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Magnesium Increases Movrphine Analgesic Effect in
Different Experimental Models of Pain

Sophie Begon, Ph.D.,* Gisele Pickering, M.D., Ph.D.,T Alain Eschalier, M.D, Ph.D.,T Claude Dubray, M.D, Ph.D.%

Background: An excess of excitatory pathway activation via
N-methyl-p-aspartate (NMDA) receptors has been described in
neuropathic pain that responds poorly to morphine. However,
in this situation, several published data sets show that coadmin-
istration of NMDA receptor antagonists restores the efficacy of
opioids. Considering that magnesium behaves like an NMDA
receptor antagonist, we investigated the effect of the combina-
tion of magnesium and morphine in experimental models of
chronic and tonic pain.

Metbods: Mechanical hyperalgesia was assessed with the
paw-pressure test in mononeuropathic (chronic constrictive
injury model) and diabetic rats. Behavioral reactions were
scored in a model of inflammation induced by formalin. The
animals were assigned to one of three groups according to the
intraperitoneal pretreatment: magnesium (30 mg/kg X 3), mag-
nesium (30 mg/kg), and saline. Before testing, morphine was
injected intravenously in mononeuropathic (0.3 mg/kg) and
diabetic rats (1 mg/kg) and by the subcutaneous route in rats
with the formalin test (1.5 mg/kg).

Results: Magnesium alone induced a significant antihyperal-
gesic effect in mononeuropathic and diabetic rats after a cumu-
lative dose of 90 mg/kg. Furthermore, it significantly increased
morphine analgesia, regardless of the loading dose used (30 or
90 mg/kg) in the two models of neuropathic pain. In the for-
malin test, magnesium alone did not have a significant effect.
However, in combination with morphine, it revealed the anal-
gesic effect of this opiate.

Conclusions: These data show that magnesium amplifies the
analgesic effect of low-dose morphine in conditions of sus-
tained pain. Considering the good tolerability of magnesium,
these findings may have clinical applications in neuropathic
and persistent pain.

N-METHYL-D-ASPARTATE (NMDA) receptors are in-
volved in persistent pain' and in the generation and
maintenance of a spinal hypersensitivity phenomenon
leading to chronic pain.” Hence, many authors give evi-
dence of the efficacy of NMDA receptor antagonists in
different experimental models of neuropathic>* or in-
flammatory pain.” However, despite a well-established
clinical f:fﬁcz.cy,G’7 their use is limited because of the
high occurrence of adverse effects.® Depending on their
etiology, some clinical’™'' and experimental'? studies
emphasize a limited efficacy of morphine to relieve neu-
ropathic pain. To overcome this phenomenon, a combi-
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nation of NMDA receptor antagonists with opioids has
shown proof of efficiency in the treatment of neuro-
pathic pain.'®> Here again, this therapeutic approach is
unfortunately counterbalanced by a high incidence of
adverse effects.'®

It is known that magnesium is able to modulate NMDA
receptor activation by blocking the receptor channel.
Recent studies have stressed the antinociceptive effects
of intrathecal magnesium in experimental models of
neuropathic pain'® and in the formalin test.'”'® Further-
more, we showed that systemic treatment with multiple
doses of magnesium in diabetic and mononeuropathic
rats could reverse mechanical hyperalgesia.'®

The purpose of this study was to investigate whether
systemic magnesium might amplify the antinociceptive
effect of a low dose of morphine in two models of
neuropathic pain and in one model of tonic pain induced
by paw injection of formalin.

Materials and Methods

These experiments were conducted according to the
Ethical Guidelines for Investigations of Experimental
Pain in Conscious Animals as issued by the International
Association for the Study of Pain.*®

Animals

Male Sprague-Dawley rats (CD1 Charles River; IFFA-
CREDO, L’Arbresle, France), initially weighing 200 -
250 g, were used. Animals (n = 4 per cage) were housed
in standard laboratory conditions with food and water
ad libitum, 1 week before the experiments.

Induction of Peripheral Mononeuropathy

After brief anesthesia (sodium pentobarbital, 40 mg/kg,
intraperitoneal), a chronic constrictive injury (CCD of
the right common sciatic nerve was performed, accord-
ing to the method described by Bennett and Xie.*' The
contralateral limb remained unoperated. Mechanical hy-
peralgesia developed in the CCI model from day 12 after
surgery.??

Induction of Diabetes

Animals were injected with streptozocin (75 mg/kg,
intraperitoneal, Zanosar®; Upjohn, Paris, France), and 1
week later, diabetes was confirmed by measurement of
tail vein blood glucose concentration (> 14 mm) with
Glucotide test strips and a reflectance colorimeter (Glu-
cometer 4; Ames Division, Bayer Laboratories, Puteaux,
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France). Mechanical hyperalgesia has been described?
from the 21st day onward.

Paw-pressure Test

The antinociceptive effect of the tested compounds
was assessed by the paw-pressure test.>* Increasing me-
chanical pressure was applied by an analgesimeter
(Apelex type 003920; Ugo Basil, Bioseb, Chaville,
France) on the right and left hind paws, until vocaliza-
tion was elicited (threshold expressed in grams). In the
neuropathic pain models, the nociceptive threshold was
assessed before induction of hyperalgesia (baseline val-
ues) and then reassessed before the induction of magne-
sium treatment. The experiments were performed in a
quiet room by a unique experimenter.

Formalin Test

The animals were placed in the glass box (40 X 30 X
20 cm) with mirrors placed all around the cage to allow
an unobstructed view of the paws. After 15 min for
habituation, the rats were injected (50 ul, subcutaneous)
with formalin (5%) into the plantar surface of the right
hind paw. Scoring of nociceptive behavior began imme-
diately after formalin injection and then was followed up
for 60 min according to the method described by Du-
buisson et al.*®

Pharmacologic Experiments

Three series of experiments were performed with
each of the experimental models. In these protocols,
low doses of morphine were chosen to avoid a ceiling
antinociceptive effect, which would blunt the effect of
magnesium-morphine combination.

In Mononeuropathic Rats. Vocalization thresholds
were determined before and 14 days after the CCI as
control predrug values, and a pretreatment was admin-
istered to the eight groups (n = 7 per group). Pretreat-
ments consisted of the following: (1) Magnesium 90: a
cumulative dose up to 90 mg/kg of magnesium (magne-
sium sulfate; Sigma-Aldrich Co., Saint Quentin Fallavier,
France), divided into three intraperitoneal injections
(30 mg/kg magnesium or 2 ml/kg saline). Each injection
was administered with an interval of 1 h. (2) Magnesium
30: a single dose of magnesium (30 mg/kg intraperito-
neal). In each group, the pretreatment (magnesium or
saline, 2 ml/kg intraperitoneal) was administered blindly
using the method of equal blocks. Thirty minutes after
the last injection of pretreatment 1 or 2, 0.3 mg/kg
morphine (morphine hydrochloride; Cooper, Rhone
Poulenc Rorer, Melun, France) were injected by the
intravenous route. In the CCI model, the low dose of
morphine was chosen according to Christensen et al.'?
The vocalization threshold was assessed at 15, 30, 45,
60, 120, and 180 min after the intravenous injection
treatment. The measurement was performed on the ip-
silateral side to the ligature and on the contralateral
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paws. The randomized treatments were performed
blindly to avoid uncontrollable environmental influence
that could induce a modification in behavioral response.

In Diabetic Rats. Vocalization thresholds were deter-
mined before and 21 days after induction of diabetes as
control predrug values. Pretreatments were adminis-
tered to the eight groups (n = 7 per group) as described
in the CCI model. Thirty minutes after the last injection
of pretreatment 1 or 2, an intravenous injection of
1 mg/kg morphine or saline (1 ml/kg) was performed.
The dose of morphine was chosen according to Courteix
et al.*® The assessment of the vocalization threshold was
performed as previously described.

In Rats Injected with Formalin. The pretreatments
were administered to eight groups (n = 8 per group) of
rats as previously described. Thirty minutes after the last
injection of pretreatment 1 or 2, morphine (1.5 mg/kg)
or saline (2 ml/kg) were injected subcutaneously in
these animals blindly. The dose of morphine was chosen
according to Coderre et al.*” and Jourdan et al.*® Imme-
diately after morphine injection, the animals were
placed for habituation in the glass box, and 15 min later,
rats were given a subcutaneous injection (50 ul) of
formalin (5%) into the plantar surface of the right hind
paw. Scoring of nociceptive behaviors began immedi-
ately afterward and lasted for 60 min.

Expression of Results and Statistical Analysis

Data analysis of the vocalization thresholds or scores of
nociceptive behaviors in the formalin test, both ex-
pressed as mean * standard error of the mean, was
performed for each time of measurement by a two-way
analysis of variance, followed when the F value was
significant by a Dunnett test to compare the correspond-
ing values of the drug-treated group with the saline
group. The significance levels were as follows: **P <
0.001; *P < 0.01; *P < 0.05.

Results

Effect of Magnesium and Morphine on the

Vocalization Threshold in Mononeuropathic Rats

As expected, mechanical hyperalgesia occurred in the
operated hind paw 12 days after the sciatic nerve liga-
ture (figs. 1A and B). No change in the vocalization
threshold was observed after a single injection of
30 mg/kg magnesium alone (fig. 1A). However, a dose of
magnesium (30 mg/kg X 3, intraperitoneal) reduced the
mechanical hyperalgesia (fig. 1A). In comparison with
the control saline-treated group, the lowering of the
vocalization threshold became significant (P < 0.01)
45 min after the last injection of magnesium (160.5 * 7.8
vs. 228.8 £ 13.5 g, respectively). Morphine alone
(0.3 mg/kg, intravenous) induced a fairly modest but
significant antihyperalgesic effect (fig. 1B). When in-
jected in combination with magnesium, it produced,



COMBINATION OF MAGNESIUM AND MORPHINE IN CHRONIC PAIN 629

U7 —A— Mg 90 + Saline
~{- Mg 30 + Saline
c)
o 3504 - < -Saline + Saline
=)
=
=
2
g 2501
3]
=)
3
N
S 150
<
>
50 ; . . . ——t—r , - )
Comrol Comtrol 15 30 45 6o 120 10  Lime{(min)
A before predrug < >
ca Saline 1 ml/kg, i.v.
450 1
—— Mg 90 + Saline
~{ Mg 30 + Saline
)
I 350 - <> - Saline + Saline
3
<
=
2
£ 2501
=
©
b
N
S 150
=
>
50 —— . , . , , . )
Comrol Control 15 39 45 60 120 1g0  Lime(min)
C before predrug >
ccl Saline 1 ml/kg, i.v.

—&— Mg 90 + Morphine
450 7 PP —&— Mg 30 + Morphine
o - 4 -Saline + Morphine
C. ]
= 350
[=3
2
=
&
- 250 1
=
=
K5
N
ERRER
<
=
50 , . . . . . , - )
Comrol Control 15 30 45 60 120 10  1ime(min)
B before predrug < —
CCt Morphine 0.3 mg/kg, i.v.
—A— Mg 90 + Morphine
450 1 —=— Mg 30 + Morphine
- 4 -Saline + Morphine
—
2 |
- 350
=3
<
=
L
é 250 A
o
e
5
N
B 150
=l
>
50 . . . . . . : - )
Control Comtrol 15 30 45 60 120 1o  1ime{min)
D before predrug >

ccI Morphine 0.3 mg/kg, i.v.

Fig. 1. Time course of the effect of a unique (30 mg/kg, intraperitoneal) or a cumulative (30 mg/kg X 3, intraperitoneal) dose of
magnesium (Mg), administered alone (4, C) or in combination with morphine (0.3 mg/kg, intravenous [i.v.]) or saline (1 ml/kg,
intravenous) (B, D) on mechanical pain threshold in mononeuropathic rats. The measurements were assessed both on the ipsilateral
(chronic constrictive injury [CCI]) (4, B) and the contralateral (C, D) paws. Vocalization threshold, expressed in grams, was
determined before CCI and then before and six times after morphine or saline injection over a period of 180 min. Data are
represented as mean = standard error of the mean. *P < 0.05; *P < 0.01; **P < 0.001 compared with the control saline plus saline
group (4) or saline plus morphine-treated group (B). yafniP < 0.001, values of magnesium 90 plus morphine-treated group
compared with the control magnesium 90 plus saline group (B). +P < 0.05; ++P < 0.01, values of saline plus morphine—treated

group compared with the control saline plus saline group (B).

whatever the pretreatment with magnesium, a signifi-
cant (P < 0.001) antinociceptive effect in comparison
with the saline plus morphine group. The magnitude of
the maximal effect occurring 15 min after morphine
injection was respectively +216.4 * 21.3 and +201.4 *
15.9 g for magnesium 90 plus morphine and magnesium
30 plus morphine. The magnitude of the analgesic re-
sponse of morphine is significantly (P < 0.001) amplified
by pretreatment with magnesium; however, in our ex-
perimental conditions, the effect of morphine was not
dependent on the dose of magnesium. None of the
tested drugs, alone or in combination, induced changes
in the vocalization threshold for the contralateral paw in
the CCI model (figs. 1C and D).

Effect of Magnesium and Morphine on the

Vocalization Threshold in Diabetic Rats

In the model of diabetic neuropathy, mechanical hy-
peralgesia developed in the animals 3 weeks after the
induction of diabetes, according to the time schedule
described by Courteix et al.?®> The decrease in vocaliza-
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tion threshold ranged from 40.2 = 2.6 to 46.4 * 2.5% in
the different groups of rats. The pretreatment with the
cumulative dose of magnesium (30 mg/kg X 3, intraperi-
toneal) induced a significant antihyperalgesic effect (fig.
2A). Forty-five minutes after the last injection of magne-
sium, the vocalization threshold increased significantly
(P < 0.01) in comparison with the saline plus saline-
treated group. The pretreatment with a single injection
of magnesium (30 mg/kg, intraperitoneal) did not
change the vocalization threshold in diabetic rats. Mor-
phine (1 mg/kg, intravenous) injected alone (fig. 2B)
induced no change in the nociceptive threshold. The
combination of morphine plus magnesium induced a
significant and dose-dependent antinociceptive effect
(fig. 2B). The peak effect, which occurred 30 min after
morphine injection (353.6 = 33.0 g) for the magnesium
90 plus morphine-treated group and 15 min after mor-
phine injection (311.3 * 25.0 g) (P < 0.001) for the
magnesium 30 plus morphine-treated group, was signif-
icantly higher (P < 0.001) than this observed in the
saline plus morphine-treated group (180.0 = 16.0 and
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Fig. 2. Time course of the effect of a unique (30 mg/kg, intraperitoneal) or cumulative (30 mg/kg X 3, intraperitoneal) dose of
magnesium (Mg), administered alone, with saline (1 ml/kg, intravenous [iv]) (4), or in combination with morphine (1 mg/kg,
intravenous) (B) on mechanical pain threshold in diabetic rats. Vocalization threshold, expressed in grams, was determined before
induction of diabetes and then before and six times after morphine or saline injection over a period of 180 min. Data are represented
as mean * standard error of the mean. *P < 0.05; “P < 0.01; **P < 0.001 compared with the control saline plus saline group (4) or
saline plus morphine-treated group (B). P < 0.05; YP < 0.01; Y P < 0.001, values of magnesium 90 plus morphine—treated
group compared with the control magnesium 90 plus saline group (B). STZ = streptozocin.

160.0 = 15.8 g, at 15 and 30 min after the morphine  Discussion
injection, respectively). In these experimental condi-
tions, the analgesic effect of morphine seemed to be
dependent (P < 0.01) on the dose of magnesium, as
shown by comparison with the area under the curve
(0-180 min).

In each of the experimental models of neuropathic
pain, the single dose of magnesium (30 mg/kg) had no
antinociceptive effect by itself. However, the cumulative
dose of magnesium (30 mg/kg X 3) administered alone
induced an antihyperalgesic effect. The repeated pattern
of magnesium administration via the systemic route
seems to be essential. Because magnesium crosses the
blood- brain barrier by active transport, this may indi-
cate that cumulative doses are required to reach a suffi-
ciently high concentration in the central nervous system
to obtain an analgesic effect.

In the formalin test, no effect on the phase 1 was
observed with magnesium alone or in combination with
morphine. This is in accordance with other studies,
which reported that MgSO,,*° like other NMDA antago-
nists,” has no antinociceptive effect on acute pain.”’18
In regard to the phase 2 response, which is NMDA-
receptor dependent, an antinociceptive effect with the

Effect of Magnesium and Morphine on the

Vocalization Threshold in Formalin Test

Regardless of dose, the pretreatments with magnesium
did not modify the behavioral scores in phase 1 or 2 of
the formalin test (fig. 3A). Morphine (1.5 mg/kg, subcu-
taneous) alone did not have any effect in comparison
with the control group (saline plus saline) (fig. 3B).
Nevertheless, the pretreatment with 30 or 90 mg/kg
magnesium combined with morphine blocked phase 2
of the formalin test (fig. 3B), thus revealing a strong
increased effect of morphine.
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Fig. 3. Time course of the effect of a unique (30 mg/kg, intraperitoneal) or cumulative (30 mg/kg X 3, intraperitoneal) dose of
magnesium (Mg), administered alone (4) or in combination with morphine (1.5 mg/kg, subcutaneous) or saline (2 ml/kg,
subcutaneous) (B) on the behavioral scores after the paw injection of formalin (5%; 50 ul). Data are represented as mean * standard
error of the mean. *P < 0.05; *P < 0.01; **P < 0.001 compared with the control saline plus saline group (4) or saline plus
morphine-treated group (B).
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combination of magnesium and morphine is strongly
marked, even though magnesium alone has no effect.
Our results contrast with those of Takano et al.,'® who
reported that intrathecal injection of magnesium was
able to decrease the phase 2 response. This discrepancy
may be due to the difference in the routes of adminis-
tration and, as a consequence, in the magnesium con-
centration at spinal level.

Our results underline the interest of the combination
of magnesium plus morphine for neuropathic pain relief
or for pain associated with a subacute inflammation that
is considered as a model of postsurgical inflammatory
pain. As far as we can ascertain, no experimental study has
shown antinociceptive efficacy of the magnesium-mor-
phine association in experimental models of neuropathic
pain. However, Kroin et al>' showed an antinociceptive
effect of the magnesium-morphine combination in me-
chanical allodynia induced by an incision in the plantar
surface of one hind paw, modifying the withdrawal thresh-
old by using Von Frey filaments. The same authors demon-
strated a synergism of action between magnesium and
morphine in naive rats. McCarthy et al.>® also observed an
increased analgesic effect of morphine on the tail-flick test
in normal rats after an intrathecal infusion of magnesium.
They also demonstrated that magnesium delays the devel-
opment of morphine tolerance.

Clinically, loading doses of magnesium have been
shown to lead to partial or total relief** in neuropathic
patients. Tanaka et al.>> observed in patients with pos-
therpetic neuralgia or causalgia that repetition of mag-
nesium administration once a week decreased the pain
visual analog scale score after a few weeks of treatment,
with no side effects. The combination of magnesium and
morphine has been tested with success. Preoperative or
peroperative administration of magnesium has been
shown to reduce postoperative morphine consump-
tion.>*3> These clinical data are in agreement with our
findings about increased opioid analgesia by magnesium.
However, no such combination of magnesium plus mor-
phine has been assessed in patients with neuropathic
pain.

Having previously demonstrated a similar antinocicep-
tive effect of magnesium and MK-801, an NMDA recep-
tor antagonist, in two models of neuropathic pain,'®
these data reinforce the hypothesis of a similar mecha-
nism of action between these two drugs. Similar findings
were published by Yamamoto and Yaksh,*® who ob-
served that NMDA receptor antagonist MK-801 potenti-
ated the action of inoperative morphine in a chronic
pain model. Christensen et al.'® showed also in a me-
chanical test that a systemic pretreatment with a com-
petitive NMDA receptor antagonist (HA-966) dose-de-
pendently enhanced the effect of morphine in the CCI
model. In accordance with these findings, some clinical
studies**>> strengthen the hypothesis that magnesium
could behave like a noncompetitive NMDA antagonist.
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Our experimental results may have a direct application
to pain management in patients. These results obtained
with the formalin test suggest that magnesium, when
used at pharmacologic doses in inflammatory pain, am-
plifies the analgesic properties of morphine. In this way,
the coadministration of magnesium and morphine
should allow a significant reduction in morphine admin-
istration for postoperative pain alleviation. Some clinical
studies confirm®*3> this hypothesis, but it must be said
that others are less conclusive.>”*® These discrepancies
can be explained by the quantity of magnesium admin-
istered or by the route of administration. Above all, they
can result from an inadequate anticipation of magnesium
administration in relation to the surgical procedure, a
factor of considerable importance if one refers to studies
showing that magnesium does not cross the blood- brain
barrier rapidly.?®

The second possible area of application of the magne-
sium-morphine combination could be neuropathic pain
management. Despite the fact that, here as well, certain
results seem contradictory, the majority of clinical trials
point to the unsatisfactory level of opiate efficiency in
neuropathic pain.** We know that in this kind of pain,
excitatory amino acids in general and NMDA receptor
channels in particular have a key role. Some clinical trials
have shown that noncompetitive NMDA receptor antag-
onists can have an effect when used alone but also can
reveal the analgesic properties of morphine.*° The use of
currently available NMDA antagonists is unfortunately
limited because of the nature and severity of clinical side
effects, which are apparent when efficient doses are
reached.' Given that magnesium possesses pharmaco-
logic properties that are comparable to those of NMDA
antagonists, it seems justified, on the basis of our exper-
imental results, to test this association in patients with
neuropathic pain.

References

1. Coderre TJ: Excitatory amino acid antagonists: potential analgesics for
persistent pain, Novel Aspects of Pain Management: Opioids and Beyond. Edited
by Sawynok J, Cowan A. New York, Wiley-Liss, 1999, pp 157-78

2. Dickenson AH: Mechanisms of central hypersensitivity: Excitatory amino acid
mechanisms and their control, Textbook of Pain, 3rd edition. Edited by Wall PD,
Melzack R. Edinburgh, Churchill Livingstone, 1994, pp 167-210

3. Malcangio M, Tomlinson DR: A pharmacologic analysis of mechanical hy-
peralgesia in streptozotocin/diabetic rats. Pain 1998; 76:151-7

4. Wei H, Pertovaara A: Influence of pre-emptive treatment with MK-801, an
N-methyl-p-aspartate receptor antagonist, on development of neuropathic symp-
toms induced by spinal nerve ligation in the rat. ANESTHESIOLOGY 1999; 91:313-6

5. Haley JE, Sullivan AF, Dickenson AH: Evidence for spinal N-methyl-D-
aspartate receptor involvement in prolonged chemical nociception in the rat.
Brain Res 1990; 518:218-26

6. Backonja M, Arndt G, Gombar KA, Check B, Zimmermann M: Response of
chronic neuropathic pain syndromes to ketamine: A preliminary study. Pain
1994; 56:51-7

7. Oye I, Rabben T, Fagerlund TH: Analgesic effect of ketamine in a patient
with neuropathic pain. Tidsskr Nor Laegeforen 1996; 116:3130-1

8. Olney JW: Excitotoxic amino acids and neuropsychiatric disorders. Annu
Rev Pharmacol Toxicol 1990; 30:47-71

9. Portenoy RK, Bennett GJ, Katz NP, Payne R, Price DD: Enhancing opioid



632

BEGON ET AL.

analgesia with NMDA-receptor antagonists: clarifying the clinical importance. J
Pain Symptom Manage 2000; 19(suppD):S57- 064

10. Arner S, Meyerson BA: Lack of analgesic effect of opioids on neuropathic
and idiopathic forms of pain. Pain 1988; 33:11-23

11. Portenoy RK, Foley KM, Inturrisi CE: The nature of opioid responsiveness
and its implications for neuropathic pain: new hypotheses derived from studies
of opioid infusions. Pain 1990; 43:273-86

12. Ossipov MH, Lopez Y, Nichols ML, Bian D, Porreca F: The loss of antino-
ciceptive efficacy of spinal morphine in rats with nerve ligation injury is pre-
vented by reducing spinal afferent drive. Neurosci Lett 1995; 199:87-90

13. Christensen D, Idanpaan-Heikkila JJ, Guilbaud G, Kayser V: The antinoci-
ceptive effect of combined systemic administration of morphine and the glycine/
NMDA receptor antagonist, (+)-HA966 in a rat model of peripheral neuropathy.
Br J Pharmacol 1998; 125:1641-50

14. Price DD, Mayer DJ, Mao J, Caruso FS: NMDA-receptor antagonists and
opioid receptor interactions as related to analgesia and tolerance. J Pain Symptom
Manage 2000; 19(suppD:S7-11

15. Nowack L, Bregestovski P, Ascher P, Herbet A, Prochiantz A: Magnesium
gates glutamate-activated channels in mouse central neurons. Nature 1984; 307:
462-5

16. Xiao WH, Bennett GJ: Magnesium suppresses neuropathic pain responses
in rats via a spinal site of action. Brain Res 1994; 666:168 -72

17. Ishizaki K, Sasaki M, Karasawa S, Obata H, Nara T, Goto, F: The effect of
intrathecal magnesium sulphate on nociception in rat acute pain models. Anaes-
thesia 1999; 54:241-6

18. Takano Y, Sato E, Kaneko T, Sato I: Antihyperalgesic effects of intrathe-
cally administered magnesium sulfate in rats. Pain 2000; 84:175-9

19. Begon S, Pickering G, Eschalier A, Dubray C: Magnesium and MK-801 have
a similar effect in two experimental models of neuropathic pain. Brain Res 2000;
887:436-9

20. Zimmerman M: Ethical guidelines for investigations of experimental pain
in conscious animals. Pain 1983; 16:109-11

21. Bennett JG, Xie YK: A peripheral mononeuropathy in rat that produces
disorders of pain sensation like those seen in man. Pain 1988; 33:87-107

22. Attal N, Jazat F, Kayser V, Guilbaud G: Further evidence for “pain-related”
behaviours in a model of unilateral peripheral mononeuropathy. Pain 1990;
41:235-51

23. Courteix C, Eschalier A, Lavarenne J: Streptozocin-induced diabetic rats:
Behavioural evidence for a model of chronic pain. Pain 1993; 53:81-8

24. Randall LO, Sellito J: A method for measurement of analgesic activity on
inflamed tissue. Arch Int Pharmacodyn 1957; 4:409-19

25. Dubuisson D, Dennis SG: The formalin test: A quantitative study of the
analgesic effects of morphine meperidine and brain stem stimulation in rats and
cats. Pain 1977; 4:161-74

26. Courteix C, Bardin M, Chantelauze C, Lavarenne J, Eschalier A: Study of the

Anesthesiology, V 96, No 3, Mar 2002

sensitivity of the diabetes-induced pain model in rats to a range of analgesics. Pain
1994; 57:153-60

27. Coderre TJ, Fundytus ME, McKenna JE, Dalal S, Melzack R: The formalin
test: A validation of the weighted-scores method of behavioural pain rating. Pain
1993; 54:43-50

28. Jourdan D, Alloui A, Eschalier A: Pharmacological validation of an auto-
mated method of pain scoring in the formalin test in rats. ] Pharmacol Toxicol
1999; 42:163-70

29. Oppelt WW, Maclntyre I, Rall DP: Magnesium exchange between blood
and cerebrospinal fluid. Am J Physiol 1963; 205:959 - 62

30. McCarthy RJ, Kroin JS, Tuman KJ, Penn RD, Ivankovich AD: Antinocicep-
tive potentiation and attenuation of tolerance by intrathecal co-infusion of mag-
nesium sulfate and morphine in rats. Anesth Analg 1998; 86:830-6

31. Kroin JS, McCarthy RJ, Von Roenn N, Schwab B., Tuman K], Ivankovich AD:
Magnesium sulfate potentiates morphine antinociception at the spinal level. Anesth
Analg 2000; 90:913-7

32. Crosby V, Wilcock A, Corcoran R: The safety and efficacy of a single dose
(500 mg or 1 g) of intravenous magnesium sulfate in neuropathic pain poorly
responsive to strong opioid analgesics in patient with cancer. J Pain Symptom
Manage 2000; 19:35-9

33. Tanaka M, Shimizu S, Nishimura W, Mine O, Akatsuka M, Inamori K, Mori H:
Relief of neuropathic pain with intravenous magnesium. Masui 1998; 47:1109-13

34. Tramer MR, Schneider J, Marti RA, Rifat K: Role of magnesium sulfate in
postoperative analgesia. ANESTHESIOLOGY 1996; 84:340 -7

35. Koinig H, Wallner T, Marhofer P, Andel H, Horauf K, Mayer N: Magnesium
sulfate reduces intra- and postoperative analgesic requirements. Anesth Analg
1998; 87:206-10

36. Yamamoto T, Yaksh TL: Comparison of the antinociceptive effects of
pre-and post-treatment with intrathecal morphine and MK-801, an NMDA antag-
onist, on the formalin test in the rat. ANESTHESIOLOGY 1992; 77:757-65

37. Zarauza R, Saes-Fernandez AN, Iribarren MJ, Carrascosa F, Adame M,
Fidalgo I, Monedero P: A comparative study with oral nifedipine, intravenous
nimodipine, and magnesium sulfate in postoperative analgesia. Anesth Analg
2000; 91:938-43

38. Wilder-Smith OH, Arendt-Nielsen L, Gaumann D, Tassonyi E, Rifat KR:
Sensory changes and pain after abdominal hysterectomy: a comparison of anes-
thetic supplementation with fentanyl versus magnesium or ketamine. Anesth
Analg 1998; 86:95-101

39. Cherny NI, Thaler HT, Friedlander-Klar H, Lapin J, Foley KM, Houde R,
Portenoy RK: Opioid responsiveness of cancer pain syndromes caused by neu-
ropathic or nociceptive mechanisms. Neurology 1994; 44:857-61

40. Yang CY, Wong CS, Chang JY, Ho ST: Intrathecal ketamine reduces
morphine requirements in patients with terminal cancer pain. Can J Anaesth
1996; 43:379-83



