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Objective: To study the distribution of ionized and total magnesium (Mg) in serum and cerebral spinal fluid (CSF)
in preeclamptic women receiving MgS0 4 and how this treatment affects the ionized calciuf!! (Ca2 +) and ionized
Ca:Mg ratios compared with healthy nonpregnant women and pregnant control women (HP).
Design: Controlled clinical study.
s, ttil1g: An academic medical center.
Patient(s): African-American women older than 20 and less than 35 years. The pregnant preeclamptic study and
pregnant control groups each consisted of 16 women; the nonpregnant group consisted of 10 subjects.
lnte""ention(s): The preeclamptic women received a 6-g bolus of MgS04 IV started at least 4.5 hours before delivery during 15-20 minutes, then 2 g/h baseline.
Main Outcome Measure(s): The CSF and serum levels of Ca2+ and Mi+ and total Mg were 1peasured in all three
groups of women. The Ca2+ :Mg2 + ratios were determined. Physiologic monitoring was done and recorded every 4
h'ourswhere appropriate. Bloods were drawn every 6 hours for complete blood count, metabolic panel, lactate dehydrogenaSe, uric acid, and electrolytes. Serum pH, total Mg, Apgar scores, and g~neral health of the infantS. bOrn
t~ preeclamptic mothers. given MgS0 4 were followed.
·
Result(s): The HP showed a reduction in mean serum ionized and total Mg, increase in ionized Ca, and a large
increase in Ca2 +:Mi+ ratios compared with healthy nonpregnant women. Although the CSF ionized ~d total
Mg and Ca2 +:Mg2 + ratios were not altered with MgS04 treatment in the preeclamptic women receiving
MgS04 , the mean serum Mg values increased 3-fold. All infants were full-term, regardless of MgS04 treatment,
_
and normal with respect to birth weight, Apgar scores, blood pH, total Mg, and neurologic scores.
Conclusion(s): The data indicate that there is a direct relationship between the serum and CSF Ca2+ :Mg2 + ratios in
HP and this ratio may be crucial in preventing vascular and neurologic complications in preeclampsili.':.eclampsia:
(Fertil Steril® 2010;94:276-82. ©2010 by American Society for Reproductive Medicine.)
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Eclampsia-preeclampsia is a potentially dangerous condition
in pregnant women that can result in premature labor, premature birth, growth retardation, convulsions in both mother and
fetus, cerebral palsy in the newborn, and sometimes death of
mother and fetus (1, 2). The syndrome consists of high blood
pressure, edema, increased vascular reactivity to pressors,
uteroplacental changes (ischemia, infarctions), cerebral and
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visual disturbances, and coagulation defects. Magnesium sulfate (MgS04 ), given IV, has been used successfully for more
than 80 years, to minimize the increased vascular reactivity,
hypertension, cerebral ischemia, premature labor, and convulsions (1-4) .
Hypomagnesemia has been seen in preeclamptic women
(5- 7). Even normal pregnant women show progressive hypomagnesemia, particularly during the last trimester (8, 9). According to recent dietary surveys, the dietary intake among the
population has been steadily declining since 1900, to the point
that the magnesium (Mg) balance often is negative (10-13).
There are reports that placentas from women with preeclampsia or eclampsia exhibit decreased Mg content and increased calcium (Ca) content (14, 15). A higher than normal
ratio of Ca2 +:Mg 2+ has been shown to provoke vasospasm,
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increased vascular reactivity, and decreased blood flow in
coronary, cerebral and umbilical-placental blood vessels
(16-19). Excess Mg has been demonstrated repeatedly to increase viability of neurons in experimental forms of cerebral
ischemia and traumatic brain injury (20-24). This has
strengthened the concept that MgS0 4 can act as a neuroprotective agent in strokes and subarachnoid hemorrhage
(25- 31 ). After a number of recent studies with MgS0 4 in preeclampsia, there is now international consensus that this
agent is the treatment of choice for preeclampsia and eclampsia (32- 34). The recent Magpie trial with 10,000 women indicated that MgS04 infusions decreased the risk for
eclampsia by more than 50% and reduced maternal mortality
by half (32). Despite these clinical and experimental achievements, there are no studies to elucidate how ionized and total
Mg is distributed in the cerebral spinal fluid (CSF) of preeclamptic women given MgS04 nor what effect this compound has on the CSF-ionized Mg and Ca levels.

with severe headaches and tested for CSF abnormalities.
Only those with no abnormalities were included in this study.
The study group consisted of 16 gravid women with preeclampsia diagnosed by classic criteria: hypertension,
edema, and proteinuria. Criteria for exclusion of the study
were a history of: [1] neurologic disease, [2] renal disease,
[3] hypertension, [4) vascular disease, and [5] preterm labor.

There are compelling physiological reasons to suspect that
biologically active serum and CSF Mg, as well as Ca, may
modulate seizure activity in preeclamptic and eclamptic subjects. Magnesium has an antagonistic effect on theN-methylo-aspartate (NMDA) receptor (35, 36), which is thought to
play a role in many forms of convulsions and epilepsy (37,
38). The activation of the NMDA receptor by excitatory
amino acids results in Ca influx (39, 40), long-recognized
for its proepileptogenic effects (41 , 42). Several studies suggest that low levels of Mg 2 + or an altered balance between
. . . ro Ie m
. seizures,
.
C a2 + an d M g 2 + may h ave a prec1p1tatmg
2
whereas elevated Mg + levels may inhibit these adverse effects (43). Recently, two of us reported, in a prospective
study, that randomly selected seizure patients had a significantly lower mean serum Mg 2 + but not total Mg and a significantly higher Ca2 +:Mg2 + ratio than control subjects (44).

In all pregnant patients, spinal anesthesia was induced, and
a 1-rnL sample of clear CSF was collected using a 25-gauge
spinal needle. At the same time, a 3-mL sample of blood was
obtained by venipuncture from the opposite location of the IV
injection site. The CSF and blood samples were drawn into
additive-free test tubes under aseptic and as close as possible
to anaerobic conditions.

In the present study, we used ion-selective electrodes to
measure levels of the physiologically active Mg and Cain serum and CSF of preeclamptic women and age-matched nonpregnant and normal pregnant women to: [1] correlate Mg
levels of serum with those of CSF in preeclamptic women receiving IV MgS04 in therapeutic doses ; [2] determine
whether the Mg 2 + crosses the blood-brain barrier after IV
MgS04; [3] document levels of Mg 2 + and Ca2 + in serum
and CSF; and [4] determine whether the serum and CSF
Ca2 +:Mg2 + ratios are correlated with IV MgS04.

MATERIALS AND METHODS
Patient Population
The study was approved by the Institutional Review Board
(IRB) of the University Hospital of Brooklyn and SUNY
Downstate Medical Center, and written informed consent
was obtained from all patients. All subjects were AfricanAmericans older than 20 and less than 35 years. The pregnant
control group consisted of 16 healthy women with uncomplicated pregnancies, whereas the nonpregnant group consisted
of lO subjects, who were admitted to the emergency room
Fertility and Sterility®

Physiological Monitoring
Deep tendon reflexes, respiratory rate, oxygen (0 2 ) saturation, urine output, heart rate, mean arterial blood pressure,
as well as neurologic parameters were monitored and recorded every 4 hours . Bloods were drawn every 6 hours for
complete blood count, metabolic panel, lactate dehydrogenase, uric acid, and electrolytes, including Ca and Mg.

Protocol

Because there has been some controversy as to the conditions
of the infants born to preeclamptic mothers given MgS04
(e.g., serum Mg levels, birth weight, neurologic deficits, pH,
Apgar scores) (1, 2, 5-7, 45, 46), we followed the babies born
to mothers given MgS04. Serum pH, total magnesium (TMg),
Apgar scores, and general health were carefully monitored.
For the study group, a 6-g bolus ofMgS04 was administered
IV. The Mg treatment was started at least 4.5 hours before delivery (range 4.5-48 hours) during 15-20 minutes, then 2 g/h
baseline. Total Mg levels were measured by standard techniques (Kodak DT 60; Ektachem Colorimetric Instruments,
Rochester, NY) (47, 48). This method compares favorably
with atomic absorption spectrometry. Blood for serum Mg2 +
and Ca2 + was drawn anaerobically into red-stoppered vacutainer tubes, allowed to clot, spun down, and the serum was anaerobically placed into another capped vacutainer tube and
stored at -4°C for 24-48 hours in a freezer. Some samples
were analyzed within 2 hours after venipuncture. An Mg 2+
ion-selective electrode with a neutral carrier-based membrane
and a Ca2 + -specific electrode (Nova 8 analyzer; Nova Biochemical, Waltham, MA) were used to measure these ions.
The electrodes were used in accordance with established procedures, having an accuracy and precision of approximately 3%
(47, 48). Five standards were run before each data collection.

Data Analysis
Data are reported as means ± SEM. One-way analysis of variance (ANOVA) or a Student's t-test were used to analyze variables for statistically significant differences between groups.
Statistical significance was defined asaP value ofless than .05.

RESULTS
A total of 32 pregnant patients (healthy and preeclamptic)
were enrolled. Each group consisted of 16 subjects. The
healthy control pregnant women were 20-34 years of age
(26 ± 4.9 years); the preeclamptic women treated with
MgS04 ranged from 20-34 years (25 ± 5 years). The nonpregnant group ranged from 20-42 years (31 ± 6 years). A
comparison of the three groups of sera is shown in Table 1.
It is clear from the data that the healthy, pregnant group
shows significant deficits in mean serum ionized and total
Mg when compared to nonpregnant controls. On average,
there is a 20% deficit in serum ionized Mg at term compared
with nonpregnant controls. The total serum Mg shows almost
a 30% deficit. Treatment of the preeclamptic women with IV
MgS04 resulted in an approximate 3-fold increase in serum
ionized Mg (range 0.82- 1.52 mMIL) and a 3.5-fold increase
in total Mg level (range 1.40-3.29 mMIL) when compared
with the healthy pregnant women.
With respect to serum ionized Ca, the healthy pregnant
women had significantly higher levels than the nonpregnant
controls (Table 1), whereas the serum ionized Ca in the
MgS04 -treated preeclamptic women had significantly lower
levels, by approximately 10% compared with normal pregnant women and were similar to nonpregnant controls. The
healthy, pregnant controls showed a 38% increase in the
Ca2+:Mg 2 + ratios when compared with nonpregnant controls, whereas the preeclamptic-treated group demonstrated
a 46% decrease in the Ca2 +:Mg 2 + ratio when compared
with nonpregnant women and a 60% decrease in this ratio
when compared with healthy pregnant women (Table 1).
In Table 2, the values for mean CSF Mg 2 +, CSF total Mg,
CSF Ca2 +, and CSF Ca 2 +:Mg 2 + ratios are shown. It is clear
from the data that the ionized fraction of Mg in the CSF of
normal, nonpregnant women is higher than that observed in
healthy pregnant or preeclamptic women. Almost 100% of
the Mg is ionized in CSF of the nonpregnant subjects, but
this fraction is reduced to about 60% in healthy pregnant
and in preeclamptics treated with Mg. However, administration of MgS04 , unlike what is seen for serum, failed to alter

either the ionized Mg, the total Mg, or the ionized fraction in
the CSF when comparing the healthy pregnant women with
the preeclamptic-treated women.
With respect to CSF Ca2 +, nonpregnant women had approximately 15% more of this Ca fraction than did either
the normal pregnant subjects or the preeclamptics treated
with Mg (Table 2). Surprisingly, and unlike what was found
in the serum, the CSF Ca2 +:Mg 2 + ratios are very similar in
the nonpregnant, healthy pregnant and preeclamptic women
treated with Mg (Fig. 1).
With respect to the infants (all full-term), born to the preeclamptic mothers given MgS04 , we found Apgar scores
(8-l 0), blood pH, total Mg levels, and neurologic scores all
to be in the normal ranges and no significant differences in
birth weights from the full-term infants born to the normal,
healthy mothers (P>.05).

DISCUSSION
The possibility that hypermagnesemia may alter the bloodbrain barrier and may elevate the CSF levels of Mg, and
penetrate the brain parenchema tissue, is suggested by experimental and human studies (21, 36, 49-52). These studies
showed that the neuroprotective attributes of Mg was weakly
correlated to elevated serum levels of total Mg. In animal
models of cerebral ischemia and hypoxia, as well as traumatic
brain injury, treatment with MgS04 has been shown to reduce
infarct size, inhibit neuronal cell death, promote cerebral vasodilation, and attenuate motor deficits (20, 21, 23, 25, 27, 36, 49,
50). Recently, we have shown in experimental animal studies,
that bioavailable administration of Mg can attenuate apoptosis
by inhibiting DNA fragmentation, inhibiting activation of caspase-3, membrane oxidation, and formation of reactive oxygen
species ( 19). Because, however, the effective sites of Mg 2 + in
the brain are at the neuronal and cerebrovascular levels, it is
critical to determine whether induced hypermagnesemia can
cause an elevation in brain Mg2 + in humans. Measuring total
Mg levels does not allow one to determine whether the biologically active Mg is altered significantly (53).

Ionized magoesiup11evels and fractions and ionized calcium levels iQ serum of nonpregnant women,
pregnant women, and preeclamptic women after administration of MgS04 •
Nonpregnant
IMg (mM/L)
Total Mg (mM/L}
%1Mg
ICa (mM/L)
ICa/Mg

0.58 ±
0.84 ±
69.0 ±
1.17 ±
2.02 ·±

0.0003
0.01
0.5
0.006
0.03

Healthy pregnant

0.46 ± 0.02a
0.59±0.04a
78.0 ± 7.82a
1.22 ±0.05a
2.78 ± 0.17a

Note: Values are means ± SEM. IMg = Mg 2 +; ICa = Ca2 +; ICa/Mg = Ca2 +/Mg2 +.
a Significantly different from nonpregnant women (P< .01).
b Significantly different from nonpregnant and healthy pregnant women (P< .01).
Apostol. CSF and serum ionized Mg and Ca in preeclampsia. Fertil Steril 2010.

Apostol et al.

CSF and serum ionized Mg and Ca in preeclampsia

Vol. 94, No. 1, June 2010

Ionized magnesium levels and fractions and ionized calcium levels in cerebral
npnpregnant, healthy pregnan~, and preeclamptic women after· administratio!:t of MgS04.
Nonpregnant
IMg (mM/L)
Total Mg (mM/L}
%1Mg
ICa (mM/L)
ICa/Mg

1.08± 00.3
1.13 ± 0.07
95.5 ± 0.05
1.02 ± 0.03
0.94 ± 0.08

Healthy pregnant

Preeclamptic

MgS04

.0.80 ± 0.043a
1.34 ±0.04a
59.7 ± 2.7a
0.83 ± 0.03a
1.07 ± 0.04

0.8~

± 0.01 ~a
1.31 ± o.o2a
63.3 ± 2.3a
0.87 ;:1: 0.02a
1.05± 0.02

Note: Values are means± SEM. IMg = Mg 2 +; ICa = Ca2 +; ICa/Mg
a Significantly different from nonpregnant women (P< .01).

+

= Ca2 +/Mg 2 +.

Apostol. CSF and serum ionized Mg and Cain preeclampsia. Fenil Sreri/ 2010.

Because it has been shown that preeclampsia-eclampsia
may alter the integrity of the blood- brain barrier, administration of a ~oluble form of Mg and use of ion-specific electrodes
should allow one to test this hypothesis. Some previous studies have attempted to gain insight into this question. However, IV MgS0 4 was only administered during short
intervals (4-24 hours), not up to 48 hours as in the present
study, and the fractions of Mg were not measured. The CSF
Mg 2 + levels have been used in the present study as a marker
for brain Mg 2 + availability. By measuring ionized and total
Mg in serum and CSF, we were able to show that a considerable elevation of serum Mg 2 + above normal for periods up to
48 hours did not alter the CSF Mg 2 + levels.
Surprisingly, both healthy pregnant and preeclamptic Mgtreated women exhibited reductions in CSF-ionized Ca. Because it is generally believed that low serum Mg levels result
in elevated intracellular free Ca in brain neurons, astrocytes,
and cerebral vascular smooth muscle cells (15-19 , 54-56),
one might expect low CSF Mg 2 + to result in elevated intracellular Ca2 +, activation of NMDA receptors, and excitation.
We show that the elevation of Ca2 + in CSF is prevented by
hypermagnesernia, an important concept and outcome of
our present study.
The Ca 2 +:Mg2 + ratios represent an index of tissue calcification potential ( 16, 18, 19). This was significantly increased
in the serum of all normal pregnant subjects compared with
nonpregnant controls. These findings support the ideas that:
[ 1] pregnancy itself is a condition of an extracellular decrease
of Mg, and [2] this fact may aid in explaining the predisposition to vascular and neuronal abnormalities in pregnancy ( 17,
57). The fact that infusion of MgS04 lowered the serum
Ca2 +:Mg 2 + ratios 50% and allowed the full-term delivery
of normal, healthy babies, would seem to suggest a mechanism for prevention of vascular and neurologic complications.
Normally, Mg 2 + is transported into the central nervous
system by an adenosine triphosphate-dependent mechanism.
Based on our findings, and those of other investigators on
brain trauma patients (51, 52, 58), this transport system appears to be well protected under several stressful conditions,
Fertility and Sterility®

including mild preeclampsia, keeping homeostasis of brain
Mg, and, thus, the concentration of ionized Mg that bathes
the neurons intact. In patients with acute brain trauma, in
which the blood-brain barrier could have been compromised,
a prolonged IV MgS04 produced only an 11% increase in
ionized magnesium (IMg) (58).
It is apparent from our data that the Ca2 +:Mg 2 + ratios in

serum are significantly higher in the normal pregnant women
than those of either the nonpregnant women or the treated
preeclamptics (Fig. I; P< .OOI). It is also evident (Fig. 2)
that there is a direct correlation between the Ca2 +:Mg 2 + ratio
of serum and CSF for the healthy pregnant women (P<.05),
whereas there is no such correlation for the treated preeclamptic women (data not shown; P> .05). This points to
the fact that the concentrations of the two ions in serum
act, in a subtle way, to modulate unknown effects leading
to neuronal and vascular-problems.

The serum Ca 2 +:Mg 2 + ratio for the healthy pregnant
(HP) group is significantly higher than that of the
preeclamptics treated with MgS04 (PE+) group and
the cerebrospinal fluid (CSF) groups (P< .001 ). Data
are means± SEM.
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FIGURE 2
Correlation between serum Ca 2 +: Mg 2 + ratio and
cerebrospinal fluid (CSF) Ca2 +: Mg 2 + ratio in healthy
pregnant group.
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With respect to our findings for Mg and Cain the CSF, there
is as yet no study in the literature, with evidence that CSF of
mild preeclamptics contain significant amounts of protein (73).
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to be up-regulated in preeclamptic women (70, 71), thus potentially supplying additional ion-binding sites. Thus, the interesting finding, reported herein, of a reduced percentage of
serum ionized Mg in Mg-treated preeclamptic women, that
cannot be explained by a loss of serum albumin, transferrin,
and hemopexin, but could be viewed in the light of a reported
increase in other serum proteins (i.e., globulins, alpha2-glycoproteins, alpharmacroglobulins, beta-lipoproteins, and
various complement fractions in preeclamptic women)
(64, 66, 67, 72), which can potentially bind free Mg ions.
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Some comments should be made as to the relationships of
the various fractions of Mg measured to the principal cationbinder molecules circulating in the blood (i.e., the various
protein fractions), and whether these interactions may aid
in explaining a Mg- deficiency in pregnancy and untreated
preeclamptic women. In 1932, Watchorn and McCance
(59) demonstrated that Mg in serum could be divided by ultrafiltration into a diffusible and nondiffusible form. In these
studies about 25% of the Mg in serum was nondiffusible.
These investigators reported that during pregnancy, the serum
Mg concentration is lowered but the ratio of ultrafiltrable to
total Mg increased. This could not be explained solely by a diminished quantity of protein (59). Numerous studies have
confirmed a loss of the serum proteins, albumin and
gamma-globulin, in normal pregnancy (60-64). In 1970,
Studd and co-workers (64-67) published a series of articles,
which indicated that several proteins, in addition to albumin
and gamma-globulin, are decreased in late pregnancy and
more so in preeclampsia (viz., transferrin and hemopexin).
All of these proteins can bind cations such as Mg and Ca.
In 1981, Speich and co-workers (68), using ultrafiltration
and other techniques, calculated that in healthy normal
women 67% of the total Mg in serum was ionized, whereas
Kroll and Elin (69), a few years later, calculated that approximately 68% of the Mg in serum was ionized. We found that
69% of the total Mg is ionized with our ion-selective electrode, in normal women, which agrees with the calculated ratios of previous workers. However, ours and other reports
indicate that this fraction of ionized Mg increases in late
pregnancy to about 73%-78% (8). This should be viewed
in light of a loss of the major Mg- and Ca-binding proteins
(60-64), which would result in elevation of the percent serum
ionized Mg, as found in our study for normal late pregnancy
(Table 1). Recently, several studies, using proteomics, have
reported scores of other serum proteins, which were found
Apostol et al.

For nearly 100 years, it has been known that preeclampsia
is a placental condition (74 ). Placentation needs extensive angiogenesis to form a suitable framework for oxygenation and
nutrition of the fetus. Therefore, numerous proangiogenic
and antiangiogenic factors and proteins are elaborated by
the developing placenta. Currently it is thought that placental
angiogenesis is defective in preeclampsia (for review, see
Ref. 73). A host of placental proteins, which gain access to
the serum of preeclamptic women, have been detected (71 ),
which may bind Mg and Ca. Thus these proteins could be
an additional source for the decreased ionized Mg in the
blood of preeclamptic women over and above that of normal
pregnancy. Much experimentation will be required in the future to identify the precise interactions of these proteins with
Mg and Ca in serum of preeclamptics.
On the other hand, the present and our previous findings , of
a substantial and significant decrease in serum ionized Mg in
normal pregnancy (8) would seem to indicate that, in the last
analysis, it is a matter of the degree of decrease in Mg 2+ circulating in the blood, among other factors , that controls the
outcome of either a normal pregnancy or one with vascular
and neurologic complications, which in extreme cases will
lead to the seizures seen in eclampsia. In a study of convulsing children, the CSF Mg2+ was found to be significantly reduced when measured shortly after the convulsions (75). We
hypothesize, therefore, that there is a critical level of serum
ionized Mg, which may be patient-dependent, necessary to
prevent the sequelae of preeclampsia-eclampsia. It is reasonable to suggest that a daily supplementary dose of oral magnesium should be a routine for prenatal care.

REFERENCES
I. Zuspan FP. Toxemia of pregnancy. J Reprod Med 1969;2: 116-39.
2. Lindheimer MD, Katz AI. Pathophysiology of preeclampsia. Ann Rev
Med 1981 ;32:273-89.
3. Lazard EM. A preliminary report on the intravenous use of magnesium
sulfate in puerperal eclampsia. Am J Obst Gynecol 1925; 174:178-88.
4. Chesley LC, Tepper I. Plasma levels of magnesium attained in MgS04
therapy for preeclampsia and eclampsia. Surg Clin North Am 1957;37:
353-67.
5. Hirschfelder AD, Haury VA. Clinical manifestations of high and low
plasma magnesium. JAmMed Assoc 1934;102: 1138-41.
6. Hall DG. Serum magnesium in pregnancy. Obst Gynecoll957;9: 158---62.

CSF and serum ionized Mg and Ca in preeclampsia

Vol. 94, No. 1, June 2010

7. Flowers CE Jr. Magnesium sulfate in obstetrics. Am J Obst Gynecol
1965 ;91 :763- 76.
8. Handwerker SM, Altura BT, Altura BM. Serum ionized magnesium and
other electrolytes in the antenatal period of human pregnancy. JAm Coli
Nutr 1996;15:36-43.
9. Altura BT, Burack JL, Cracco RQ, Galand L, Handwerker SM,
Markell MS, et al. Clinical studies with NOVA ISE for 1Mg2+. Scand
1 Clin Lab Invest 1994;54(Suppl 217):53-67.
I 0. Marier JR. Quantitative factors regarding magnesium status in the modem-day world. Magnes Exp Clin Res 1982;1:3- 15 .
II . Seelig MS . Magnesium requirements in human nutrition . Mgnes Bull
1981 ;3:26-47.
12. Marier JR. Role of environmental magnesium in cardiovascular diseases .
Magnes Exp Clin Res 1982;1:266-76.
13. Nishizawa Y, Morii H, Durlach J, eds. New perspectives in magnesium
research. London: Springer, 2007.
14. Charbon G, Hoekstra M. On the competition between calcium and magnesium. Acta Physiol Pharmacol Neerl 1962;11 : 141 - 50.
15. Seelig MS . Magnesium deficiency in the pathogenesis of disease . New
York: Plenum Press, 1980.
16. Altura BM, Altura BT. Magnesium and cardiovascular biology: an important link between cardiovascular risk factors and atherogenesis .
Cell Mol Bioi Res 1995;41:347-59.
17. Altura BM, Altura BT, Carella A. Magnesium-deficiency-induced
spasms of umbilical vessels: relation to preeclampsia, hypertension,
growth retardation. Science 1983;221 :376-8.
18. Laurant P, Tonyz RM . Physiological and pathophysiological role of magnesium in the cardiovascular system: implications in hypertension . J Hypertens 2000; 18: 1177-91.
19. Altura BM, Altura BT. Magnesium: the forgotten mineral in cardiovascular biology and atherogepesis. In: Nishizawa Y, Morii H, Durlach J,
eds. New perspectives in magnesium research . London : Springer,
2007:239-60.
20. Mcintosh TK, VinkR, Yamakami I, Faden AI. Magnesium protects against
neurological deficits after brain injury. Brain Res 1989;482:252-60.
21. Heath DL, Vink R. Neuroprotective effects of MgS04 and MgCI 2 in
closed head injury: a comparative phosphorus NMR study. J Neurotrauma 1998 ;15:183-9.
22. Vink R, O'Connor CA, Nimmo AI, Heath DL. Magnesium attenuates
persistent functional deficits following diffuse traumatic brain injury in
rats. Neurosci Lett 2003;336:41-4.
23. Esen F, Erdem T, Aktan D, Kalayci R, Cakar N, Kaya M, et al. Effects of
magnesium administration on brain edema and blood-brain barrier
breakdown after experimental traumatic brain injury in rats. J Neurosurg
Anesthesiol 2003 ; 15: 119-25.
24. Demonogeot C, Bobilier-Chaumont S, Mossiat C, Marie C, Berthelot A.
Effects of diet with different magnesium content in ischemic stroke rats .
Neurosci Lett 2004;362: 17-20.
25. Huang Q-F, Gebrewold A, Altura BT, Altura BM. Magnesium ions prevent phencyclidine-induced cerebrovasospasms and rupture of cerebral
microvessels. Neurosci Lett 1990;113: 115-9.
26. Muir KW. New experimental and clinical data on the efficiency of pharmacological magnesium infusions in cerebral infarcts. Magnes Res
1998; II :43-56.
27. Veyna RS , Sigfried D, Burke DG, Zimmerman C, Mlynacek M,
Nichols V, et al. Magnesium sulfate therapy after aneurysmal subarachnoid hemorrhage. 1 Neurosurg 2002;96:510-4.
28. Lamp Y, Gilad R, Geva D, Eshel Y, Sadeh M. Intravenous administration
of magnesium sulfate in acute strokes: a randomized double-blind study.
Clin Neuropharmacol 200 I ;24: 11-5.
29. Boet R, Mee E. Magnesium sulfate in the management of patients with
Fisher Grade 3 subarachnoid hemorrhage: a pilot study. Neurosurg
2000;47:602-6.
30. van den Bergh WM, Albrecht KW, Berkelbach JW, Rinke! GJE. Magnesium therapy after aneurysmal subarachnoid hemorrhage: a dose finding
study for long term treatment. Acta Neurochir (Wien) 2003;145:195-9.
31. Saver JL, Kidwell C, Eckstein M, FAST-MAG Pilot Investigators. Prehospital neuroprotective therapy for acute stroke results of the field admin-

Fertility and Sterility®

istration of stroke therapy-magnesium (FAST-MAG) pilot trial. Stroke
2004;35:e I 06-8.
32. The Magpie Trial Collaborative Group. Do women with pre-eclampsia,
and their babies, benefit from magnesium sulfate? The Magpie Trial:
a randomized placebo-controlled trial. Lancet 2002;359: 1877-90.
33 . Lucas MJ, Leveno KJ, Cunningham FG. A comparison of magnesium
sulfate with phenytoin for the prevention of eclampsia. N Eng! 1 Med
1995;333:201-5.
34. Belfort MA, Anthony J, Saade GR, Allen JC Jr. A comparison of magnesium sulfate with nimodipine for the prevention of eclampsia. N Eng!
1 Med 2004;348:304-11.
35. Ault B, Evans RH, Francis AA, Oakes OJ, Watkins JC. Selective depression of excitatory amino acids induced depolarizations by magnesium
ions in isolated spinal cord preparations. J Physiol 1980;307:413-28.
36. Hallak M. Effect of parenteral magnesium sulfate administration on excitatory amino acid receptors in the rat brain. Magnes Res 1998; II : 117-31.
37. Mathern GW, Pretorices JK, Mendoza D, Lozada A, Leite JP, Chimell i L,
et al. Increased hippocampal AMPA and NMDA receptor subunit immunoreactivity in temporal lobe epilepsy patients. 1 Neuropathol Exp Neurol 1998;57:615-34.
38. Mikuni N, Babb TL, Ying Z, Najm I, Nishiyama K, Wylie C, et al.
NMDA-receptors I and 2A/B coassembly increased in human epileptic
focal cortical dysplasia. Epilepsia 1999;40: 1683-7.
39. MacDermott AB, Mayer ML, Westrook GL, Smith SJ, Barker JL.
NMDA-receptor activation increases cytoplasmic calcium concentration
in cultured spinal cord neurons. Nature 1986;321 :519-22.
40. De Lorenzo RJ, Linbrick DD Jr. Effects of glutamate on calcium influx
and sequestration/extrusion mechanisms in hippocampal neurons. Adv
Neurol 1996;7 1:37-46.
41. De Lorenzo RJ. A molecular approach to the calcium signal in brain: relationship to synaptic modulation and seizure discharge. Adv Neurol
1986;44:435-64.
42. Heinemann H, Hamon B. Calcium and epileptogenesis. Exp Brain Res
1986;65: 1-10.
43 . Chaiswanich R, Mahoney AW, Hendricks DG, Sisson OV. Dietary calcium and phophorus and seizure susceptibility of magnesium-deficient
rats. Pharmaco1 Biochem Behav 1987 ;27:443- 9.
44. Sinert R, Zehbatchi S, Desai S, Peacock P, Altura BT, Altura BM. Serum
ionized magnesium and calcium levels in adult patients with seizures.
Scand J Clin Lab Invest 2007;67:31 7-26.
45 . Schendel DE, Beng CJ, Yeargm-Allsopp M, Boyle CA, Decoufle P. Prenatal magnesium sulfate exposure and the risk of cerebral palsy ·or mental
retardation among very low-birth-weight children aged 3 to 5 years.
JAMA 1996;276:1805-10.
46. MittendorfR, Dambrosia], Dammann 0 . Association between maternal
serum ionized magnesium levels at delivery and neonatal intraventricular
hemorrhage. J Pediatr 2002;140:540-6.
47 . Altura BT, Altura BM. Measurement of ionized magnesium in whole
blood, plasma and serum with a new ion-selective electrode in healthy
and diseased human subjects. Magnes Trace Elem 1991 ;10:90-8.
48. Altura BT, Shirey TL, Young CC, Dell ' Orfano K, Hiti J, Welsh R, eta!.
Characterization of a new ion selective electrode for ionized magnesium
in whole blood, plasma, serum and aqueous samples. Scand 1 Clin Lab
Invest 1994;54(Suppl217):21 - 36.
49. Chi OZ, Pollak P, Weiss HR. Effects of magnesium sulfate and nifedipine
on regional cerebral blood flow during middle cerebral arterial ligation in
the rat. Arch Internal Pharmacodyn Ther 1990;304:196-205.
50. Hallak M, Berman RF, lrtenkauf SM, Evans MI, Cotton DB. Peripheral
magnesium sulfate enters the brain and increases the threshold for hippocampal seizures in rats. Am 1 Obst Gynecol 1992;167:1605-10.
51. Fuchs-Buder T, Tramer MR, Tassonvi E. Cerebrospinal fluid passage of
intravenous magnesium sulfate in neurosurgical patients. 1 Neurosurg
Anesthesia! 1997;9:324-8.
52. Thurman GR, Kemp DB, Jarvis A. Cerebrospinal fluid levels of magnesium in patients with preeclampsia with intravenous magnesium sulfate:
a preliminary report. Am 1 Obst Gynecol 1987;157: 1435-8.
53 . Altura BM, Lewenstam A, eds. Unique magnesium-sensitive ion selective electrodes. Scand 1 Clin Lab Invest 1994;54(Suppl 217): 1-100.

54. Segal M, Manor D. Confocal microscopic imaging of Ca2+ in cultured
rat hippocampal neurons following exposure to N-methyl-D-apartate.
J Physiol London 1992;448:655-76.
55. Zhang A, Fan S-H, Cheng TP-0, Altura BT, Wong RKS, Altura BM. Extracellular Mg2+ modulates intra-cellular Ca2+ in acutely isolated hippocampal CAl pyramidal cells of the guinea-pig. Brain Res 1996;728:204-8.
56. Handwerker SM, Altura BT, Royo B, Altura BM. Ionized serum magnesium levels in umbilical cord blood of normal pregnant women at delivery: relationship to calcium, demographics and birthweight. Am J
Perinatal 1993;10:392-7.
57. Bardicef M, Bardicef 0, Sorokin Y, Altura BM, Altura BT, Cotton DB,
et a!. Extracellular and intracellular magnesium depletion in pregnancy
and gestational diabetes. Am JObst Gynecol 1995;172: 1009-13.
58. McKee JA, Brewer RP, Macy GE, Phillips-Bute B, Campbell KA,
Beret CO, et a!. Analysis of the brain bioavailability of peripherally administered magnesium sulfate: a study in humans with acute brain injury
undergoing prolonged induced hypermagnesemia. Crit Care Med
2005;33:661-{).
59. Watchorn E, McCance RA. Inorganic constituents of cerebrospinal fluid.
The ultrafiltration of calcium and magnesium from human sera. Biochem
1 1932;26:54-{)4.
60. Mack HC. Plasma proteins in pregnancy. Springfield: Thomas, 1955.
61. MacGillivray I, Tovey 1E. A study of the serum protein changes in pregnancy and toxemia, using paper strip electrophoresis. 1 Obstet Gynecol
Brit Emp 1957;64:361-4.
62. Parby P. Changes in serum proteins during pregnancy. 1 Obstet Gyn Brit
Emp 1960;67:43-55 .
63. Reboud P, Groulade 1, Groslambert P, Colomb M. The influence of normal pregnancy and the postpartum state on plasma proteins and lipids.
Am 1 Obstet Gynecol 1963;86:820-8.
64. Studd 1WW, Blainey 1D, Bailey DE. A study of serum protein changes in
late pregnancy and identification of the pregnancy zone protein using an-

Apostol et al.

65.
66.

67.

68.

69.
70.

71 .

72.
73 .
74.
75.

tigen antibody crossed immunoelectrophoresis. J Obstet Gynecol Brit
Commw 1970;77:42-51.
Studd JWW, Blainey JD . Pathogenesis of pre-eclampsia. Brit Med 1
1970; I :568.
Studd JWW, Starke CM, Blainey JD. Serum protein changes in the parturient mother, fetus and newborn infant. J Obstet Gynecol Brit Commw
1970;77:511 - 7.
Studd JWW, Blainey JD, Bailey DE. Serum protein changes in the preeclampsia -eclampsia syndrome. J Obstet Gynecol Brit Commw
1970;77:796-80 I.
Speich M, Bousquet B, Nicolas G. Reference values for ionized, complexed and protein-bound plasma magnesium in men and women. Clin
Chern 1981 ;27:246-8.
Kroll MH, Elin R1. Relationships between magnesium and protein concentrations in serum. Clin Chern 1985;31 :244-{).
Heitmer JC, Koy C, Kreutzer M, Gerber B. Reimer T, Glocker MD. Differentiation of HELLP patients from healthy pregnant women by proteome analysis-On the way towards a clinical marker set. J
Chromatog B 2006;840: 10-9.
1in H, K-d Ma, Hu R, Chen Y, Yang F, Yao 1, eta!. Analysis of expression
and comparative profile of normal placental tissue proteins and those in
preeclamptic patients using proteomic approaches. Anal Chim Acta
2008;629: 158-{)4.
Home CHW, Howie PW, Goudie RB . Serum alpha2-macroglobulin, transferrin, albumin and IgG levels in preeclampsia. 1 Clin Pathol 1970;23:514-{).
Lyall F, Belfort M, eds. Pre-eclampsia. Etiology and clinical practice.
Cambridge, UK: Cambridge University Press, 2007.
Holland E. Recent work on the aetiology of eclampsia. 1 Obstet Gynecol
Brit Emp 1909;16:255-73.
Miyamoto Y, Yamamoto H, Murkami H, Kamiyama N, Fukuda M. Studies on cerebrospinal fluid ionized calcium and magnesium concentrations in convulsive children. Pediatr Int 2004;46:394-7 .

CSF and serum ionized Mg and Ca in preeclampsia

Vol. 94, No. 1, June 2010

