
American Journal of Obstetrics and Gynecology (2006) 194, 1384–90

www.ajog.org
Effect of magnesium sulfate on contractile force and
intracellular calcium concentration in pregnant human
myometrium
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Objective: This study was undertaken to evaluate the effects of magnesium sulfate (MgSO4) on
contractile force and increases in free intracellular calcium concentration ([Ca2C]i) in human

myometrial strips from pregnant women.
Study design: Simultaneous measurements of isometric tension and [Ca2C]i were measured in
myometrial strips obtained at the time of cesarean delivery from pregnant nonlaboring women
at term with the use of a fluorescence spectrometer equipped with a displacement force trans-

ducer. Changes in [Ca2C]i were measured with fura-2, a Ca2C-sensitive fluorescent probe.
Myometrial strips were exposed to MgSO4 (5 or 10 mmol/L) for 5, 10, 20, and 30 minutes and
observed for spontaneous contractions or stimulated with either oxytocin (OT; 0.1 mmol/L) or

potassium chloride (KCl; 90 mmol/L).
Results: MgSO4 reduced spontaneous, OT, and KCl-evoked contractions and increases in
[Ca2C]i in a time and concentration-dependent manner. After 20 minutes exposure to 5 mmol/L

MgSO4, the OT-elicited changes in contractile response and [Ca2C]i were significantly decreased.
MgSO4 did not change [Ca2C]i/force relationship of the responses to OT or KCl, or during
spontaneous activity.
Conclusion: At a pharmacologic concentration (5 mmol/L), MgSO4 inhibits contractile response

and [Ca2C]i in pregnant human myometrial strips by a pattern that is consistent with both extra-
and intracellular mechanisms. At a suprapharmacologic concentration (10 mmol/L), the more
immediate effect of MgSO4 is consistent with an extracellular mechanism. MgSO4 does not

appear to interfere at the level of the calcium-calmodulin interface, since the [Ca2C]i/force rela-
tionship was not changed.
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Magnesium sulfate (MgSO4) remains one of the most
widely used drugs to inhibit premature labor, primarily
because of its initial effectiveness, lack of tachyphylaxis,
and minimal side effects.1 The ability of MgSO4 to in-
hibit uterine contractility both in vivo and in vitro has
been appreciated for over 40 years.2,3 Therapeutically,
serum concentrations of MgSO4 required for tocolysis
are typically 4 to 6 mEq/L (2-5 mmol/L), which exceeds
its physiologic serum concentration by several fold.4 The
magnesium cation (Mg2C) is believed to be responsible
for the tocolytic effect of MgSO4 because, in vitro, mag-
nesium chloride (MgCl2) has similar effects. However,
the cellular mechanisms by which MgSO4 inhibits uter-
ine contractility are only partially understood.

The mechanisms and time required for pharmaco-
logic concentrations of MgSO4 to inhibit myometrial
contractility remains in question. In rat myometrium,
MgSO4 inhibits both oxytocin (OT)-mediated force
and calcium influx within minutes by an effect counter-
acted by a calcium channel antagonist, suggesting that
Mg2C blocks Ca2C channels by an extracellular mecha-
nism.5 However, in the absence of extracellular Ca2C,
MgSO4 inhibits intracellular Ca2C release in response
to OT, suggesting intracellular effects as well. In non-
pregnant human myometrium, 12 to 14 mmol/L
MgSO4 inhibits spontaneous contractions and Ca2C up-
take within minutes, again suggesting an extracellular
mechanism.6 However, in primary cultures of pregnant
human myometrial cells, it takes more than 20 minutes
for 10 mmol/L MgSO4 to inhibit OT-mediated calcium
influx, suggesting an intracellular mechanism, because
it takes more than 20 minutes for free intracellular mag-
nesium ([Mg2C]i) to increase to more than 150% of
baseline.7

We designed this study to determine whether the
immediate and delayed effects of MgSO4 on myometrial
contraction are concentration dependent.We alsowanted
to determine ifMgSO4 exposure altered the [Ca

2C]i /force
relationship, because such a change would suggest that
[Mg2C]i interferes with the ability of increased [Ca2C]i
to elicit a contraction.

We thus evaluated the time course required for
exposure to MgSO4 to decrease myometrial contractile
activity and free intracellular calcium concentration
([Ca2C]i) in pregnant human myometrial strips during
spontaneous contractions and after stimulation with
OT or KCl. We evaluated 2 concentrations of MgSO4:
5 mmol/L (designated pharmacologic), and 10 mmol/L
(designated suprapharmacologic). We evaluated both
maximal response and the initial rising phase of the
response for both [Ca2C]i and contractile force because
this rising phase has been shown to at least partially
reflect calcium influx. A delay in the effects of MgSO4

would imply an intracellular effect, because it takes at
least 20 minutes for [Mg2C]i to maximally increase. Fi-
nally, we evaluated the [Ca2C]i/force relationship to
determine whether [Mg2C]i interferes with the ability
of calcium to elicit contractile force.

Material and methods

Tissue acquisition and preparation

Pregnant human uterine tissue was obtained after writ-
ten consent from nonlaboring women at term (38-40
weeks) undergoing cesarean sections using a protocol
approved by the Indiana University, Miami Valley
Hospital, and Wright State University Committees on
Human Use in Research. Women who had any major
complications of pregnancy (including hypertension,
diabetes, and premature labor), or who had been treated
with any medications other than prenatal vitamins
before delivery, were excluded. At the time of cesarean
section, a full thickness strip of uterine tissue was taken
from the upper margin of a lower transverse incision.
The tissue was transported on ice in a sterile Hanks
balanced salt solution (HBSS) to the laboratory.

The uterine tissue was placed into physiologic salt
solution (PSS) of the following composition: NaCl
(120.5mmol/L),KCl (4.8mmol/L),MgSO4 (1.2mmol/L),
NaH2PO4 (1.2 mmol/L), NaHCO3 (20.4 mmol/L),
CaCl2 (1.6 mmol/L), D-glucose (10 mmol/L), and pyru-
vate (1mmol/L). The solution was aerated with 95%oxy-
gen (O2) and 5% carbon dioxide (CO2), pH 7.4 at 37(C.
Myometrial tissue was cleaned of endometrium and se-
rosa and cut into 10 ! 1 ! 1 mm strips (50-75 mg, wet
weight). The strips were dissected (10 ! 1 ! 1 mm),
stretched (1.2! slack length) in a small dark chamber,
and incubated with PSS supplemented with fura-2/
acetoxymethyl ester (fura-2/AM; 20 mmol/L), dissolved
in 2.5% dimethyl sulfoxide, 0.05% Pluronic 127, and ne-
ostigmine (200mmol/L) for 4 hours at room temperature.8

After the incubation, the tissue strips were rinsed with
fresh PSS for 45 minutes to remove extracellular fura-2
and byproducts of fura-2/AM de-esterification.

Simultaneous contractile force and [Ca2C]i

measurement techniques

Fura-2 fluorescence and muscle isometric tension were
simultaneously measured by using a C-44 Ratio Fluores-
cence Spectrometer equipped with a FSG-01 displacement
force transducer (Photon Technology International,
Lawrenceville, NJ). After fura-2 loading, each myome-
trial strip was transferred to a 1-cm acryl cuvette filled
with 2.5-mL PSS and mounted isometrically to a tension
transducer inside the spectrometer sample compartment.
The PSS solution was equilibrated at a constant rate
with 95% O2 and 5% CO2, adjusted so that the strip was
perfused at room temperature. The strips were stretched
to 2 g tension for 1 hour, followed by the decrease of
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tension down to 0.8 g. Force was quantified bymeasuring
the area under the curve in unit time.

Simultaneously, the strips were alternatively illumi-
nated with 340 G 5 nm and 380 G 5 nm by using Delta
Ram excitation monochromator (Photon Technologies
International). The 340/380 fluorescence ratio (R340/
380) and force data were recorded with the use of a
desktop computer at a 1-second acquisition rate using
Felix software (Photon Technology International).

Kinetic analysis of contractile and [Ca2C]i responses
was performed by examining the peak amplitudes of
the contractile and [Ca2C]i responses and the rates of
initial (rising) phase of the responses. The [Ca2C]i/force
relationship of the responses was analyzed by measuring
the difference between the peak amplitude and the basal
level of both force and [Ca2C]i, normalizing the differ-
ence to unity and plotting the normalized data points
in [Ca2C]i versus force coordinates.9

Experimental approach

Strips were exposed to MgSO4 (5 or 10 mmol/L) for 5,
10, 20, or 30 minutes and then observed for spontaneous
contractions or stimulated with either the receptor
agonist OT (0.1 mmol/L) or KCl (90 mmol/L), which
stimulates calcium influx by membrane depolarization.
Control strips were not incubated with MgSO4. The
strips from 5 patients of similar gestational age (38-40
weeks) were used for each experiment.

Figure 1 The effect of MgSO4 on contractile force and

[Ca2C]i in response to oxytocin (OT; 0.1 mmol/L). The simul-
taneously recorded tracings are from a single representative
myometrial strip obtained from a pregnant woman. The solid

bars indicate the period in which MgSO4 was applied at the
indicated concentrations.
Statistical analysis

Contractile force and [Ca2C]i are presented as mean G
SEM. Treatment groups were compared by 1-factor
analysis of variance (ANOVA), followed by Fisher Pro-
tected Least Significant Difference test by using Stat-
View software (Abacus Concepts, Inc, Berkeley, CA).
P values less than .05 were considered significant.

Figure 2 The effect of MgSO4 on contractile force and
[Ca2C]i in response to oxytocin (OT; 0.1 mmol/L) in pregnant

human myometrial strips. Individual myometrial strips were
preincubated with 5 mmol/L (A and B) or 10 mmol/L
(C and D) MgSO4 for 5 to 30 min and stimulated with 0.1

mmol/L OT. The histograms represent the mean G SEM re-
sponses in myometrial strips obtained from 5 women. Asterisk
indicates P ! .05 compared with control strips not treated
with MgSO4.
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Materials

Fura-2/acetoxymethyl ester and Pluronic 127 were pur-
chased from Molecular Probes, Inc, Eugene, OR. Oxy-
tocin, KCl, neostigmine, and dimethyl sulfoxide were
purchased from Sigma Chemical Co, St. Louis, MO.

Results

OT (0.1 mmol/L) increased both contractile force and
[Ca2C]i in human myometrial strips (Figure 1). Expo-
sure to 5 mmol/L MgSO4 for 20 minutes or more re-
duced the maximal response to OT in terms of both
contractile force and [Ca2C]i (Figures 1 and 2). The
initial rise of these responses was similarly reduced by
5 mmol/L MgSO4, except that the reduction in initial
rise of contractile force did not reach significance until
30 minutes of MgSO4 exposure. At 10 mmol/L concen-
tration, MgSO4 reduced the initial rise of [Ca2C]i after
5 minutes or more exposure. After decreasing the Mg2C

in the media back to physiologic levels (1.2 mmol/L),
the OT-responses were restored within 10 minutes
(Figure 1).

Depolarization with KCl (60 mmol/L) stimulated
both contractions and associated increases in [Ca2C]i
in myometrial strips (Figure 3). Exposure to 5 mmol/L
MgSO4 for 10 minutes or more reduced the KCl-evoked
maximal response and initial rise in terms of both con-
tractile force and [Ca2C]i (Figures 3 and 4). The

Figure 3 The effect of MgSO4 on contractile force and
[Ca2C]i in response to potassium chloride (KCl; 60 mmol/L).
The simultaneously recorded tracings are from a single repre-

sentative myometrial strip obtained from a pregnant woman.
The time of KCl addition is indicated by arrows and the time
and duration of the MgSO4 exposure is indicated by the bar.

The time of KCl addition is indicated by arrows and the solid
bar indicates the period in which MgSO4 (5 mmol/L) was
applied.
reduction in maximal [Ca2C]i was significant after 5
minutes of MgSO4 exposure. Exposure to 10 mmol/L
MgSO4 for 5 minutes or more reduced the KCl-evoked
maximal response and initial rise in terms of both con-
tractile force and [Ca2C]i, except for initial rise of force
was not significantly reduced until 10 minutes. Again,
after decreasing media Mg2C back to physiologic levels,
the KCl-responses were restored within 10 minutes
(Figure 1).

Figure 4 The effect of MgSO4 on contractile force and

[Ca2C]i in response to KCl in pregnant human myometrial
strips. Individual myometrial strips were preincubated with
5 mmol/L (A and B) or 10 mmol/L (C and D) MgSO4 for

5 to 30 min and stimulated with 60 mmol/L KCl. The histo-
grams represent the mean G SEM responses of myometrial
strips obtained from 5 women. Asterisk indicates P ! .05 com-

pared with control strips not treated with MgSO4.
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Spontaneous contractions and [Ca2C]i oscillations
were inhibited by exposure to both 5 mmol/L and 10
mmol/L MgSO4 in pregnant human myometrium
(Figures 5 and 6). MgSO4 gradually decreased the
amplitude, frequency, and rising phases. The effect of

Figure 5 The effect of MgSO4 on spontaneous contractile
force and [Ca2C]i oscillations in pregnant human myometrial

strips. The simultaneously recorded tracings are from a single
representative strip. The solid bars indicate the period in which
MgSO4 was applied at the indicated concentrations.

Figure 6 The effect of MgSO4 on spontaneous contractile

force and [Ca2C]i oscillations in pregnant human myometrial
strips. The effect of 5 mmol/L and 10 mmol/L MgSO4 was
determined for (A) maximal response and (B) initial rise of

contractile force and [Ca2C]i during spontaneous contractions.
The histograms represent the means G SEM responses of
myometrial strips obtained from 5 women. Asterisk indicates
P ! .05 compared with control strips not treated with MgSO4.
5 mmol/L MgSO4 appeared to be gradual, whereas the
effect of 10 mmol/L was more immediate. However,
a time course for these effects could not be determined
because of the variable frequency of spontaneous

Figure 7 Effect of 10 mmol/L MgSO4 exposure on [Ca2C]i-
force relationship in pregnant human myometrial strips during

(A) OT-induced contractions, (B) KCl-induced contractions,
or (C) spontaneous contractions. For OT- and KCl-induced
contractions the strips were exposed for 30 min, and for the

spontaneous contractions the exposure time was 60 min. The
rising phase of the contractile and [Ca2C]i responses was
normalized to the peak amplitude. Data are from individual

strips obtained from 5 pregnant women.
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contractions in human strips, which varied from 1 to 20
times per hour (Figure 5). To combine data from several
strips, it was necessary to quantify contractions over
1 hour, making it impossible to measure the effects of
preincubation periods of 5 to 30 minutes. These sponta-
neous contractions and changes in [Ca2C]i returned to
normal within 10 minutes after decreasing media
Mg2C back to physiologic levels.

Exposure to 10 mmol/L MgSO4 for 30 minutes did
not alter the [Ca2C]i/force relationship during sponta-
neous contractions and [Ca2C]i oscillations or during
responses evolved by OT or KCl (Figure 7).

Comment

We examined the effect of MgSO4 on both OT and KCl-
induced contractions because these substances evoke
myometrial contractions through different mechanisms.
OT stimulates contractions by at least 2 receptor-
mediated mechanisms: (1) a second messenger system in-
volving phospholipase C (PLC), which results in release
of calcium from intracellular stores; and (2) the opening
of calcium channels with the resultant calcium influx.10

In contrast, depolarizing concentrations of KCl result
in myometrial contractions primarily by Ca2C influx
via voltage-sensitive L-type Ca2C channels.11

In the current study, MgSO4 at both pharmacologic
(5 mmol/L) and suprapharmacologic (10 mmol/L)
concentrations inhibited the OT-mediated changes in
[Ca2C]i and contractile activity. However, the effects of
the pharmacologic concentration did not reach signifi-
cance until 20 minutes of MgSO4 exposure (Figures
1 and 2). This is evidence that at least part of the effect
of MgSO4 is intracellular, because an extracellular effect
would be expected to manifest immediately. The finding
that MgSO4 inhibits both initial rising phases of both
the [Ca2C]i and contractile responses suggests that
MgSO4 decreases both calcium influx and intracellular
calcium release. The ability of the suprapharmacologic
concentration of MgSO4 to inhibit the OT-induced ini-
tial rise of [Ca2C]i within 5 minutes is further evidence
of an extracellular effect of MgSO4 on calcium influx.

We also found that MgSO4 inhibited KCl-induced
increases in [Ca2C]i, after only 5 minutes incubation
(Figures 3 and 4). The immediacy of this effect is
additional evidence that a portion of the effect of
MgSO4 on myometrial contractility is extracellular,
and apparently includes a blocking effect on L-type
Ca2C channels. The somewhat delayed effect of pharma-
cologic concentrations of MgSO4 (5 mmol/L) suggests
that at this lower concentration, an intracellular effect
on calcium channels is operational.

Both concentrations of MgSO4 also inhibited sponta-
neous contractions and the rise in [Ca2C]i in terms of
initial rise and maximal response (Figures 5 and 6). In-
hibition in the presence of 5 mmol/L MgSO4 appeared
to be gradual, whereas in the presence of 10 mmol/L
inhibition appeared to be more immediate, consistent
with what we observed in the OT- and KCl-evoked
responses.

It was unanticipated that the OT response would
return after only a 10-minute washout period when we
replaced the elevated Mg2C concentrations in the con-
traction media (5-10 mmol/L) with a physiologic con-
centration (1.2 mmol/L). Our assumption is that the
mechanisms that stringently regulate [Mg2C]i (ie, mem-
brane NaC-Mg2C exchangers and intracellular buffers)
quickly return the intracellular concentration to the
physiologic range once the extracellular Mg2C concen-
tration was returned to the physiologic range.

Our findings are consistent with the hypothesis that
MgSO4 inhibits uterine contractions by both extra-
cellular and intracellular mechanisms. By using a 45Ca
method, it was demonstrated that suprapharmacologic
concentrations of extracellular MgSO4 (12-14 mmol/L)
block calcium channels.6 Subsequently, it was shown
that the maximal suppressive effect of MgSO4 of OT-
induced Ca2C influx across the cell membrane did not
occur until after 20 minutes of MgSO4 exposure, which
was shown to reflect the time it takes for [Mg2C]i to
maximally rise.7 It was hypothesized that Mg2C blocks
calcium channels by an intracellular mechanism. This
is consistent with the more recent finding in cardiac cells
that increased [Mg2C]i blocks L-type Ca2C channels.12

Our laboratory has previously demonstrated other
intracellular effects of Mg2C that could inhibit myome-
trial contractility. In human myometrial cells, MgSO4

exposure for more than 20 minutes inhibits IP3 produc-
tion and activates protein kinase C, either of which
could inhibit contractility.13,14 Another possibility is
that increased [Mg2C]i interferes with the binding of
Ca2C to calmodulin, a key component of the contractile
cascade. However, the finding from the current study
that MgSO4 exposure does not result in dissociation of
[Ca2C]i/force relationship suggests that this latter possi-
bility is unlikely (Figure 7).

Themultiphasic response of the [Ca2C]i/force relation-
ship to OT (Figure 7, A) deserves some discussion. This
pattern was seen in the majority of cells stimulated with
OT in our experiments. The response differs from those
seen after KCl stimulation or during spontaneous con-
tractions. This appears to be a reflection of the complex
nature of the OT-mediated contractile response. When-
ever [Ca2C]i increases faster than contractile force, the
curve is deflected towards the x-axis. We assume that
the first deflection is related to calcium influx through ac-
tivation of calcium membrane channels, and the second
deflection is related to a secondary release of Ca2C from
intracellular stores. Whenever the contractile force in-
creases faster than [Ca2C]i, the curve is deflected toward
the y-axis. We assume that this is related to the Ca2C-
independent aspect of themyometrial contractile response.
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Understanding the mechanisms by which MgSO4 in-
hibits uterine contractility may lead to the development
of more effective tocolytics in the future. Tocolytics used
today, including MgSO4, beta adrenergic agonists, and
prostaglandin synthase inhibitors, immediately decrease
or stop uterine contractility in the majority of patients
presenting in premature labor. Unfortunately, the effec-
tiveness of these drugs in preventing preterm birth is lim-
ited, in part because of their narrow therapeutic ranges
and harmful side effects. Drugs that specifically target
MgSO4-sensitive elements of the myometrial contractile
cascade (ie, phospholipase C and protein kinase C) could
be investigated for possible use as tocolytics of the future.

We conclude that MgSO4 inhibits myometrial con-
tractility by a combination of extracellular and intracel-
lular mechanisms; and that MgSO4 exposure does not
interfere with the binding of Ca2C to calmodulin. This
information is important in our developing knowledge
of the mechanisms by which MgSO4 inhibits uterine
contractility, and may help guide the development of
more effective tocolytics in the future.
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