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Abstract Magnesium has neuroprotective and antivasospas-
tic properties in the presence of subarachnoid hemorrhage
(SAH). The present study investigated the effect of intra-
cisternal administration of magnesium on cerebral vasospasm
in the experimental SAH rat model. The rat double-SAH
model (0.2 mL autologous blood injected twice into the
cisterna magna) was used. Normal saline (SAH group, N=8)
or 10 mmol/L magnesium sulfate in normal saline (SAH+
MG group, N=8) was infused into the cisterna magna at
1.5 μL/min for 30 min on day 5. Control rats without SAH
also received intracisternal infusion of normal saline (control
group, N=6). Local cerebral blood flow (CBF) at 24
locations and the weighted average were quantitatively
measured by the autoradiographic technique using [14C]
iodoantipyrine during infusion. The weighted average CBF
was significantly reduced (P<0.01, Student’s t-test) in the
SAH group (0.78±0.16 mL g−1 min−1) compared to the
control group (1.0±0.15 mL g−1 min−1) and was significant-
ly improved (P<0.01, Student’s t-test) in the SAH+MG
group (0.98±0.18 mL g−1 min−1). Local CBF was signifi-
cantly reduced (P<0.05, unpaired t test) in 16 locations in
the SAH group and significantly improved (P<0.05,
unpaired t test) in 12 locations in the SAH+MG group.
Intracisternal infusion of magnesium sulfate significantly

improved reduced CBF induced by experimental SAH in the
rat.
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Introduction

Ruptured cerebral aneurysm can be successfully treated by
clipping or intravascular surgery, but the incidence of angio-
graphical vasospasm remains as high as 67%, and 25% to
30% of patients who survive the initial onset of subarachnoid
hemorrhage (SAH) suffer from delayed cerebral ischemia
manifesting on days 4 to 14 [6, 18]. Such delayed cerebral
ischemia is still one of the major causes of morbidity and
mortality in patients with SAH despite the availability of
many therapies for cerebral vasospasm such as calcium
channel blockers [1], hypervolemic hypertensive therapy
[25], cisternal irrigation with urokinase or tissue plasminogen
activator (t-PA) [7, 16], intra-arterial administration of
papaverine hydrochloride [14], and transluminal balloon
angioplasty [23]. Overall mortality rates for patients with
ruptured aneurysm range from 30% to 70%, and 10% to
20% of the survivors suffer neurological disability caused by
cerebral ischemia [12]. Therefore, a more potent therapeutic
modality for cerebral vasospasm is required to prevent
delayed cerebral ischemia after SAH [22].

Intravenous magnesium sulfate administration is used to
treat pre-eclampsia and eclampsia during pregnancy, which
share etiological similarities with the development of cerebral
vasospasm after SAH [3, 10]. Magnesium ion (Mg2+) is
considered to have both neuroprotective and vasodilatory
effects. The neuroprotective effect may be mediated by
inhibition of ischemia-induced glutamate release, which

Neurosurg Rev (2008) 31:197–203
DOI 10.1007/s10143-008-0122-z

K. Mori (*) : T. Yamamoto :Y. Nakao
Department of Neurosurgery, Shizuoka Hospital,
Juntendo University,
1129 Nagaoka, Izunokuni,
Shizuoka 410-2295, Japan
e-mail: kmori@med-juntendo.jp

M. Miyazaki : J. Iwata
Juntendo Casualty Center,
Shizuoka, Japan



eventually causes excitotoxicity in the pathogenesis of
ischemic neuronal death [17], inhibition of calcium influx
into cells by blocking voltage-dependent and N-methyl-D-
aspartate-activated calcium channels [20, 24], and blocking
free radical production in the mitochondria [5, 34]. The
vasodilation effect is considered to occur through blocking of
Ca2+ influx and competitive inhibition of Ca2+ binding at
calmodulin sites, which affect the myosin light chain kinase
active form in the smooth muscles of cerebral blood vessels
[34]. Magnesium also attenuates the effects on the cerebral
arteries of endothelin-1 and oxyhemoglobin, which are
considered to be important potent vasoconstrictors after
SAH [15, 21].

Several in vitro and in vivo studies have shown the vaso-
dilation effect of magnesium on spastic arteries in experimen-
tal SAH [26, 27]. Pilot clinical studies have demonstrated the
safety and efficacy of magnesium therapy for SAH [4, 33,
36]. Recent prospective studies of continuous intravenous
administration of magnesium sulfate in patients with
aneurysmal SAH failed to show any vasodilatory effect on
vasospasm detected by angiography and transcranial Doppler
ultrasonography [29, 31]. The effect of continuous intrave-
nous administration of Mg2+ on angiographic vasospasm
was also examined using the monkey SAH model, but
magnesium infusion failed to reverse the cerebral vasospasm
after SAH [19]. In contrast, in vitro studies clearly show that
increased extracellular Mg2+ concentration definitely causes
vasodilation of both normal and contracted cerebral vessels
in the presence of vasospasm-inducing chemicals [2, 21, 32].
However, the effect of increased Mg2+ concentration in the
cerebrospinal fluid (CSF) on spastic cerebral arteries after
SAH is only known through topical application of magne-
sium sulfate to the rat SAH model observed through a cranial
window [27].

The present study examined the effects of intracisternal
infusion of magnesium sulfate in the rat SAH model on the
decreased cerebral blood flow (CBF) using a quantitative
local CBF measuring technique in the awake state.

Materials and methods

All surgical procedures were performed according to the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals and were approved by the Animal Care
and Use Committee of Juntendo University.

Rat SAH model

The “double-hemorrhage model” in male Sprague–Dawley
rats weighing 365 to 460 g was used to simulate delayed
vasospasm. This model was proven to induce significant
decreases in cerebral artery diameter and CBF on day 5

[35]. Briefly, the rat was lightly anesthetized with 1.0% to
1.5% halothane in 70% N2O/30% O2 and intraperitoneal
injection of 25 mg/kg pentobarbital and then fixed in a
rodent stereotaxic frame. Body temperature was strictly
monitored with a rectal probe and maintained at 37°C with
a thermal blanket or heating lamp. A suboccipital skin
incision was made, and the atlanto-occipital membrane was
exposed. A silastic catheter (0.012 in. inner diameter×
0.025 in. outer diameter, Read Plastic, Rockville, MD,
USA) was implanted into the cisterna magna and fixed with
glue, and then 0.2 mL autologous blood obtained from the
tail vein was injected over 30 min using an infusion pump
(EP-60; Eicom, Kyoto, Japan). The catheter was hidden
beneath the skin, and the same procedure was repeated on
the next day (day 2). The control rats underwent the same
procedures, but 0.2 mL normal saline instead of blood was
injected into the cisterna magna.

Quantitative CBF measurement

The animals were lightly anesthetized with halothane, and
polyethylene catheters (PE50) were inserted into both femoral
veins and one femoral artery, and the embedded cisternal
catheter was pulled out on day 5. Loose-fitting plaster casts
were then applied to the pelvic area and taped to an iron brick
to prevent movement. The animal was then allowed to recover
from the anesthesia for at least 4 h before starting intracisternal
infusion and measurement of local CBF. Arterial blood
pressure, hematocrit, and arterial blood gas were measured.
Normal saline (SAH group, N=8) or 10 mmol/L magnesium
sulfate in normal saline (pH 7.410; SAH+MG group, N=8)
was infused into the cisterna magna at 1.5 μL/min using an
infusion pump (EP-60) in the SAH model rats. Control
rats without SAH received intracisternal infusion of normal
saline (control group, N=6). The infusion continued for
30 min before and during the 1-min period of CBF
measurement [13].

Local CBF at 24 locations and the weighted average were
quantitatively determined by the autoradiographic technique
using the [14C]iodoantipyrine method [28]. [14C]Iodoantipyr-
ine of 50 μCi in 1 mL normal saline was continuously
infused through the femoral vein catheter. The weights of the
13 to 16 arterial blood samples collected on filter papers
were measured, and the 14C radioactivity was measured by a
liquid scintillation counter (Packard Instruments, Downers
Grove, IL, USA) to determine the time course of the arterial
concentration of 14C. At 1 min after the infusion of [14C]
iodoantipyrine, the animal was decapitated, and the brain
was quickly removed and frozen in isopentane chilled to
−60°C with dry ice and stored at −80°C. The frozen brain
was cut into 20-μm-thick coronal sections for quantitative
autoradiography and 10-μm-thick coronal sections for
hematoxylin–eosin (HE) staining in a cryostat maintained
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at −20°C. The sections were thaw-mounted on glass cover-
slips, dried on a hot plate at 60°C, mounted on cardboard,
and autoradiographed together with a set of calibrated 14C-
labeled methylmethacrylate standards with Kodak BIOMAX
MR films (Eastman Kodak, Rochester, NY, USA) in X-ray
cassettes. The autoradiographs were digitized in an ES-2200
scanner (Seiko Epson, Nagano, Japan) and displayed on a
computer monitor for densitometric analysis. The 24 local
and weighted average values of CBF were calculated from
the local tissue 14C concentrations and the time courses of
the arterial blood 14C concentrations by the operational
equation of the method and the computer program developed
by G Mies (Max Planck Institut fur Neurologische For-
schung, Koln, Germany) for the National Institutes of Health
Image program (W Rasband, NIMH, Bethesda, MD, USA).

Statistics

The data are presented as means±standard deviations.
Statistical significances of differences were analyzed by
one-way analysis of variance (ANOVA), two-way ANOVA,
and Student’s t-test using the SPSS 7.5.1j software for
Windows (SPSS Japan, Tokyo, Japan). P values less than
0.05 were considered statistically significant.

Results

Body weight, mean arterial blood pressure, body tempera-
ture, hematocrit, arterial PaO2, PaCO2, and pH at the time
of measurement of local CBF were all within normal limits
and not significantly different between the three experi-
mental groups (Table 1). There was no clinical seizure
observed during the CBF measurements.

The weighted average CBF was significantly reduced
(P<0.01, Student’s t-test) in the SAH group (0.78±0.16 mL
g−1 min−1) compared to that of the control group (1.0±

0.15 mL g−1 min−1) and was significantly improved (P<
0.01, Student’s t-test) in the SAH+MG group (0.98±
0.18 mL g−1 min−1) compared to that of the SAH group.
Local CBF values in the 24 locations in the three
experimental groups are listed in Table 2. The two-way
ANOVA with two factors of group and location was
performed to evaluate the difference in CBFs for the 24
locations and showed significant differences (P<0.0001)
between the control group and the SAH group and between
the SAH group and the SAH+MG group (Table 3).
Therefore, the unpaired t-test was applied to the separate
locations, showing that local CBF was significantly reduced
(P<0.05) in 16 locations in the SAH group compared to the
control group and that local CBF was significantly improved
(P<0.05) in 12 locations in the SAH+MG group compared
to the SAH group, mostly in the posterior fossa and caudal
structures (Table 2; Fig. 1). HE staining revealed no
infarction lesions in the brains of any of the rats in the three
experimental groups (data not shown). HE staining showed
no other histological findings indicating the neurotoxic
effects of magnesium infusion.

To quantify the effect of MgSO4 infusion, the local CBF
values of the SAH+MG group and the SAH group were
standardized by dividing by the mean local CBF values of
the SAH group for each of the 24 locations. Figure 2
compares the standardized CBF values of the SAH+MG
group and SAH group and clearly shows the improvement
in local CBF induced by MgSO4 infusion. Because MgSO4

was injected from the cisterna magna, the local CBF of the
caudal area can be expected to improve more than the
cranial area. To confirm this assumption, the differences in
local CBF were evaluated by two-way ANOVA for the
caudal area from the vestibular nucleus to the auditory
cortex, the middle area from the superior colliculus to the
hippocampus, and the cranial area from the barrel cortex to
the genu of the corpus callosum. The P values were less
than 0.001 for all three areas, but the F values suggested

Table 1 Physiological parameters in three rat groups of the [14C]iodoantipyrine experiment

Physiological parameters Control (N=6) SAH (N=8) SAH+MG (N=8) F value One-way ANOVA

Body weight 407±30 414±21 404±18 0.367 NS
Mean arterial pressure (mmHg) 126±8 125±6 122±9 0.590 NS
Body temperature 37.5±0.4 37.0±0.5 37.2±0.7 1.372 NS
Hematocrit (%) 52±4 49±5 51±4 0.524 NS
Arterial blood gas analysis
PaO2 (mmHg) 99±4 97±4 93±6 3.245 NS
PaO2 (mmHg) 35±3 35±2 36±3 0.389 NS
pH 7.40±0.02 7.42±0.03 7.42±0.04 0.837 NS

Control rats received intracisternal infusion of normal saline without subarachnoid blood; SAH rats received intracisternal infusion of normal
saline; SAH+MG rats received intracisternal infusion of 10 mmol/L magnesium sulfate in normal saline. Values are means±standard deviation.
N Number of animals, NS not significant
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that improvement of local CBF was superior in the caudal
area (F=55.89), followed by the middle area (F=30.46)
and the cranial area (F=14.72).

Discussion

The present study showed that intracisternal infusion of
magnesium sulfate significantly improved the reduction in
CBF induced by experimental SAH in the conscious rat.
The vasodilation effect was more prominent in the caudal
area than in the cranial area because the magnesium sulfate
solution was infused from the cisterna magna. Therefore,

the location of the tube used for intracisternal magnesium
infusion may be critical to obtain the maximum dilatory
effect on the spastic arteries. Furthermore, any subarach-
noid blood clot, which may interfere with magnesium
distribution in the subarachnoid space, should be dispersed
as far as possible using urokinase or t-PA before initiation
of magnesium sulfate infusion.

Extracellular Mg2+ is probably critical in the regulation
of vasomotor tone. The normal serum Mg2+ concentration
ranges from 0.7 to 0.96 mmol/L in humans and primates,
and the CSF Mg2+ concentration is 30–40% higher (about
1.2 mmol/L) [8, 9, 11]. Increased Mg2+ concentration
causes in vitro vasodilation of cerebral and coronary
arteries suspended under isometric tension [2, 32]. The
effect of changes in CSF Mg2+ concentration on cat normal
arterioles was dose dependent and caused dilation in the
range of 2.4 (1.2 mmol/L) to 9.6 mEq/L (4.8 mmol/L) [30].
The Mg2+ concentrations causing in vitro relaxation of
arteries range from 4.8 to 12 mmol/L [2, 32]. Furthermore,
topical application of 10 mEq/L (5 mmol/L) magnesium
sulfate to the spastic basilar artery of the experimental SAH
rat caused dramatic dilation of the artery [27]. Therefore, a
CSF Mg2+ concentration of more than 5 mmol/L seems to
be required to expect the vasodilation effect of Mg2+ on
spastic cerebral arteries after SAH. The present study used
the Mg2+ concentration of 10 mmol/L for intracisternal
infusion based on the previous studies. Side effects such as
bradycardia and hypotension can occur with serum Mg2+

Table 3 Two-way ANOVA among three experimental groups

Comparison Factor Freedom F value P value

Control vs SAH Group 1 111.6 <0.0001
Location 23 65.1 <0.0001

SAH vs SAH+MG Group 1 94.5 <0.0001
Location 23 67.6 <0.0001

Control vs SAH+MG Group 1 0.437 0.509
Location 23 75.5 <0.0001

Control rats received intracisternal infusion of normal saline without
subarachnoid blood; SAH rats received intracisternal infusion of
normal saline; SAH+MG rats received intracisternal infusion of
10 mmol/L magnesium sulfate in normal saline. Differences between
the groups were examined by two-way ANOVA.

Table 2 Local cerebral blood
flow (mL g−1 min−1) in three
experimental groups

Control rats received intracis-
ternal infusion of normal saline
without subarachnoid blood;
SAH rats received intracister-
nal infusion of normal saline;
SAH+MG rats received
intracisternal infusion of
10 mmol/L magnesium sulfate
in normal saline. Values are
means±standard deviation.
N Number of animals
*P<0.05, significantly differ-
ent from control; **P<0.05,
significantly different from
SAH

Brain structures Control (N=6) SAH (N=8) SAH+MG (N=8)

Vestibular nucleus 1.67±0.35 1.22±0.26* 1.83±0.46**
Cerebellar cortex 0.59±0.07 046±0.10* 0.59±0.11**
Vermis 0.70±0.05 0.49±0.11* 0.62±0.08**
Potine gray 0.73±0.07 0.55±0.11* 0.74±0.09**
Inferior colliculus 2.06±0.34 1.65±0.25* 2.31±0.16**
Visual cortex 1.15±0.18 0.73±0.30* 1.04±0.17**
Medial geniculate 1.82±0.40 1.27±0.29* 1.71±0.43**
Auditory cortex 1.88±0.48 1.35±0.39* 1.83±0.53
Superior colliculus 1.02±0.66 0.77±0.17* 0.87±0.11
Substantia nigra 0.66±0.04 0.59±0.12* 0.68±0.08
Lateral geniculate 1.06±0.19 0.75±0.22* 0.93±0.19
Parietal cortex 1.01±0.12 0.70±0.24* 1.01±0.22**
Corpus callosum 0.18±0.03 0.16±0.04 0.19±0.04
Thalamus 1.23±0.18 0.92±0.25* 1.24±0.27**
Hypothalamus 0.76±0.09 0.62±0.15 0.78±0.14**
Hippocampus 0.68±0.09 0.51±0.13* 0.64±0.10**
Barrel cortex 1.58±0.38 1.16±0.35 1.63±0.61
Pyriform cortex 0.67±0.10 0.49±0.13* 0.58±0.18
Amygdala 0.72±0.12 0.53±0.14* 0.62±0.17
Internal capsule 0.24±0.02 0.22±0.03 0.23±0.04
Globus pallidus 0.42±0.03 0.40±0.12 0.44±0.06
Caudate 0.98±0.19 0.80±0.27 0.96±0.17
Motor cortex 1.75±0.38 1.21±0.34* 1.65±0.33**
Genu of corpus callosum 0.23±0.05 0.22±0.05 0.24±0.05
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concentration within the 2.2–3.1-mmol/L range, and serious
side effects of respiratory suppression have been reported
with levels above 3.1 mmol/L [34]. These facts suggest that
the CSF Mg2+ concentrations required to ameliorate
vasospasm are hard to achieve by intravenous administra-
tion of Mg2+ without clinical toxicity.

Clearly, reaching and maintaining the therapeutic con-
centration of Mg2+ in the CSF probably requires intra-
cisternal continuous infusion of magnesium sulfate. Further
study is required to assess the duration of the reversal effect
of intracisternal magnesium infusion on reduced CBF after
SAH before clinical application. Indeed more preclinical

Fig. 2 Comparison of standard-
ized local CBF values in 24
local cerebral structures. Stan-
dardized CBF values were
obtained as local CBF values
measured in SAH+MG rats
(solid circles) and SAH rats
(open squares) divided by the
mean local CBF values of the
SAH group for the 24 brain
structures. Points and bars rep-
resent the mean±2 standard
errors. Differences in local CBF
were evaluated by two-way
ANOVA, showing F values of
increasing in the order of cranial
area (14.72), middle area
(30.46), and caudal area (55.89)
and indicating the more promi-
nent effect of magnesium sulfate
infusion in the caudal area

Fig. 1 Digitized [14C]iodoanti-
pyrine autoradiograms showing
local cerebral blood flow (CBF)
quantitatively encoded in color.
Control rats received intracister-
nal infusion of normal saline
(left column); subarachnoid
hemorrhage (SAH) rats received
intracisternal infusion of normal
saline (center column); SAH+
MG rats received intracisternal
infusion of 10 mmol/L magne-
sium sulfate in normal saline
(right column). SAH rats
showed decreased CBF
throughout the brain, which was
improved in SAH+MG rats
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data is needed about the optimal concentration of magne-
sium sulfate, optimal timing to start and duration of the
infusion, neurotoxicity of intracisternal injection, and so on.
However, the present findings indicate that intracisternal
infusion of magnesium sulfate is a promising vasodilation
treatment to ameliorate cerebral vasospasm in patients with
ruptured intracranial aneurysm.
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Comments

Carl Muroi, Zürich, Switzerland
The potential prophylactic benefit of systemic magnesium sulfate

(Mg) application has been evaluated in more than ten clinical trials with
some remarkable results [1]. Less is known about the effect of topic Mg
application. Mori et al. report a reverse of reduced cerebral blood flow
(CBF) by intracisternal application of Mg in a rat subarachnoidal
hemorrhage model. The reverse of vasospasm in terms of dilated spastic
arteries by topic Mg application has already been documented in a rat
model earlier [2]. However, in the present study, the improvement of
(decreased) CBF is documented clearly, which was not done in previous
studies. The shortcoming of the study is that the prophylactic aspect and
the long-term effects have not been investigated.
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Kazuhiko Nozaki, Kyoto, Japan
Cerebral vasospasm still strongly influences morbidity/mortality

rates after subarachnoid hemorrhage, and new neuroprotective and
anti-vasodilatory agents may improve a patient’s outcomes. Magne-
sium sulfate is one of the candidates against cerebral vasospasm
because of its neuroprotective and vasodilatory effects, and the
efficacy of its intravenous administration seems to be the same as
that of nimodipine in a clinical study (Neurosurgery 58:1054–1065).
In this paper, the authors focused on the effect of intracisternal
infusion of magnesium sulfate on CBF using a rat double-hemorrhage
model and found that 30 min of infusion on day 5 improved CBF
reduction in almost all areas without any histological changes. The
data provided seem to be promising, and because intracisternal
thrombolysis may improve a patient’s outcome (Neurosurgery
54:326–334, 2004), the concentration of magnesium in irrigation
solutions should also be adjusted for effective levels. However, further
experimental studies should be performed before any clinical use.
They should examine the duration of effectiveness and any side effects
after continuous intracisternal infusion because cerebral vasospasm
occurs and persist for 1 or 2 weeks.
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