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Abstract

Background and Objectives—Magnesium sulfate (MgSQy,) is well-known as an antagonist of
n-methyl-d-aspartate receptors and was used for intrathecal analgesia a century ago. However, the

effects of MgSO,4 combined with local anesthetics (LAS) on peripheral nerves are unclear. We tested
the hypothesis that MgSO,4 could be used as an adjuvant to prolong and intensify conduction block
by amide-type LAs in a rat sciatic nerve block model. Further, the mechanism of possible synergy

between LAs and MgSQO,4 was investigated in whole-cell mode patch-clamp experiments.

Methods—Sciatic nerves were exposed to 2%/73.9mM lidocaine, 0.25%/7.7mM bupivacaine, and
0.5%/15.4mM ropivacaine, with or without addition of 1.25%, 2.5%, or 5% MgS0,4/50.7 mM, and
nerve block characteristics were assessed. To elucidate the LA-MgSO, interaction, voltage-
dependent inactivation curves were determined in cultured rat GH5 cells expressing neuronal Na*
channels.

Results—Unexpectedly, the addition of MgSQO,4 overall significantly shortened the duration of
blockade by lidocaine, bupivacaine, and ropivacaine. The steady-state inactivation of Na* channels
in the presence of 300 pM lidocaine was almost unchanged by the addition of 10 mM MgSOy,
indicating that MgSQ, does not affect the potency of lidocaine toward the inactivated Na* channel.

Conclusions—MgS0O, coadministered with amide-type LAs shortened the duration of sciatic
nerve blockade in rats. Therefore, it does not seem to be useful as an adjuvant for peripheral nerve
blockade. The mechanism of this observed antagonism is unclear, but appears to be independent of
the action of LAs and MgSO, at the LA receptor within the Na* channel.
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Introduction

Methods
Drugs

It has been demonstrated in a rat sciatic nerve block model that the effects of local anesthetics
(LASs) can be prolonged and intensified by coadministering other compounds with local
anesthetic properties such as tetrodotoxin (TTX), saxitoxin (STX), and ephedrine.1‘3 Ideally,
combining LAs with a synergistic adjuvant would allow the dose of LA to be reduced while
increasing block efficacy and decreasing adverse effects such as systemic toxicity and local
neurotoxicity. As TTX and STX are not used clinically, and ephedrine is likely to cause adverse
cardiovascular effects at dosages necessary for efficient peripheral block, we explored the
effects of magnesium sulfate (MgSQO,) as an adjuvant to clinically applied LAs.

MgSQy is a n-methyl-d-aspartate (NMDA) receptor amtagonist,4 which is relevant to
nociceptive transmission. Indeed, the local anesthetic properties of MgSO,4 were first
demonstrated more than a century ago,5 followed by a series of intrathecal applications in
humans that achieved varying degrees of anesthesia and paralysis.6 These reports were
confirmed by in vivo rat studies suggesting that MgSOy alone elicits sensory and motor
blockade.”"9 Recent reports suggest that coadministration of MgSQ,4 with lidocaine for
intravenous regional anesthesia results in shorter onset times and longer block duration.10

We therefore hypothesized that the addition of MgSO,4 to amide-type LAs would prolong
sciatic nerve blockade (assessed by motor, sensory, and proprioceptive blockade) in rats.
Furthermore, we sought to identify the mechanism of interaction between MgSO,4 and lidocaine
as the prototype LA at neuronal Na* channels by whole-cell patch-clamp recordings.

MgSO, was purchased from Sigma Chemical Co., St. Louis, MO. Lidocaine, bupivacaine, and
ropivacaine (HCI form) were gifts from AstraZeneca, Inc., Waltham, MA. For sciatic nerve
blockade, MgSQy, lidocaine, bupivacaine, and ropivacaine were dissolved in 0.9% sodium
chloride. The addition of MgSO, insignificantly changed the pH of the final solution, e.g.,
from 6.61 (2% lidocaine) to 6.73 (2% lidocaine combined with 5% MgSQ,), from 5.71 (0.25%
bupivacaine) to 5.89 (0.25% bupivacaine combined with 5% MgSQy,), and from 4.99 (0.5%
ropivacaine) to 5.48 (0.5% ropivacaine combined with 5% MgSQ,). Upon local injection, the
relatively low pH of these pure solutions is likely to be buffered quickly by the tissue fluid,
which has a pH of 7.4. Furthermore, no precipitation was detectable macro- or microscopically
(1000x magnification).

For the electrophysiology recordings, lidocaine and MgSO,4 were dissolved in external solution
(bath solution)

All drugs were freshly prepared the morning of the experiments, at the concentrations specified.

Subfascial Sciatic Nerve Injections

The animal experimental protocol was approved by the Standing Committee on Animals of
Mackay Memorial Hospital, Taipei, Taiwan. Male Sprague-Dawley rats were purchased from
BioLASCO (Taipei, Taiwan) and kept in animal housing facilities with controlled relative
humidity (20%-30%), at room temperature (24°C), and in a 12-hour (6:00 AM-6:00 PM) light-
dark cycle. Rats were handled before the procedures to familiarize them with the experimental
environment and to minimize stress-induced analgesia. At the time of injections, animals
weighed 250-300 grams and showed no signs of neurobehavioral impairment. The
experimenter was blinded to the drug and concentration used. For subfascial sciatic nerve
blockade, rats were anesthetized by inhalation of 1-2% isoflurane, and the sciatic nerves were
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exposed by lateral incision of the thighs and division of the superficial fascia and muscle. A
volume of 0.2 mL of the test dose was injected with a 30-G needle attached to a tuberculin
syringe directly beneath the clear fascia surrounding the nerve, but outside the perineurium,
proximal to the sciatic bifurcation. The test doses comprised three groups of LAS, consisting
of 2% lidocaine, 0.25% bupivacaine, or 0.5% ropivacaine, which were administered alone or
in combination with 1.25%, 2.5%, or 5% of MgSOy, respectively. Similarly, we studied the
administration of 1% lidocaine, 0.125% bupivacaine, or 0.25% ropivacaine, alone or in
combination with 5% of MgSO4 (n = 8 per group). Of note, all combinations were prepared at
a double concentration and mixed in a ratio of 1:1, in order to yield the stated final
concentration. In addition, we injected MgSO4 alone at a concentration of 5%, 10%, or 20%
(n = 8 per group). The superficial muscle layer was sutured with 4-0 silk, and the wound was
closed as described elsewhere.3:11

Neurobehavioral Examination

We evaluated proprioception, motor function, and nociception as for previous reports.?’;11
Initially, rats were examined before injection, 15 min after drug administration, and at 15-min
intervals until complete recovery.

Briefly, proprioception was evaluated by assessing a hopping response, graded as 0 indicating
normal or baseline, 1 = minimally impaired, 2 = moderately impaired, and 3 = severely
impaired. The animal’s hind limbs were placed on the observation bench, the front half of the
animal was lifted off the ground, and the animal’s body was moved laterally. The animal then
continuously hopped with the weight-bearing limb in the direction of movement to compensate
for imbalance.

We evaluated motor function by holding the rat upright with the hind limb extended so that
the distal metatarsus and toes supported the animal’s weight; the extensor postural thrust was
recorded as the gram force applied to a digital platform balance (Ohaus Lopro, Fisher Scientific,
Florham Park, NJ). The reduction in this force, representing reduced extensor muscle
contraction due to motor blockade, was calculated as a percentage of the control force
(preinjection control value range was 145 to 165 grams). The obtained percentage value was
assigned a score: 0 = no block or baseline; 1 = minimal block, force between preinjection
control value of 100% and 50% thereof; 2 = moderate block, force between 50% of the
preinjection control value and 20 grams (~20 grams representing the approximate weight of
the flaccid limb); 3 = complete block, force <20 grams.

We evaluated nociception by the withdrawal reflex or vocalization to pinch of a skin fold over
the lateral metatarsus (cutaneous pain) and of the distal phalanx of the fifth toe (deep pain).
We graded the combination of withdrawal reflex and vocalization on a scale of 0 to 3 and
repeated the examination three times; the average was used. Grading was performed as above
on a scale of 0 to 3, where 0 indicates no block or baseline, 1 = minimal block, 2 = moderate
block, and 3 = complete block.

For comparison of groups, we defined the complete block time (CBT) as time from injection
to the first signs of recovery and the complete recovery time (CRT) as time from injection to
the time of complete recovery of function.

Whole-Cell Patch Clamp

The whole-cell configuration of the patch-clamp technique was used to record macroscopic
Na* currents at room temperature (22 + 1°C). Pipette electrodes were fabricated with a tip
resistance ranging from 0.8 to 1.2 mV. Command voltages were controlled by pCLAMP
software (Axon Instruments, Inc., Foster City, CA) and delivered by a List-EPC7 patch-clamp
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amplifier (List-Electronic, Darmstadt/Eberstadt, Germany). Data were filtered at 5 kHz,
sampled at 50 kHz, collected, and stored with pPCLAMP software. Leak and capacitance
currents were subtracted by P/-4 protocol. Pipette electrodes were filled with an internal
solution containing 100 mM NaF, 30 mM NaCl, 10 mM EGTA, and 10 mM HEPES titrated
with CsOH to pH 7.2. The external (bath) solution consisted of 85 mM choline Cl, 65 mM
NaCl, 2 mM CaCl,, and 10 mM HEPES titrated with tetramethylammonium-hydroxide to pH
7.4. Whole-cell recordings can be maintained for more than 1 h in this preparation with little
or no run-down of the Na* current.

Rat clonal pituitary GHgz cells were purchased from the American Type Culture Collection
(Rockville, MD). Cells were split twice a week and maintained in Dulbecco modified Eagle
medium (Hyclon Labs, Logan, UT) supplemented with taurin (1%), penicillin-streptomycin
(1%), HEPES (20 mM), and heat-inactivated fetal bovine serum (10%), as described
previously.12 The 35-mm culture dishes in which the cells were grown also were used as
recording chambers.

Statistical Analysis

Results

Non-parametric one-way analysis of variance (Kruskal-Wallis test) was used to test for overall
mean differences in proprioceptive, motor, and nociceptive CBT and CRT values among
different MgSO,4 concentrations with each of the three LAs. If the test showed significance
(p value < 0.05), the post-hoc test of Bonferroni adjustment was performed. There are four (k)
MgSO, concentrations to perform multiple comparisons, hence pairwise comparison
demonstrated significance if the p value was less than 0.004 (a/k(k-1) = 0.05/4(3) = 0.004).

Rat Sciatic Nerve Blockade

Addition of MgSO, to either 2% lidocaine (fig. 1), 0.25% bupivacaine (fig. 2), or 0.5%
ropivacaine (fig. 3) shortened the sciatic nerve block duration, at a higher degree/significance
level with increasing MgSQO,4 concentrations (table 1). For example, the mean CBT of
proprioception was significantly shortened when 2.5% or 5% MgSO,4 was added to LAS, but
not when 1.25 % MgSO,4 was added to bupivacaine. MgSO,4(5%, 10% or 20%) injected alone
did not elicit a discernible rat sciatic nerve blockade. Similarly, 1% lidocaine, 0.125%
bupivacaine, or 0.25% ropivacaine, in combination with 5% of MgSQy, elicited significantly
shorter block than when administered alone (data not shown).

Voltage-dependent inactivation of Na* channels by MgSOy4

This experiment was designed to determine the steady-state (h..) inactivation of Na* channels
when lidocaine alone, MgSO,4 alone, or the combination was added to the bath solution.

The addition of 300 uM lidocaine to the bath solution produced a 4.8 mV left shift of the steady-
state inactivation curve (fig. 4A), which is typical for LAs. However, the addition of 10 mM
MgSO, to the bath solution produced no shift of the inactivation curve (fig. 4B), and the
addition of 300 pM lidocaine combined with 10 mM MgSOy to the bath solution had the same
effect as lidocaine alone, indicating the absence of a synergistic interaction (fig. 4C).

Discussion

The principal result of the present study is that, unexpectedly, MgSO, coadministered with
LAs significantly shortened the duration of sciatic nerve block in vivo and did not affect the
steady-state inactivation shift induced by lidocaine in vitro. We further note that attenuation
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of conduction block was similar for all three LAs tested, and that MgSOy injected at
concentrations up to 20% did not elicit peripheral nerve blockade in vivo.

The mechanism by which MgSQ, attenuates LA-induced block is unclear. We found no
evidence in our data of a direct action of MgSO,4 with LAs at the LA binding sites of Na*
channels. However, an interaction between the divalent cation Mg?* and the Na* channel
blockers TTX and STX has been conjectured, presumably due to conformational changes in
binding sites.13:14

Magnesium divalent cations have been shown to affect the negative surface charge near
neuronal Na* channels.1® Our data are also in contrast to a previous investigation that found
an enhancement of block induced by LAs (lidocaine, benzocaine, and QX-572) by magnesium
in isolated frog sciatic nerves in vitro.18 We found neither an enhancing effect of MgSQO,4 on
lidocaine-induced nerve block, nor a shift of the inactivation curve in neuronal Na* channels
by MgSQy, at a concentration of 10 mM. This apparent discrepancy in results may be explained
by the difference in species and experimental setup (isolated desheated frog nerve versus our
in vivo rat sciatic nerve block model). Of note, lidocaine, benzocaine, and QX-572 were found
to have different effects depending on the type of stimulation, e.g., frequency-dependent block
(response to repetitive stimulation) with benzocaine did not show a change when the
concentration of magnesium was changed from 3mM to 10 mM and even 20 mM, or with
lidocaine when the concentration of magnesium was changed from 3mM to 10 mM.16 Also,
the attenuating effect of MgSO,4 upon sciatic nerve block was evident when added to any of
three amide-type LAs and at different concentrations of MgSO,, and we therefore tested along
converging lines of evidence.

Another possible contribution to the effect of MgSO, in shortening sciatic block duration in
vivo could involve local vaso-dilatation in the perineural injection compartment. As MgSOg4
most likely vasodilates the tissues around the injection site, it will accelerate systemic uptake
of LA, thereby shortening block duration. A dramatic example of the influence of changes in
regional blood flow in the perineural musculature on sciatic block durations has been elegantly
shown using different formulations: Coinjection of epinephrine with TTX, a naturally
occurring Na* channel blocker, prevented TTX-induced increases in perisciatic muscle blood
flow and thereby prolonged block.17 We note that any type of mechanism that involves actions
of magnesium on the pharmacokinetics of LA entry into the nerve or on LA systemic uptake
and distribution would be consistent with our demonstration of an effect of MgSO,4 on rat
sciatic block duration in vivo and our inability to demonstrate effects of MgSO,4 on Na* channel
inactivation in the patch clamp experiments in vitro. Also, it should be considered that
MgSQO4 has multiple electrophysiological properties, e.g., it acts on potassium channels and
calcium channels as well as NMDAL receptors, so that the magnitude of each single
mechanism may be different under distinct circumstances.

Two clinical studies assessed the efficacy of a combination of MgSO,4 with lidocaine for
intravenous regional anesthesia. In a collective of chronic pain patients, lidocaine combined
with MgSOy provided a more thorough and long-lasting block than lidocaine alone.19
Similarly, Turan et al. also demonstrated superior block characteristics when MgSQO,4 was used
as an adjuvant to lidocaine in elective surgical patients.10 These results differ from ours,
probably due to the antagonistic action of MgSO,4 on NMDA receptors. Therefore, peripheral
NMDA receptors may contribute to a synergistic effect in wound infiltration 20;21 although
the clinical relevance of this interaction remains unclear. However, in our studies the lack of
effect of MgSQ, appears to be the product of non-interaction with Na* channels, and peripheral
nerves do not contain NMDA receptors, at least not where the drug was injected, next to the
nerve trunk. In agreement with our results, Lee et al. found no enhancement of brachial plexus
nerve blockade when applying the NMDA antagonist ketamine combined with ropivacaine.22
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Furthermore, it has been reported that MgSO,4 was successfully used to resuscitate a patient
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ffering from an overdose of the tricyclic antidepressant amitriptyline, in itself a potent Na*
annel blocker.23 Similarly, bupivacaine-induced toxicity in the central nervous system and
art can be attenuated by MgSO4.24?25 These studies also provide some evidence for an
tagonism between MgSO,4 and Na* channel blockers.

conclusion, MgSO,4 coadministered with amide LAs significantly shortens the duration of
iatic nerve blockade in rats. We suggest that MgSOy is not a useful adjuvant in peripheral
rve blockade. The mechanism of this observed antagonism is independent of an antagonistic

interaction of either lidocaine, bupivacaine, or ropivacaine with MgSQO, at the Na* channel.
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Fig 1.

Rat sciatic nerve blockade by 2% lidocaine combined with 0%, 1.25%, 2.5%, or 5% MgSO,4
(n = 8/group). Time courses of proprioceptive, motor, and nociceptive blockade by lidocaine
combined with MgSOy at various concentrations are shown in (A), (C), and (E), respectively.
A score of 0 indicates no block or baseline, and a score of 3 indicates complete blockade. The
complete blockade time (CBT) and complete recovery time (CRT) in minutes for
proprioceptive, motor, and nociceptive function are shown in (B), (D), and (F). Data are
presented as mean + SEM. * P < 0.004 (lidocaine alone vs. lidocaine with MgSO,4 added).
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Fig 2.

Rat sciatic nerve blockade by 0.25% bupivacaine combined with 0%, 1.25%, 2.5%, or 5%
MgSO, (n = 8/group). Time courses of block (A), (C), and (E), CBT and CRT (B), (D), and
(F), as outlined in figure 1. Data are presented as mean = SEM. * P < 0.004 (bupivacaine alone
vs. bupivacaine with MgSQO,4 added).
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Rat sciatic nerve blockade by 0.5% ropivacaine combined with 0%, 1.25%, 2.5%, or 5%
MgSO, (n = 8/group). Time courses of block (A), (C), and (E), CBT and CRT (B), (D), and
(F), as outlined in figure 1. Data are presented as mean = SEM. * P < 0.004 (ropivacaine alone

vs. ropivacaine with MgSQO,4 added).
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Fig 4.

Na* current inhibition by lidocaine alone, lidocaine combined with MgSQy4, and MgSO,4 alone
(n=>5cells/group; data are presented as mean = SEM). The respective pulse protocol is inserted
above the representative tracings. Conditioning prepulses ranging in amplitude from -160 to
-15 mV were applied. Na* currents were evoked by the delivery of the test pulse to -30 mV.
Pulse protocol is inserted on the top of the figure.

(A) Normalized Na* current in the absence (control) or presence of 300 uM lidocaine was
plotted against conditioning prepulse potential. Data were fitted well with a Boltzmann
function. The average V(5 value (50% availabilities) and Kg (a slope factor) values for the
fitted Boltzmann functions were -63.8 + 0.14 mV and 6.3 = 0.13 for control and -68.7 = 0.24
mV and 7.0 = 0.21 for lidocaine, respectively.

(B) Voltage-dependent block of Na* channels by 10 mM MgSOQy alone. No change in
inactivation occurred. The average Vg 5 value (50% availabilities) and Kg (a slope factor)

Reg Anesth Pain Med. Author manuscript; available in PMC 2008 July 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hung et al.

Page 12

values for the fitted Boltzmann functions were -61.5 £ 0.23 mV and 5.9 + 0.2 for control and
-62.0 £ 0.13 mV and 6.1 £ 0,13 for MgSOy, respectively.

(C) Voltage-dependent block of Na+ channels by 300 uM lidocaine combined with 10 mM
MgSQO;4. The average Vg 5 value (50% availabilities) and Kg (a slope factor) values for the
fitted Boltzmann functions were -59.8 £ 0.16 mV and 5.8 + 0.1 for control and lidocaine
combined with MgSQOy, respectively, and -65.2 + 0.14 mV and 6.2 £ 0.1, respectively.
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