with a decrease 
in the minimum number of pain related behaviours 
in a dose-dependent manner over a dose range from 
10–60 µg·kg–1 as compared with vehicle treated 
mice (P < 0.001 by one-way ANOVA, Figures 1, 2). 
Clonidine also decreased the minimum number of pain 
related behaviours in a dose-dependent manner over 
a dose range from 0.1–1 mg·kg–1 as compared with 
vehicle treated mice (P < 0.001 by one-way ANOVA, 
Figures 1, 2). The effects of both dexemedetomidine 
60 µg·kg–1 and clonidine 1 mg·kg–1 were antagonized 
by idazoxan 100 mg·kg–1 (P < 0.005 by paired test, 
Figure 1). Idazoxan 100 mg·kg–1 alone had no effect 
on the number of pain related behaviours as compared 
with vehicle treated mice (P > 0.1 by t test, Figure 1). 

MK801 0.2 mg·kg–1 decreased the minimum num-
ber of pain related behaviours as compared with vehicle 
treated mice (P < 0.05 by one-way ANOVA, Figures 
1 and 2), although absolute differences were small. 
Ketamine decreased the minimum number of pain 
related behaviours in a dose-dependent manner over 
a dose range from 5 to 40 mg·kg–1 as compared with 
vehicle treated mice (P < 0.001 by one-way ANOVA, 
Figures 1, 2). The analgesic effect of ketamine 40 
mg·kg–1 was not antagonized by naloxone 10 mg·kg–1 
(P > 0.2 by paired t test, data not shown). 

ZJ-43 100 mg·kg–1 decreased the minimum num-
ber of pain related behaviours as compared with 
vehicle treated mice (P < 0.05 by one-way ANOVA, 
Figures 1, 2). There was no significant effect at doses 
of 10, 30, 170 or 300 mg·kg–1 of ZJ-43 (Figure 2). 
The analgesic effect of ZJ-43 100 mg·kg–1 was com-
pletely antagonized by pre-treatment with LY341495 
1 mg·kg–1 (P < 0.01 by t test, Figure 1). LY341495 
1 mg·kg–1 had no effect on the minimum number 
of pain related behaviours as compared with vehicle 
treated mice (P > 0.1 by t test, Figure 1). 

Discussion
This study demonstrates that ip injection of morphine 
and α-2 agonists (dexmedetomidine and clonidine) 
decreases the minimum number of pain related behav-
iours in a dose-dependent manner in a mouse bone 
cancer pain model. A significant decrease of the mini-
mum number of pain-related behaviours was achieved 
with morphine 20–80 mg·kg–1. This dose range of 
morphine is similar to that previously reported as 
being effective in blocking bone cancer pain-related 
behaviour in a mouse bone cancer pain model.18,19 
The effects of morphine were antagonized completely 
in response to naloxone, and the effects of the α-2 
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agonists were completely antagonized by idazoxan. 
These data support the concept that the action of 
morphine is mediated via activation of naloxone-sensi-
tive opioid receptors, and that the effects of α-2 ago-
nists are mediated via activation of idazoxan-sensitive 
α-2 receptors. 

Both morphine and α-2 agonists decreased the 
minimum number of pain related behaviours to 0, 
suggesting that the efficacy of morphine is similar 
to that of the α-2 agonists. However, the maximum 
analgesic effects of α-2 agonists were observed only at 
doses that produced sedative effects, while morphine 
produced its maximum analgesic effect at a dose with-
out observable sedation. Cortinez et al.22 reported 
that dexmedetomidine is not as potent an analgesic as 
the opioids, and that the difference in the quality of 
analgesia between dexmedetomidine and opioids may 
be a reflection of the sedative properties of dexme-
detomidine. 

MK801 0.2 mg·kg–1 decreased the minimum num-
ber of paw withdrawal responses, but this effect was 
small, and a higher dose of MK801 was associated with 
agitation. Hao and Xu23 reported, using a neuropathic 
pain model, that systemic administration of MK-801 
0.1 mg·kg–1 produced no analgesic effect, and that the 
drug achieves analgesic efficacy only at a dose (0.25 
mg·kg–1) associated with severe motor impairment. 
These data suggest that systemic MK-801 produces 
analgesia only at a dose associated with clinically impor-
tant side effects. In contrast, ketamine produces analge-
sia in a dose-dependent manner at doses between 5 and 
40 mg·kg–1. Ketamine 40 mg·kg–1 decreases the mini-
mum number of pain related behaviours to 0, similar 
to the response observed with morphine, and without 
any overt behavioural effects. This analgesic response 
is not antagonized by naloxone. It has been reported 
that MK-801 produces a different neuronal response in 
a rat neuropathic pain model, compared to ketamine.24 
It is possible that the different effects of ketamine and 
MK-801 on bone cancer pain may relate to the char-
acteristics of their voltage-dependent blockade of the 
channel associated with the NMDA receptor.24 

At a dose of 100 mg·kg–1, ZJ-43 decreased the 
minimum number of pain related behaviours. ZJ-43 is 
a NAAG peptidase inhibitor and NAAG is an mGluR3 
agonist.12 Inhibition of NAAG peptidase activity is 
expected to result in increased activation of group II 
mGluR, particularly mGluR3, due to accumulated 
NAAG, and results in reduced pain perception. The 
effect of ZJ-43 was completely blocked by the pre-
treatment with LY341495, a potent group II mGluR 
antagonist. These findings support the hypothesis that 
inhibition of NAAG peptidase activity increases the 

activation of group II mGluRs to produce an analgesic 
effect.

At the higher doses of ZJ-43 (170 and 300 mg·kg–1), 
the analgesic effect of ZJ-43 was not detectable. We 
previously reported that intrathecal administration of 
2-(phosphonomethyl)pentanedioic acid, a NAAG pep-
tidase inhibitor, produces an analgesic effect in the rat 
formalin test and carrageenan test, with a bell-shaped 
dose-response curve.13,14 We do not know the mecha-
nisms underlying the dose-response curves for these two 
structurally different NAAG peptidase inhibitors in these 
pain models. It has been reported that a high concentra-
tion of NAAG acts as a NMDA receptor agonist.25,26 
However, recent papers provide conflicting conclusions 
as to the efficacy of NAAG as an agonist, antagonist or 
partial agonist at the NMDA receptor.27,28 

Morphine, α-2 agonists or ketamine, but not ZJ-
43, reduced the number of pain related behaviours to 
0. Thus, the efficacy of ZJ-43 was not as great as that 
of morphine or ketamine, but it remains to be seen 
if ZJ-43 produces side effects comparable to those 
associated with the other two drugs. These NAAG 
peptidase inhibitors represent a novel approach to 
bone cancer pain management that may be of thera-
peutic value. 

In the present study, the number (on average five) 
of animals per group was chosen for the dose-response 
study of each drug, on the basis that a previous study21 
revealed that five animals per group is a suitable num-
ber for a dose-response study using this bone cancer 
pain model. 

We used the number of pain related behaviours 
induced by application of von Frey filament to the 
site of tumour cell injection to estimate the level 
of bone cancer pain. Although spontaneous pain is 
the main symptom of metastatic bone tumour, pain 
increases with pressure at the area of involvement.3 
Spontaneous pain may be moderate, but may also be 
exacerbated by different movements or changes in 
body position, such as standing or walking (incident 
pain), because of pressure to the site of bone tumour. 
Incident pain is much more difficult to manage as 
compared with spontaneous pain.3 It has been report-
ed that, in this mouse bone cancer pain model, spon-
taneous pain related behaviour is much more sensitive 
than limb use during forced ambulation.18 Thus, we 
choose the number of pain related behaviours induced 
by application of the von Frey filament to estimate the 
level of pain. 

In conclusion, ip administration of an opioid recep-
tor agonist, α-2 agonists, and a NAAG peptidase 
inhibitor produce an analgesic effect in a mouse bone 
cancer pain model. Administration of ketamine and a 
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NAAG peptidase inhibitor may present a novel and 
effective approach to the management of bone cancer 
pain. 

Acknowledgement
We thank Professor Takashi Nishino, Department of 
Anesthesiology, Graduate School of Medicine, Chiba 
University, for his generous support of our study. 

References
 1 Brescia FJ, Adler D, Gray G, Ryan MA, Cimino J, 

Mamtani R. Hospitalized advanced cancer patients: a 
profile. J Pain Symptom Manage 1990; 5: 221–7. 

 2 World Health Organization. Cancer Pain Relief, 2nd ed. 
Geneva: World Health Organization; 1996.

 3 Mercadante S. Malignant bone pain: pathophysiology 
and treatment. Pain 1997; 69: 1–18.

 4 Khan ZP, Ferguson CN, Jones RM. Alpha-2 and imid-
azoline receptor agonists. Their pharmacology and 
therapeutic role. Anaesthesia 1999; 54: 146–65.

 5 Petrenko AB, Yamakura T, Baba H, Shimoji K. The 
role of N-methyl-D-aspartate (NMDA) receptors in 
pain: a review. Anesth Analg 2003; 97: 1108–16.

 6 Neugebauer V. Metabotropic glutamate receptors 
– important modulators of nociception and pain behav-
ior. Pain 2002; 98: 1–8.

 7 Yamamoto T, Yaksh TL. Comparison of the antinoci-
ceptive effects of pre- and posttreatment with intrathe-
cal morphine and MK801, an NMDA antagonist, on 
the formalin test in the rat. Anesthesiology 1992; 77: 
757–63.

 8 Yamamoto T, Yaksh TL. Spinal pharmacology of ther-
mal hyperesthesia induced by constriction injury of 
sciatic nerve. Excitatory amino acid antagonists. Pain 
1992; 49: 121–8. 

 9 Jane DE, Jones PL, Pook PC, Tse HW, Watkins JC. 
Action of two new antagonists showing selectivity for 
different sub-types of metabotropic glutamate receptor 
in the neonatal rat spinal cord. Br J Pharmacol 1994; 
112: 809–16.

 10 Neale JH, Bzdega B, Wroblewska B. N-acetylaspartylglu-
tamate: the most abundant peptide neurotransmitter in 
the mammalian central nervous system. J Neurochem 
2000; 75: 443–52.

 11 Neale JH, Olszewski RT, Gehl LM, Wroblewska B, 
Bzdega T. The neurotransmitter N-acetylaspartyl-glu-
tamate in models of pain, ALS, diabetic neuropathy, 
CNS injury and schizophrenia. Trends Pharmacol Sci 
2005; 26: 477–84.

 12 Wroblewska B, Wroblewski JT, Pshenichkin S, Surin A, 
Sullivan SE, Neale JH. N-acetylaspartylglutamate selec-
tively activates mGluR3 receptors in transfected cells. J 
Neurochem 1997; 69: 174–81.

 13 Yamamoto T, Nozaki-Taguchi N, Sakashita Y, Inagaki 
T. Inhibition of spinal N-acetylated-alpha-linked acidic 
dipeptidase produces an antinociceptive effect in the rat 
formalin test. Neuroscience 2001; 102: 473–9. 

 14 Yamamoto T, Nozaki-Taguchi N, Sakashita Y. Spinal 
N-acetyl-alpha-linked acidic dipeptidase (NAALADase) 
inhibition attenuates mechanical allodynia induced by 
paw carrageenan injection in the rat. Brain Res 2001; 
909: 138–44.

 15 Carpenter KJ, Sen S, Matthews EA, et al. Effects 
of GCP-II inhibition on responses of dorsal horn 
neurones after inflammation and neuropathy: an 
electrophysiological study in the rat. Neuropeptides 
2003; 37: 298–306. 

 16 Yamamoto T, Hirasawa S, Wroblewska B, et al. 
Antinociceptive effects of N-acetylaspartylglutamate 
(NAAG) peptidase inhibitors, ZJ-11, ZJ-17 and ZJ-43 
in the rat formalin test and in the rat neuropathic pain 
model. Eur J Neurosci 2004; 20: 483–94. 

 17 Schwei MJ, Honore P, Rogers SD, et al. Neurochemical 
and cellular reorganization of the spinal cord in a muri-
ne model of bone cancer pain. J Neurosci 1999; 19: 
10886–97.

 18 Vermeirsch H, Nuydens RM, Salmon PL, Meert TF. 
Bone cancer pain model in mice: evaluation of pain 
behavior, bone destruction and morphine sensitivity. 
Pharmacol Biochem Behav 2004; 79: 243–51.

 19 Luger NM, Sabino MA, Schwei MJ, et al. Efficacy of 
systemic morphine suggests a fundamental difference in 
the mechanisms that generate bone cancer vs. inflam-
matory pain. Pain 2002; 99: 397–406.

 20 Olszewski RT, Bukhari N, Zhou J, et al. NAAG pepti-
dase inhibition reduces locomotor activity and some 
stereotypes in the PCP model of schizophrenia via 
group II mGluR. J Neurochem 2004; 89: 876–85.

 21 Saito O, Aoe T, Yamamoto T. Analgesic effects of non-
steroidal antiinflammatory drugs, acetaminophen, and 
morphine in a mouse model of bone cancer pain. J 
Anesth 2005; 19: 218–24. 

 22 Cortinez LI, Hsu YW, Sum-Ping ST, et al. 
Dexmedetomidine pharmacodynamics: Part II. 
Crossover comparison of the analgesic effect of dex-
medetomidine and remifentanil in healthy volunteers. 
Anesthesiology 2004; 101: 1077–83.

 23 Hao JX, Xu XJ. Treatment of a chronic allodynia-like 
response in spinally injured rats: effects of systemically 
administered excitatory amino acid receptor antago-
nists. Pain 1996; 66: 279–85.

 24 Suzuki R, Matthews EA, Dickenson AH. Comparison 
of the effects of MK-801, ketamine and memantine on 
responses of spinal dorsal horn neurones in a rat model 
of mononeuropathy. Pain 2001; 91: 101–9.

 25 Valivullah HM, Lancaster J, Sweetnam PM, Neale 



898 CANADIAN JOURNAL OF ANESTHESIA

JH. Interactions between N-acetylaspartylglutamate 
and AMPA, kainate, and NMDA binding sites. J 
Neurochem 1994; 63: 1714–9. 

 26 Westbrook GL, Mayer ML, Namboodiri MA, Neale JH. 
High concentrations of N-acetylaspartylglutamate 
(NAAG) selectively activate NMDA receptors on 
mouse spinal cord neurons in cell culture. J Neurosci 
1986; 6: 3385–92.

 27 Losi G, Vicini S, Neale J. NAAG fails to antagonize 
synaptic and extrasynaptic NMDA receptors in cerebel-
lar granule neurons. Neuropharmacology 2004; 46: 
490–6.

 28 Bergeron R, Coyle JT, Tsai G, Greene RW. NAAG 
reduces NMDA receptor current in CA1 hippocampal 
pyramidal neurons of acute slices and dissociated neu-
rons. Neuropsychopharmacology 2005; 30: 7–16.


