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Abstract. – OBJECTIVE: Ketamine and mag-
nesium, both N-methyl-D-aspartate (NMDA) re-
ceptor antagonists, enhance the antinocicep-
tive effects of opioid analgesics in different ani-
mal models of pain, as well as in humans.

This study aimed at evaluating whether magne-
sium sulphate added to morphine-ketamine com-
bination produces a higher level of analgesia.

MATERIALS AND METHODS: Analgesic ac-
tivity was assessed by tail-immersion test in
male Wistar rats (200-250 g).

RESULTS: Magnesium sulphate (0.5-60 mg/kg,
s.c.) and ketamine (5-30 mg/kg, i.p.) administered
alone did not produce any effect. Magnesium sul-
phate (5 and 60 mg/kg) and ketamine (5 and 30
mg/kg) increased the antinociceptive effect of
morphine (2.6 mg/kg, i.p.). Magnesium sulphate (5
mg/kg) increased the antinociceptive effect of the
morphine (2.6 mg/kg)-ketamine (2.5 or 5 mg/kg)
combination when magnesium sulphate was
added to morphine after, and not before ketamine.
It is also demonstrated that magnesium sulphate
prolonged the duration of the antinociceptive ef-
fect of the morphine-ketamine combination. Low
dose of morphine (2.6 mg/kg), ketamine (5 mg/kg)
and magnesium sulfate (5 mg/kg) given together
did not cause motor impairment that could be ver-
ified on a rotarod test.The antinociceptive effect of
the triple combination was readily antagonized
with naloxone (3 mg/kg, s.c.), a nonselective an-
tagonist of opioid receptors, indicating that the ef-
fect is mediated via opioid receptors.

CONCLUSIONS: This study revealed that the
efficacy of the morphine-ketamine-magnesium
sulphate combination in tail-immersion test in
rats is influenced by the order of medication
administration; a higher level of activity is
demonstrated only when ketamine is added to
morphine before magnesium sulphate.

Key Words:
Analgesia, Ketamine, Magnesium sulphate, Mor-

phine, Rat.

The antinociceptive efficacy of morphine-ketamine-
magnesium combination is influenced
by the order of medication administration

S.M. VUČKOVIĆ1, K.R. SAVIĆ VUJOVIĆ1, D.P. SREBRO1, B.M. MEDIĆ1,
STOJANOVIĆ1, C.S. VUČETIĆ2, N. DIVAC1, M.S. PROSTRAN1

1Department of Pharmacology, Clinical Pharmacology and Toxicology, Faculty of Medicine,
University of Belgrade, Belgrade, Serbia
2Faculty of Medicine, University of Belgrade, Institute for Orthopaedic Surgery and Traumatology,
Clinical Center of Serbia, Belgrade, Serbia

Corresponding Author: Sonja M. Vučković, MD, Ph.D; e-mail: svuckovic@med.bg.ac.rs

Introduction

The N-methyl-D-aspartate (NMDA) receptor
is involved in the development of central sensiti-
zation of dorsal horn neurons that transmit pain
signals1,2. Magnesium is an endogenous voltage-
dependent NMDA-receptor-channel blocker3,4. At
normal resting membrane potentials, the channel
is blocked by magnesium and is inactive. When
the resting membrane potential is changed as a
result of prolonged excitation, the channel un-
blocks and calcium moves into the cell. This re-
sults in neuronal hyperexcitability and conse-
quently, a reduction in opioid-responsiveness,
hyperalgesia and allodynia5.
To date, there is little evidence for the anal-

gesic efficacy of magnesium as a sole agent in
animals6 and humans7,8. However, magnesium
has been demonstrated to enhance the effects of
opioids9,10 and general11,12 and local anesthet-
ics13,14 in both preclinical and clinical studies.
Ketamine is a non-competitive NMDA recep-

tor antagonist that binds to the phencyclidine site
when the channels are in an open activated
state15. It may also bind to a second membrane-
associated site, which decreases the frequency of
channel opening16. Moreover, ketamine is a dis-
sociative anesthetic that has analgesic properties
at subanesthetic doses17. However, ketamine is
rarely used as a sole analgesic agent for postop-
erative pain control because it produces adverse
psychotomimetic reactions, sedation and motor
impairment18. Ketamine, even in non-analgesic
doses, has been reported to potentiate opioid
analgesia9,19-22 and prevent opioid induced hyper-
algesia23 and acute tolerance23,24. Ketamine may,
therefore, have a role in acute postoperative pain
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management by reducing the amount of opioids
required, hence decreasing side effects, improv-
ing opioid effectiveness, and hemodynamic and
respiratory stability22.
Data on the interaction between ketamine and

magnesium are controversial. Magnesium and
ketamine may interact in an additive25-27, syner-
gistic28-30 or antagonistic31,32 manner to produce
analgesic/anesthetic or some other actions33. Sev-
eral studies conducted in rats have demonstrated
that low blood levels of magnesium or a magne-
sium-deficient diet increased the sensitivity to
ketamine34,35. Considering that both ketamine and
magnesium could interact with opioids, it was in-
teresting to investigate whether magnesium sul-
phate can potentiate the analgesic effect of a
morphine-ketamine combination. Therefore, the
objective of the present study was to determine
whether a low dose of magnesium sulphate
added to a morphine-ketamine combination ad-
ministered systemically to rats produces a higher
level of analgesia, and whether the efficacy of the
combination is influenced by the order of med-
ication administration. At the same time, we in-
vestigated whether the combination can increase
the side effects in terms of sedation and ataxia, as
well as the mechanism of action of the combina-
tion, by administration of naloxone, a nonselec-
tive antagonist of opioid receptors.

Materials and Methods

Animals
The study was performed using 142 male Wis-

tar rats (Military Farm, Belgrade, Serbia) weight-
ing 200-250 g. The experimental animals were
handled as prescribed by the Ethics Committee
for Animal Research and Welfare of the Faculty
of Medicine, University of Belgrade (permit N°
5057/2). All experiments were approved by the
Ethical Council for the Protection of Experimen-
tal Animals of the Ministry of Agriculture,
Forestry and Water Management of the Republic
of Serbia, which operates in accordance with the
Animal Welfare Law of the Republic of Serbia
and the IASP (International Association for the
Study of Pain) Guidelines for the Use of Animals
in Research. The animals were housed in groups
of three in Plexiglas cages (42.5 × 27 × 19 cm)
under standard conditions of temperature (22 ±
1°C), relative humidity (60%) and a 12 h
light/dark cycle. Food and water were freely
available, except during the experimental proce-

dures. The animals were fed standard rat pellets
obtained from the Veterinary Institute Subotica,
Serbia. Before each experiment, the animals
were habituated to the handling and experimental
procedures for at least three consecutive days.
The rats were allocated to experimental groups
consisting of 6-8 animals per group. The experi-
ments were conducted by the same researcher on
consecutive days, always at the same time of the
day, between 08:00 and 14:00, to avoid diurnal
variation in the behavioral tests. The animals
were unrestrained throughout, except during test-
ing. The rats were individually removed from
their housing for each test and were returned im-
mediately after the test. During measurements,
the rats were restrained in Plexiglas holders for
approximately 15 s. Each animal was used only
once and was killed at the end of the experiments
by an intraperitoneal (i.p.) injection of sodium
thiopental (200 mg/kg).

Administration of Drugs
Morphine hydrochloride (Alkaloid, Skopje,

Macedonia), ketamine (Inresa Arzneimittel
GmbH, Freiburg, Germany), magnesium sul-
phate (Zorka, Šabac, Serbia) and naloxone hy-
drochloride (Sigma-Aldrich Chemical Co., St.
Louis, MO, USA) were dissolved in 0.9% NaCl
and i.p. (morphine and ketamine) or subcuta-
neously (s.c.; magnesium sulphate and naloxone
hydrochloride) injected in a final volume of 2
ml/kg. Ketamine (i.p.) and morphine (i.p.) were
simultaneously administered. Ketamine was ad-
ministered contralaterally to the site of the mor-
phine injection. Magnesium sulphate was admin-
istered 15 min before or after the morphine keta-
mine combination. Naloxone was administered 5
min before the morphine/morphine-ketamine-
magnesium sulphate combination. To test
whether the 0.9% NaCl injection has any effect
on the analgesia, the same volume of 0.9% NaCl
was administered to a control group of rats.

Tail-immersion test
In the first set of experiments, the analgesic

activity was determined using a tail-immersion
test36,37. The rat was placed in a hemicylindrical
Plexiglas cage with its tail hanging freely outside
the cage. The distal 5 cm of the tail was im-
mersed in a warm water bath (55 ± 0.5°C), and
the time for tail-withdrawal was measured to the
nearest 0.1 s. Animals that had a tail-withdrawal
response within 1-2 s were selected for the study.
To minimize tissue damage by repeated testing, a
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mum of 3 min on the cylinder rotating at 10 rpm
were used for the experiments. Rats were then in-
jected i.p. the morphine-ketamine combination
(2.6 mg/kg and 5 mg/kg, respectively); after 15
min they were administered magnesium sulphate
(5 mg/kg, s.c.) and placed on the cylinder which
was then accelerated from 2.5 rpm to 25 rpm for
3 min. The control rats received an i.p. injection
of saline. The time at which the rats fell off the
rotating cylinder was recorded. The rats were
tested on the accelerating rotarod at 30, 60, 90,
120 and 150 min after the injection of the com-
bined medication according to Lai et al38.

Statistical Analysis
The differences between the corresponding

means in tail-withdrawal latency were verified
using one-way analysis of variance (ANOVA),
followed by Tukey’s HSD post hoc test. For the
rotarod test, the differences between the corre-
sponding means were verified by the Kruskal-
Wallis test, followed by the Mann-Whitney U
test. A p < 0.05 was considered to be statistically
significant.

Results

Magnesium Sulphate Increased the
Effect of Morphine in the
Tail-immersion test in Rats
In the tail-immersion test, magnesium sulphate

at doses of 5 mg/kg and 60 mg/kg (s.c.) signifi-
cantly increased the analgesia induced by mor-
phine (2.6 mg/kg, i.p.) (Figure 1). Magnesium
sulphate (5 mg/kg and 60 mg/kg) also prolonged
the duration of the analgesic effect of the mor-
phine (Figure 1). At a dose of 0.5 mg/kg, magne-
sium sulphate did not produce any significant ef-
fect on morphine-induced analgesia. When ad-
ministered alone, magnesium sulphate (5 and 60
mg/kg, s.c.) did not produce analgesia (Figure 1).

Ketamine Increased the Effect of
Morphine in the tail-immersion
Test in Rats
In the tail-immersion test, ketamine (5 mg/kg

and 30 mg/kg, i.p.) significantly increased the
analgesia induced by morphine (2.6 mg/kg, i.p.)
(Figure 2). Ketamine (5 mg/kg and 30 mg/kg,
i.p.) also prolonged the duration of the analgesic
effect of the morphine. At a dose of 2.5 mg/kg,
ketamine did not produce any significant effect
on morphine-induced analgesia. Ketamine (5
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cut-off time of 10 s was adopted. The pre-med-
ication latency was determined from an average
of two pre-medication determinations obtained
with a 30 min interval. There was no difference
in basal tail-withdrawal latency between the test-
ed groups (p > 0.05). Post-medication latency
was measured after the i.p. and/or s.c. adminis-
trations of the test compounds (or 0.9% NaCl in
the control group) at 30, 60, 90, 120, 150, 180
and 210 min.

Rotarod Test
To verify whether the i.p. administration of the

morphine-ketamine-magnesium combination in-
duces motor impairment, another set of experi-
ments was performed using the rotarod test (di-
ameter 80 mm; Ugo Basile, Gemonio, Varese,
Italy). Before the test, the rats were trained on a
rotarod cylinder that rotated at 10 rpm for a mini-
mum of 5 min. Rats that fell off during the train-
ing period were placed back on the cylinder.
Three trials per rat were conducted on each of 3
consecutive days. Only rats that spent a mini-

Figure 1. The analgesic effect of the morphine-magnesium
sulphate combination. Each point represents the mean ±
SEM of the antinociceptive latency time in seconds (s) ob-
tained in 6-8 rats. Statistical significance was determined by
comparing with the curve for morphine (*p < 0.05; **p <
0.01). Latency time is a reaction time (in s) of a rat tail ex-
posed to a hot water. Min – minutes.



and after morphine (2.6 mg/kg)-ketamine (2.5 or
5 mg/kg) (p < 0.05, p < 0.01) (Figure 3 A, B).
There was no difference in maximal analgesia
obtained between 2.5 mg/kg and 5 mg/kg of ket-
amine in combination (not shown).

The Analgesic Effect of the Low Dose
Combination of Morphine, Ketamine and
Magnesium Sulphate was Readily
Reversed with Naloxone
The analgesic effect of the morphine-keta-

mine-magnesium sulphate combination was an-
tagonized by naloxone. Higher doses of naloxone
(3 mg/kg, s.c.) were required to reverse the effect
of the combination when compared to morphine
alone (this was antagonized by 1 mg/kg, s.c.
naloxone) (Figure 4).

The Combination of Low Doses of
Morphine, Ketamine and Magnesium
Sulphate did not Impair Rotarod
Performance of Rats
No significant difference in motor impairment

was observed between the morphine-ketamine
(5)-magnesium combination and morphine alone
(p > 0.05) (Figure 5). Neither the administration
of morphine (alone) nor the co-administration of
low doses of morphine (2.6 mg/kg), ketamine (5
mg/kg) and magnesium sulphate (5 mg/kg)
caused any significant decrease in the time the
rats remained on the rotarod during the observa-
tion period (150 min) (Figure 5).

Discussion

It has been hypothesized that combinations of
analgesics with different mechanisms of action
reduce pain. We observed that a low dose of
magnesium sulphate increased the analgesic ef-
fect of the morphine-ketamine combination when
magnesium sulphate was added to morphine after
and not before ketamine was added. We also pre-
sent evidence that magnesium sulphate pro-
longed the duration of the analgesic effect of the
morphine-ketamine combination. All of these re-
sults are in agreement with previous findings that
the pre-treatment with or the co-administration of
an NMDA receptor antagonist increase the acute
effects of morphine in animal models of thermal
nociception39-42. Much of the literature has impli-
cated NMDA receptor mechanisms in the acute
analgesic effects of morphine. Previous studies43

suggested that opioid treatment leads to an in-
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mg/kg and 30 mg/kg, i.p.) administered alone did
not produce any effect. The rats displayed head-
weaving and circling behavior only at a dose of
30 mg/kg of ketamine (Figure 2).

The Ketamine-Magnesium Combination
Displayed a Greater Effect on the
Morphine Induced Tail-Withdrawal
Response in Rats than the
Magnesium-Ketamine Combination
The co-administration of morphine (2.6

mg/kg) and ketamine (2.5 or 5 mg/kg, i.p.), fol-
lowed by magnesium sulphate (5 mg/kg, s.c.) ad-
ministration after 15 min, produced significantly
higher analgesia than the morphine-ketamine
treatment (p < 0.05, p < 0.01) (Figure 3 A, B).
Magnesium sulphate prolonged the duration of
the effect of the morphine-ketamine combination.
Magnesium sulphate injected 15 min before the
morphine-ketamine (2.5 or 5 mg/kg) combina-
tion did not produce a significantly (p > 0.05)
greater analgesia compared to the morphine-keta-
mine combination (Figure 3 A, B). Statistical sig-
nificance was observed between combinations
with magnesium sulphate administered before

Figure 2. The analgesic effect of the morphine-ketamine
combination. Each point represents the mean ± SEM of the
antinociceptive latency time in seconds (s) obtained in 6 - 8
rats. Statistical significance was determined by comparing
with the curve for morphine (**p < 0.01). Statistical signifi-
cance was observed between morphine-ketamine (5 mg/kg)
and morphine-ketamine (30 mg/kg) (##p < 0.01).
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crease in protein kinase C (PKC) activity and ac-
tivation of the NMDA receptor, resulting in a de-
crease of the analgesic effects of the opioid. Re-
cent immunoprecipitation studies44 have shown
that Mu opioid receptors (MORs) and NR1 sub-
units of NMDA receptors physically associate in
the periaqueductal gray. This raises the possibili-
ty that MORs can have direct effects on gluta-
mate signaling through G protein signaling path-
ways and/or through direct interactions45. Gupta
et al46 implicated extracellular signal-regulated
kinase 1/2 (ERK1/2) signaling in ketamine-opi-
oid interactions. Acute treatment with ketamine
enhances the levels of opioid-induced ERK1/2
phosphorylation in cells expressing MORs. Keta-
mine delays the desensitization and improves the
resensitization of signaling via this pathway.
Thus, the overall effect would be to keep this
pathway active longer46. NMDA-induced antago-
nism of morphine antinociception could be pre-
vented by inhibiting protein kinase A (PKA) but
not PKC44.
Our findings agree with the results of several

previous studies suggesting that magnesium and

ketamine either do not interact26 or if they do,
they interact in an additive or synergistic man-
ner27-30. Because ketamine and magnesium sul-
phate administered alone have no effects,
isobolographic analysis could not be performed
in the present study. Also, excitatory effects (hy-
peractivity, circling and head-weaving) limited
the analgesic testing of higher doses of ketamine.
Ketamine and magnesium block NMDA re-

ceptor activation through distinct mechanisms.
Magnesium blocks calcium influx and antago-
nizes NMDA receptor channels47, whereas keta-
mine binds to the phencyclidine-binding site of
NMDA receptors48 and modifies them via al-
losteric mechanisms16. Ketamine has other ac-
tions that may contribute to its analgesic effect,
including interactions with calcium and sodium
channels, dopamine receptors, cholinergic trans-
mission, and noradrenergic and serotoninergic re-
uptake, together with opioid-related and anti-in-
flammatory effects49. Magnesium has been
shown to decrease not only NMDA receptor ac-
tivity but to reduce the activity of other presynap-
tic and postsynaptic calcium channels and to

Figure 3. The analgesic effect of the morphine-ketamine-magnesium sulphate combination. Each point represents the mean ±
SEM of the antinociceptive latency time in seconds (s) obtained in 6-8 rats. A, Statistical significance was observed between
morphine-ketamine (5 mg/kg)-magnesium sulphate and magnesium sulphate- morphine-ketamine (5 mg/kg) (**p < 0.01), and
between morphine-ketamine-magnesium sulphate and morphine-ketamine (5 mg/kg) (##p < 0.01). B, Statistical significance
was observed between morphine-ketamine (2.5 mg/kg)-magnesium sulphate and magnesium sulphate-morphine-ketamine (2.5
mg/kg) (*p < 0.05), and between morphine-ketamine (2.5 mg/kg)-magnesium sulphate and morphine-ketamine (2.5 mg/kg) (##p
< 0.01, #p < 0.05).

A B
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modulate the release of neurotransmitters. Mag-
nesium also exhibits modulatory effects on sodi-
um and potassium currents, thus influencing
membrane potentials3.
Our study confirmed that ketamine and mag-

nesium combination provides better pain relief
than ketamine alone, as was also recently report-
ed by Jabbour et al50. These authors demonstrat-
ed that simultaneous co-administration of keta-
mine and magnesium lowered the required effec-
tive dose of morphine, after scoliosis surgery,
provided better sleep quality and improved pa-
tients’ general well-being than ketamine adminis-
tration.
In the present study, for the first time we show

that the efficacy of the morphine-ketamine-
magnesium sulphate combination is influenced
by the order of medication administration. A
higher level of activity was observed only when
ketamine was added to morphine before magne-
sium sulphate. There are two reports that are in

part consistent with our observation that the ef-
fect of the morphine-ketamine-magnesium sul-
phate combination is stronger when ketamine ad-
ministration is followed by magnesium sulphate
administration and weaker when magnesium sul-
phate is administered before ketamine. Young
growing rats maintained on a magnesium defi-
cient diet showed significantly longer sleeping
times than control rats34. Similar to this study,
Orser et al35 found that hypomagnesaemia in rats
was associated with an increased sensitivity to
ketamine, suggested by a decrease in the time of
loss of the righting reflex and prolongation of the
latency time of toe-pinch withdrawal. Hypotheti-
cally, lower levels of magnesium facilitate keta-
mine binding to the phencyclidine-binding site,
while increasing concentrations of magnesium
concentration could enhance the block. This
mechanism could explain the fact that when keta-
mine administration is followed by magnesium
administration, morphine analgesia is increased,
but not when magnesium administration is fol-
lowed by ketamine administration. We did notFigure 4. The effect of naloxone (1 and 3 mg/kg, s.c.), a

nonselective antagonist of opioid receptors, on the analgesic
effect of the morphine-ketamine-magnesium sulphate com-
bination. Each point represents the mean ± SEM of the anal-
gesic latency time in seconds (s) obtained in 6 - 8 rats. Sta-
tistical significance was observed between the morphine-ke-
tamine-magnesium sulphate and naloxone (3)-morphine-
ketamine-magnesium sulphate combination (*p < 0.05; **p <
0.01), and between morphine and the morphine-naloxone
combination (#p < 0.05; ##p < 0.01). NL(1), naloxone 1
mg/kg; NL(3), naloxone 3 mg/kg.

Figure 5. Effects of the morphine-ketamine-magnesium
sulphate combination on motor performance. Reduced time
(s) spent on the rotarod indicates motor impairment. The
bars denote the mean ± SEM values obtained from 8 rats in
every group, treated with saline (control), morphine (2.6
mg/kg, i.p.) and the combination of morphine (2.6 mg/kg,
i.p.)-ketamine (5 mg/kg, i.p.)-magnesium sulphate (5
mg/kg, i.p.), respectively.



measure the serum magnesium concentration and
are, therefore, unable to correlate magnesium
levels in the circulation with our findings. How-
ever, our results could at least partially explain
why previous studies that tested the combination
of ketamine and magnesium provided inconsis-
tent results. The antinociceptive effect of the
morphine-ketamine-magnesium sulphate combi-
nation was readily antagonized by naloxone (3
mg/kg, s.c.), a nonselective antagonist of opioid
receptors, indicating that this interaction is most
likely mediated via opioid receptors. This inter-
action might be beneficial in the event of medica-
tion overdose, although higher doses of naloxone
are required to reverse the effect of the medica-
tion combination compared with morphine alone.
This correlates with an earlier study, which sug-
gested that high but clinically achievable concen-
trations of ketamine (> 100 µM) are capable of
displacing non-selective opioid receptor antago-
nist ([3H] diprenorphine) binding to recombinant
MORs51. Recently, Pacheco et al52 provided evi-
dence for the involvement of endogenous opioids
and mu and delta opioid receptors in ketamine-
induced central antinociception. These results
support our finding that the effect of the mor-
phine-ketamine-magnesium combination is opi-
oid-mediated. Ketamine administration in the
clinical setting is associated with dose-dependent
side effects18. In our study, the low doses of mor-
phine (2.6 mg/kg, i.p.), ketamine (5 mg/kg, i.p.)
and magnesium sulphate (5 mg/kg, s.c.) adminis-
tered together did not cause motor impairment,
which was verified by the rotarod test. These data
suggest that the combined administration of low
doses of ketamine and magnesium sulphate pro-
vides more profound clinical effects without ex-
ceeding safe doses. This information may be use-
ful for preventing or treating acute pain in several
settings. However, interaction may also occur
when magnesium sulphate is used as an elec-
trolyte replenisher after morphine- ketamine
analgesia. An additional bonus are the neuropro-
tective effects of ketamine and possibly magne-
sium53,54. Studying the effects of combinations of
these medications in experimental and clinical
settings of neuronal compromise is warranted.

Conclusions

Considering a therapeutic perspective, the
findings of this study suggest that in acute noci-
ceptive pain, postadministration of small doses of

magnesium sulphate might significantly improve
the analgesic effects mediated by small doses of
the morphine-ketamine combination and reduce
their adverse effects.
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