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Abstract Injury to the spinal cord results in disruption of
neurons, cell membranes, axons, myelin, and endothelial
cells. The aim of this study was to demonstrate the
protective effect of magnesium sulfate on the blood-spinal
cord barrier after acute spinal cord injury (SCI). This
experiment was conducted in two parts. In the first, rats
were injected intravenously with Evans blue 2 h after SCI.
The laminectomy-only group had no trauma. Contusion
injury (50 g-cm) was applied to the trauma and treatment
groups. Magnesium sulfate (600 mg/kg) was given to the
treatment group immediately after injury. For the second
part, clinical evaluations were performed 24 h post
surgery. Then, following Evans blue injection, spinal
cord samples were obtained from the laminectomy-only,
trauma, and treatment groups. For the control group,
nontraumatized spinal cord samples were taken after
Evans blue injection following clinical examination.
Laminectomy did not affect the spinal cord Evans blue
content in 2-h and 24-h groups. The trauma increased
tissue Evans blue content, and 24-h samples showed more
remarkable tissue Evans blue content, suggesting second-
ary injury. Application of 600 mg/kg of magnesium
resulted in lower Evans blue content in the spinal cord
than with injury. Remarkable clinical neuroprotection was
observed in the treatment groups. Magnesium sulfate
showed vaso- and neuroprotective properties after contu-
sion injury to the rat spinal cord. The authors also
demonstrated secondary injury of the blood-spinal cord

E. Kaptanoglu - E. Beskonakli - I. Solaroglu - Y. Taskin
Department of Neurosurgery,

Ankara Numune Education and Research Hospital,
Ankara, Turkey

E. Beskonakli (P)

Mertler Sokak 41/6, 06510 Bestepe, Ankara, Turkey
e-mail: ebeskonakli@hotmail.com

Tel.: +90-312-2120636

A. Kilinc
Department of Biochemistry,
Hacettepe University Faculty of Medicine, Ankara, Turkey

barrier with the Evans blue clearance technique for the
first time.
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Introduction

Primary injury is initial mechanical damage to the spinal
cord that results in disruption of neural and vascular
structures, whereas secondary injury is progressive cell
injury that collectively damages intact, neighboring
tissue. It has been postulated that one of the most
important factors precipitating post-traumatic neuronal
degeneration is local vascular damage of the spinal cord
microcirculation [1, 2, 3]. Decreased spinal cord micro-
vascular patency and blood flow result in spinal cord
ischemia beginning minutes after severe contusion or
compression injury [4]. Severe vasospasm develops, and
ruptured sulcal venules with numerous leukocytes in the
vicinity of these vessels are observed up to 24 h after the
injury (SCI) [5]. Blood-spinal cord barrier disruption and
the inflammatory response expose neurons to blood cells
and molecules that can be more damaging to intact and
injured neighboring structures [6]. The histological effects
include early hemorrhagic necrosis leading to major
infarction at the injury site [3].

Although primary injury cannot be avoided, secondary
injury may be prevented by pharmacological interven-
tions. Magnesium is a well known neuroprotective agent
in experimental brain injury and spinal cord ischemia [7,
8,9, 10, 11]. It prevents glutamate toxicity by N-methyl-
D-aspartate receptor blockage in neural structures [12].
Magnesium deficiency enhances free radical-induced
intracellular oxidation and cytotoxicity in endothelial
cells [13]. Glutamate accumulation and free radical
generation in the abdominal aorta has been blamed for
tissue damage after ischemia/reperfusion injury [14].
Magnesium also reverses experimentally delayed cerebral
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vasospasm after subarachnoid hemorrhage [15] and has a
beneficial effect in eclampsia by preventing vascular
changes resulting from vasoconstriction [16]. These data
suggest a potential role of magnesium in the prevention of
spinal cord vascular and neuronal injury.

Evans blue has been used extensively as an indicator of
vascular permeability in heart, liver, pancreas, kidney,
diaphragm, trachea, and lung parenchyma [17, 18, 19].
Blood-spinal cord barrier damage and increased micro-
vascular permeability have been shown in syringomyelia,
spinal cord transection, ischemia, and edema by photo-
spectrometric and morphologic methods [20, 21, 22, 23].
Blood-brain damage and drug effects have also been
quantified according to the extravasation of Evans blue in
subarachnoid hemorrhage [24].

Restoration of vascular changes and prevention of
blood-spinal cord barrier damage result in prevention of
secondary neural injury to the spinal cord. The objective
of the current study was to demonstrate the vasoprotective
and neuroprotective effects of magnesium in the spinal
cord after contusion injury. Tissue Evans blue content
was used as an indicator of the blood-spinal cord barrier.
Clinical evaluations were also performed to demonstrate
the neuroprotective effect of magnesium after SCIL.

Methods

Experimental groups

Sprague-Dawley rats were randomly allocated into seven groups of
six rats each. The study was conducted in two parts. In the first part,
the animals were killed after Evans blue application 2 h post
trauma. The groups were divided as follows: controls in which 1-
cm spinal cord samples were obtained immediately after laminec-
tomy, a laminectomy-only group in which 1-cm noninjured spinal
cord samples were obtained 2 h after laminectomy, a trauma group
in which 1-cm spinal cord samples were obtained 2 h post trauma,
and a treatment group in which 600 mg/kg single doses of
magnesium sulfate (Biofarma, Istanbul, Turkey) were introduced
immediately after induction of SCI and samples of which were
obtained 2 h after the trauma.

In the second part of the experiment, animals were killed 24 h
post trauma and divided into laminectomy-only, trauma, and
treatment groups. Spinal cord samples were taken after 10 min of
perfusion with Evans blue following clinical examinations. The
control group from the first part was also used as a control in the
second part. Clinical evaluations of the rats were performed only in
the second part of the study.

Surgical procedure

Female Sprague-Dawley rats weighing 220-270 g were used. The
surgical procedure was performed under general anesthesia induced
intramuscularly by 10 mg/kg of xylasine (Bayer, Istanbul, Turkey)
and 60 mg/kg of ketamine hydrochloride (Parke Davis, Istanbul,
Turkey). The rats were placed in a prone position. Following T6-10
midline skin incision, paravertebral muscles were dissected. The
T7-9 spinous processes were removed, and laminectomy was
performed. The meninges were left intact. Spinal cord contusion
injury, produced by the weight drop method of Allen [25], was
50 g-cm. After the surgical and traumatic interventions, the surgical
wounds were closed in layers with silk sutures.

Application of Evans blue and sample preparation

For control groups, the rats were anesthetized with the combination
of ketamine and xylasine, as described above, and Evans blue
(Merck, Darmstadt, Germany) was introduced. Animals on which
surgery had been performed previously were reanesthetized. Evans
blue was introduced to the rats 2 h after operations for the first part
and 24 h after operations for the second part.

The jugular veins were dissected after longitudinal cervical skin
incision. Evans blue was dissolved in 0.9% NaCl at a concentration
of 2 g/100 cc, and 50 mg/kg of this was given to each rat. A 27-
gauge dental needle was used to introduce the Evans blue through
the jugular veins. Intracardiac perfusion was performed with 75 cc
of saline solution at minute 10 of Evans blue administration. Then
the animals were placed in a prone position. The skin was opened
and the dura incised longitudinally above the laminectomized
spinal cord. Spinal cord samples were taken from the operated
spinal cord areas. It was ensured that precisely the same size of
spinal cord tissue samples, 1 cm each, was taken to avoid
fluctuation in the ratio of traumatized to nontraumatized spinal
cord segments. The tissue samples were kept at —20°C until
spectrophotometric evaluation.

Determination of spinal cord Evans blue content

The tissues were weighed and their dye content was extracted in
formamide at room temperature for 18 h. The absorbance of
extracted dye was measured at 620 nm using a spectrophotometer.
Dye content was expressed in terms of ug dye per g wet tissue. A
standard curve was estimated, and the absorbance of 1 ug dye
corresponded to 0.062. The corrections were made as follows.
Tissue dye content was first corrected to show the absorbance of
each sample for 1 g of wet tissue (absorbance of dye per g wet
tissue). For the second correction, these values were converted into
ug dye per g wet tissue. The observers performing spectrophoto-
metric evaluation were blinded.

Functional evaluation

Behavioral evaluation was applied to the rats in the 24-h groups.
Hind limb functions were assessed by the inclined plane (IP)
technique of Rivlin and Tator [26], by the Basso, Beattie, and
Bresnahan (BBB) scoring system described by Basso et al. [27],
and by a modified Tarlov scale [28]. The BBB scale includes 21
different levels of movements of the hind limbs. Average BBB
scores of both legs were examined. The Tarlov scale presents 5 as a
maximum score. Observers performed the evaluations in a blinded
fashion.

Statistical analysis

The Mann-Whitney U test was used to compare tissue Evans blue
content between control and laminectomy, control and trauma,
trauma and treatment, and control and treatment groups for 2 h and
24 h. It was also used for comparison of clinical results of all
groups. Comparison of spinal cord tissue Evans blue contents was
performed with Wilcoxon’s signed rank test. The data were
expressed as means =+ standard deviation. Probability values lower
than 0.05 were considered statistically significant.

Results

Results are shown in Table 1. There was no difference
between control and laminectomy groups for all variables
in 2-h and 24-h groups (P>0.05). There was a significant
difference between control and trauma groups for tissue



Table 1 The values demonstrate spinal cord tissue Evans blue
contents as ug dye per g wet tissue. Inclined plane results were
presented as degrees, and BBB and Tarlov results were presented as
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scores. The maximum BBB score is 21, and maximum Tarlov score
is 5. Results are presented as means+SD. (/P inclined plane score,
BBB Basso, Beatie, and Bresnahan score, Tarlov Tarlov score)

Control Laminectomy Trauma Treatment (600 mg/kg)

Evans blue 2h 2.0240.35 2.1240.27 12.24+1.46 6.37£0.92
24 h 2.02+0.35 2.22+0.27 21.59+3.30 8.90+1.63

Clinical findings (24 h) 1P 74.17£3.76 72.50+5.24 46.67+4.08 64.17+5.85
BBB 21.00+0.00 20.50+0.55 8.17£1.17 11.50+2.59
Tarlov 5.00+0.00 5.00+0.00 1.83+0.98 3.33+0.82

Evans blue content at 2 h and 24 h (P<0.01) and for 30 1

clinical findings at 24 h (P<0.01). Trauma significantly 2 55

raised spinal cord Evans blue content and significantly < Ozn E24h

lowered clinical results. There was also a significant 2 201

difference between trauma and treatment groups in tissue £ 15

Evans blue content at 2 h and 24 h (P<0.01) and clinical 2

findings of the 24-h groups (IP P<0.01, BBB P<0.05, % '°1

Tarlov P<0.05). Magnesium treatment prevented high 2 s{ ., .. 212 222

Evans blue content of the spinal cord and worsening of é P I | —EEa

clinical results. There was significant difference between &

control and treatment groups in tissue Evans blue content
at 2 h and 24 h (P<0.01) and clinical findings of the 24-h
groups (IP P<0.05, BBB P<0.01, Tarlov P<0.01). Tissue
Evans blue content increased with time following SCI.
There was a significant difference between 2-h and 24-h
trauma groups (P<0.05). This progressive vascular dam-
age indicated secondary injury.

Discussion

Laminectomy did not increase spinal cord blood-spinal
cord barrier permeability at either time interval or affect
clinical findings at 24-h evaluation. We have previously
shown that laminectomy did not damage ultrastructure,
and that finding correlates well with the present study
[29]. Although laminectomy has been shown to reduce
spinal cord blood flow, the degree of this reduction has
been shown insufficient to affect adversely the spinal cord
energy metabolism [30, 31]. We conclude that laminec-
tomy has no injurious effect on spinal cord histology,
energy metabolism, clinical functions, or blood-spinal
cord barrier perfusion in experimental studies.

Trauma increased spinal cord Evans blue content at
both time intervals. Moreover, the difference in this
content between the 2-h and 24-h trauma groups demon-
strated progression of blood-spinal cord damage with
time, which proves the theory of secondary vascular
injury in SCI (Fig. 1). Magnesium treatment decreased
blood-spinal cord barrier damage at 2 h and 24 h after
contusion injury, and spinal cord Evans blue content did
not increase with time in treatment groups. These findings
prove that magnesium sulfate exerts a vasoprotective
effect on spinal cord vasculature after injury. These
results of spinal cord Evans blue content are also
supported by clinical findings, which are also better in
groups treated with magnesium.

Control Laminectomy Trauma Treatment

only

Fig. 1 Graph showing the spinal cord tissue Evans blue contents in
control, laminectomy, trauma, and treatment groups for 2 h (white
bars) and 24 h (gray bars). Secondary injury was seen to differ
significantly (P<0.05) between 2-h and 24-h results of trauma
groups (represented with asterisks). Bars show spinal cord tissue
Evans blue contents in ug dye per g wet tissue, and vertical lines
show standard deviations of the mean

Magnesium may prevent blood-spinal cord leakage by
antagonism of glutamate in the endothelium. Delbarre et
al. showed that ischemia-reperfusion insult caused a
significant increase in the amount of glutamate and free
radical formation in the aorta of gerbils [14]. They
suggested that a simultaneous increase in glutamate and
free radical formation might be similar to that observed in
nervous tissues. The oxidative inactivation in glutamine
synthetase by oxidative events might be one reason for
increased glutamate [32].

It was proposed that the first target of free radicals
during ischemia is the vascular system, especially endo-
thelium [14]. Magnesium is believed to decrease lipid
peroxidation by-products by an indirect action which may
be glutamate antagonism [1, 8]. Dickens et al. demon-
strated that endothelial cells grown in low magnesium
were more susceptible to oxygen radical-mediated lipid
peroxidation [13]. These data imply that magnesium plays
a key role in mediating free radical and glutamate injury
in vascular structures after SCI. Our results support this
hypothesis by demonstrating protection of the blood-
spinal cord barrier with magnesium given exogenously. It
is also possible that magnesium exerts additional vaso-
protection by decreasing free radical generation through
glutamate antagonism in neural structures in the vicinity
of vascular structures.

Magnesium may also cause dilatation of vessels
supplying the spinal cord by stimulating endothelial
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Table 2 Experiments with magnesium in spinal cord ischemia and injury models. (BI before injury, /Al immediately after injury, Alafter
injury, IV intravenous, IP intraperitoneal, IT intrathecal, SC subcutaneous, SSEP somatosensory evoked potentials)

Author, year Total Route Time Spe- Injury type  Assessment Survival Neuro-
amount cies protection

Robertson 100 mg/kg IV 15 min BI Rabbit  Aortic SSEP, motor function, 1-2 days  Good

et al. 1986 occlusion histopathology

Simpson 3 mg/kg IT 20 min BI Canine  Aortic Histopathology, Tarlov 1 day Good

et al. 1994 occlusion

Lang-Lazdunski 100 mg/kg IV 10-30 min BI Rabbit  Aortic Histopathology, Tarlov 1-2-5 days Good

et al. 2000 occlusion

Suzer 300 mg/kg SC 1 hAI Rat Compression SSEP, lipid peroxidation 1 day Minimal

et al. 1999 600 mg/kg by-products (300 mg/kg)
Good
(600 mg/kg)

Kaptanoglu 600 mg/kg 1P IAI Rat Contusion Blood-spinal cord barrier, 2 h, 1 day Good

et al. 2003 motor scores

prostacyclin release [33]. Ram et al. showed that magne-
sium dilates normal cerebral arteries as well as those with
delayed spasm secondary to subarachnoid hemorrhage
[15]. In this study, topical application of magnesium
resulted in more vascular dilatation than the intravenous
route. Concerning the study by Simpson et al., who
showed the neuroprotective effect of magnesium via
intrathecal administration in spinal cord ischemia, both
routes may be used in treating SCI [10]. Sadeh et al. also
suggested that magnesium, which has a beneficial effect
in eclampsia, relieves cortical, periventricular, basal
ganglia, and pons hemorrhages resulting from vasocon-
striction [16]. They proposed that the mechanism under-
lying the action of magnesium on vasospasm may be
attributed to magnesium’s calcium antagonism.

Calcium plays an essential role in arterial tone and
vasospasm [34]. Mg?* is a bivalent anion resembling Ca**
and therefore a competitive antagonist of the latter.
Magnesium results in neuromuscular synapse blockage
and skeletal muscle paralysis via competition with
calcium in the presynaptic membrane. Mg?* and Ca’*
also have opposite effects on vascular tone. An increase in
calcium concentration results in vasospasm of isolated
cerebral arteries, and this effect is alleviated by increasing
the magnesium concentration [35, 36]. Magnesium also
antagonizes Ca’* at the N-methyl-D-aspartate subtype of
glutamate receptor site and decreases calcium influx into
smooth muscle cells [37]. Although the present study did
not concentrate on spinal cord blood flow, we presume
that magnesium may increase blood flow via its vasodi-
lative effect. Studies are needed to demonstrate this effect
in future SCI experiments.

A variety of reports demonstrate the effectiveness of
magnesium treatment in experimental spinal cord isch-
emia [8, 9, 10]. However, until now, only one showed the
beneficial effect of magnesium by improved electrophys-
iological results and decreased lipid peroxidation by-
products after SCI [38]. Suzer et al. showed the beneficial
effect of magnesium in compression SCI, and the results
in our contusion injury model correlate well with their
results.

In vivo studies demonstrating the effects of magne-
sium on spinal cord ischemia and injury are outlined in
Table 2. According to this information, we conclude that
all experiments showed obvious clinical, histopathologic,
electrophysiologic (somatosensory evoked potentials),
and biochemical (malondialdehyde) neuroprotection with
magnesium treatment. This finding correlates well with
the present study. The reason why 100 mg/kg of
magnesium improved histologic, clinical, and electro-
physiologic findings in ischemic spinal cord injury may
be found in the injury model used. Contusion or
compression injuries may cause more severe tissue
damage and require more magnesium concentration in
injured cord segments. Differences in species are also an
important factor, and ischemic injuries were performed in
rabbits and contusion-compression injuries in rats. Mag-
nesium was administered 10 to 30 min before ischemic
injury, but it was given after injury in traumatic SCI
models. This may be another factor influencing dosing
regimens. It is not possible to conclude whether the route
of magnesium application influences the neuroprotective
effect of the drug. However, the studies in which 100 mg/
kg of magnesium was found to be effective used the
intravenous route. We conclude that, although magnesium
is very effective at 600 mg/kg, pharmacokinetic and dose-
response studies should be performed to determine the
most effective dosing regimen in human.

In summary, we conclude that

1. Laminectomy has no injurious effect on the blood-
spinal cord barrier in experimental SCI

2. Blood-spinal cord barrier damage increases after injury
with time, which indicates secondary injury; in this
experimental setting, the secondary injury of vascular
structures and blood-spinal cord damage were demon-
strated by Evans blue for the first time

3. Magnesium sulfate at the dose of 600 mg/kg protects
the blood-spinal cord barrier and neural structures of
the spinal cord from secondary injury.



Coupled with our results, the fact that magnesium

sulfate is a well-known drug approved for the treatment of
many clinical conditions and experimental neurotrauma
models suggests that magnesium may have a role in the
treatment of SCI in humans.
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