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SUMMARY

Aims: While a number of studies have shown that free magnesium (Mg) decline is a fea-

ture of traumatic brain injury (TBI), poor central penetration of Mg has potentially limited

clinical translation. This study examines whether polyethylene glycol (PEG) facilitates cen-

tral penetration of Mg after TBI, increasing neuroprotection while simultaneously reducing

the dose requirements for Mg. Methods: Rats were exposed to diffuse TBI and adminis-

tered intravenous MgCl2 either alone (254 lmol/kg or 25.4 lmol/kg) or in combination

with PEG (1 g/kg PEG) at 30-min postinjury. Vehicle-treated (saline or PEG) and sham ani-

mals served as controls. All animals were subsequently assessed for blood-brain barrier per-

meability and edema at 5 h, and functional outcome for 1 week postinjury. Results:

Optimal dose (254 lmol/kg) MgCl2 or Mg PEG significantly improved all outcome parame-

ters compared to vehicle or PEG controls. Intravenous administration of 10% MgCl2 alone

(25.4 lmol/kg) had no beneficial effect on any of the outcome parameters, whereas 10%

Mg in PEG had the same beneficial effects as optimal dose Mg administration. Conclusion:

Polyethylene glycol facilitates central penetration of Mg following TBI, reducing the con-

centration of Mg required to confer neuroprotection while simultaneously reducing the

risks associated with high peripheral Mg concentration.

Introduction

Brain free magnesium (Mg) decline has been identified as a ubiq-

uitous secondary injury factor leading to neurological deficits fol-

lowing traumatic brain injury (TBI) [1–3]. While extensive

evidence for a neuroprotective role for Mg in experimental TBI

has been reported [4–6], this has not been consistently translated

to the clinical setting. In a small clinical trial with a well-defined

patient population [7], acute Mg administration following TBI

resulted in a significant improvement in outcome as assessed by

the Glasgow Outcome Scale at 3 months. However, in a larger

trial with a more heterogeneous patient pool [8], there were no

beneficial effects associated with prolonged Mg administration,

with higher doses of Mg administration being associated with

deleterious side effects. Reports have suggested that the lack of

central penetration of Mg may account for the trial inconsistencies

[9–11].

Polyethylene glycol (PEG) is a hydrophilic polymer that

attaches to various protein medications increasing their mem-

brane permeability, decreasing rate of clearance, and facilitating

longer acting medicinal effects, longer dosing intervals, and reduc-

ing toxicity [12]. While a limited number of studies have utilized

PEG as a membrane sealing agent in the treatment of TBI [13,14],

none have used the compound to facilitate blood–brain barrier

(BBB) penetration. In contrast, previous studies have used com-

bined Mg and PEG in traumatic spinal cord injury [15,16] with

the studies of Ditor et al. [16] demonstrating that MgSO4 in a PEG

formulation resulted in improved neuroprotection around the

injury site and greater locomotor recovery in spinal cord trauma

compared to administration of MgSO4 alone [16]. Later, Kwon

et al. [17] established the optimal dose for Mg in a PEG formula-

tion to help guide the treatment parameters for a clinical trial of a

Mg salt in PEG formulation in acute human spinal cord injury.

The comparison between MgSO4 and MgCl2 in PEG showed no

statistical difference between the two salts, but the authors noted

that the MgCl2-treated group appeared to have slightly better

locomotor recovery early on compared to the MgSO4 treated

group.

In the current study, we have examined the efficacy of MgCl2

with or without PEG on edema, BBB permeability, and functional

outcome after TBI. Additionally, we examined the effect of a 10%

Mg dose in PEG versus 10% MgCl2 alone on the same outcome

parameters to determine whether PEG facilitates CNS entry of Mg.

Methods

All experimental protocols were approved by the Animal Ethics

Committee of the University of Adelaide. Injury was induced
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using the Marmarou impact acceleration model of diffuse trau-

matic brain injury as described in detail elsewhere [18,19]. Briefly,

adult male Sprague rats (300–400 g; n = 96) were initially anaes-

thetized with 5% isoflurane in room air before being intubated

and maintained on 1.5–2% isoflurane in room air using a rodent

ventilator. A midline incision was then made to expose the skull,

and a 10-mm stainless steel disk (3 mm depth) fixed centrally

between lambda and bregma using a polyacrylamide adhesive.

The rat was then placed on a 10-cm foam bed, and injury was

induced by dropping a 450-g brass weight from a height of 2 m

onto the stainless steel disk as previously described. This level of

injury has been associated with the production of moderate-to-

severe functional deficits [4,18]. The animal and 10-cm foam bed

was immediately removed after impact, thus preventing any

potential second impact with the weight rebound. An additional

20 animals served as sham surgical (uninjured) controls. The steel

disk was removed from the skull and midline incision closed using

surgical clips before being weaned from the ventilator over the

next 10 min. Body temperature in all animals was maintained at

37°C using a thermostatically controlled heating pad.

At 30 min after injury induction, animals were administered

with an intravenous dose of MgCl2 (254 lmol/kg), Mg PEG

(254 lmol/kg MgCl2 in 1 g/kg PEG), PEG (1 g/kg), an equal vol-

ume of saline (vehicle), 10% MgCl2 (25.4 lmol/kg), or 10% Mg

PEG (25.4 lmol/kg MgCl2 in 1 g/kg PEG). The optimal dose of

MgCl2 (254 lmol/kg) was taken from previous work by our labo-

ratory [4].

For BBB permeability [19], 2 mL/kg of 4% Evan’s blue dye was

injected via the tail vein at 4.5 h after injury, allowed to circulate

for 30 min before the animals were saline-perfused, decapitated,

and their brains removed. The right and left hemispheres were

individually weighed before being homogenized with phosphate-

buffered solution and trichloroacetic acid. Samples were then

cooled overnight and centrifuged for 30 min at 1000 g the follow-

ing day. The supernatants were removed, and the amount of

Evan’s blue was measured at 610 nm using a spectrophotometer.

Evan’s blue is expressed as lg/g of brain tissue against a previously

obtained standard curve for Evan’s blue absorbance.

Brain water content (edema) was calculated on the basis of wet

weight versus dry weight using a Mettler Toledo halogen moisture

analyzer as previously described by Plesnila and colleagues [20].

Briefly, at 5 h after injury, brains were rapidly removed and sec-

tioned into left and right hemispheres, which were placed on sep-

arate slides. Another slide was placed on top of the tissue on each

slide, and the tissue was then crushed into a paste between the

two slides. The slides were the placed into the moisture analyzer

in which they were weighed before being rapidly heated to 180°C

for 10 min and subsequently reweighed. The final % water read-

ing is displayed automatically at the conclusion of the assessment.

Neurological outcome was assessed up to 7 days following TBI

using the rotarod test for motor deficits [4,21] and the object

recognition test for cognitive deficits as previously described

[22,23]. The rotarod test requires an animal to walk on a motor-

ized rotating assembly of 18 rods, each 1 mm in diameter. The

rotational speed of the assembly is increased from 0 to 30 revolu-

tions per minute (rpm) in intervals of 3 rpm every 10 second. The

duration in seconds at the point at which the animal completed

the 2-min task, fell from the rods, or gripped the rods and spun for

two consecutive turns rather than actively walking on the rods

was recorded as the final score.

The object recognition cognitive test consists of an open box

(80 cm long, 80 cm wide and 80 cm high) with objects placed

within the box. The objects to be discriminated are made of a bio-

logically neutral material such as glass, plastic, or metal and

weighted so that the animals will not move them around. The test

consists of a sample phase (3 min) and a choice phase (3 min)

with 15-min retention interval between the two phases. In the

sample phase, two identical objects are placed in the box. The ani-

mal is then placed in the box, and the total time spent exploring

each object is recorded. After 3 min of exploration, the rat is

removed from the open box and returned to its cage. After a delay

of 15 min, the rat is reintroduced to the open box and a choice

phase is started for a further 3 min. In the choice phase, one of

the objects is replaced with a new novel object. The time spent in

exploring each object is again recorded. The time is recorded only

when the rat touches the object with its nose or the rat’s nose is

directed toward an object at a distance of ≤2 cm. Turning around

or sitting on the object is not considered as exploratory behavior.

Uninjured animals spend more time exploring the new object

rather that the familiar one.

Histology was performed on coronal slices taken at �4.5 mm

from bregma, focusing on the left and right hippocampi, which

are thought to be associated with behavioral outcome. Animals

were perfusion-fixed at the end of the 7-day neurological assess-

ment period using 10% buffered formalin (pH 7.4). Their brains

were then removed and stored in 10% buffered formalin for

3 days before being cut into 2-mm coronal slices, using a Kopf

rodent blocker, and embedded in paraffin. Paraffin-embedded

blocks were cut into 5-lm sections and stained using hematoxylin

and eosin (H&E) to assess dark cell change as previously described

elsewhere [24]. Slides were digitally scanned using a NanoZoomer

(Hamamatsu, Japan) and viewed with the associated proprietary

viewing software.

All data are expressed as mean � SD and were analyzed using

Graphpad Prism� (La Jolla, CA, USA). Statistical differences for

BBB and edema (n = 5–6 per group) were determined using one-

way analysis of variance followed by Bonferroni post hoc tests.

Functional outcome (n = 5–8 per group) was analyzed by

repeated-measure analysis of variance followed by Tukey’s multi-

ple comparison tests. A P value of 0.05 was considered significant.

Results

Blood–Brain Barrier Permeability

The permeability of the BBB was assessed using Evan’s blue dye,

which binds to albumin. Under normal circumstances, the BBB is

intact thereby preventing large molecules from crossing. However,

upon disruption of this barrier, large protein molecules like albu-

min may enter the brain parenchyma. In sham animals, the

amount of Evan’s blue in the brain parenchyma was negligible

(3.4 � 0.3 lg/g), consistent with the presence of an intact BBB

(Figure 1). In animals subject to TBI and administered saline (ve-

hicle) at 30-min postinjury, brain Evan’s blue concentration was

52.2 � 1.0 lg/g (P < 0.0001 vs. sham), reflecting increased BBB

permeability. Treatment with Mg PEG or MgCl2 reduced barrier
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permeability to near sham levels following TBI to 3.9 � 0.4 lg/g
and 4.8 � 0.5 lg/g, respectively, indicating a relatively intact

BBB. On the other hand, treatment with PEG alone did not

improve BBB permeability, with brain Evan’s blue concentration

at almost vehicle levels (50.5 � 1.1 lg/g; P < 0.0001). When the

dose of the Mg salt was reduced to 10% of optimal, brain Evan’s

blue concentration was 52.0 � 0.6 lg/g, which was no different

to the vehicle-treated animals. In contrast, when the reduced

magnesium concentration was administered in combination with

PEG (10% Mg PEG), brain Evans blue was again reduced to sham

levels (3.8 � 0.1 lg/g; P < 0.0001).

Edema

Sham or uninjured animals demonstrated a brain water content at

5-h posttrauma of 78.4 � 0.2% (Figure 2), which is consistent

with values reported by others in rat experiments [25,26]. After

TBI, brain water content in saline-treated (vehicle) animals was

79.13 � 0.19% (P < 0.001), supporting the development of mild

edema, which is typical in this type of injury (Figure 2). Treat-

ment with PEG alone did not significantly reduce brain water con-

tent compared with saline-treated (vehicle) animals, with a value

of 79.08 � 0.38% (P < 0.001) recorded at 5 h. The brain water

content following administration of optimal doses of Mg PEG and

MgCl2 was 78.82 � 0.14% and 78.83 � 0.22%, respectively,

which is significantly less than vehicle- and PEG-treated controls

(P < 0.001) and similar to sham levels. Reducing the dose of

MgCl2 to 10% of the optimum dose negated the beneficial effects

of Mg administration, with brain water values of 79.16 � 0.10%

recorded, which is similar to vehicle controls. In contrast, adminis-

tration of 10% MgCl2 in PEG significantly reduced brain water to

78.61 � 0.14%, which is significantly less than PEG alone

(P < 0.05).

Motor Outcome

Sham animals demonstrated consistently high rotarod scores aver-

aging 120 second over the 7-day assessment period (Figure 3).

After diffuse TBI, the saline-treated (vehicle), PEG-treated and

10% MgCl2 (25 lmol/kg)-treated animals all demonstrated signif-

icant motor deficits (P < 0.0001) versus sham animals, recording

rotarod scores of between 20 and 40 second for the entire 7-day

assessment period. In contrast, animals treated with either optimal

dose MgCl2 (254 lmol/kg), optimal dose MgCl2 in PEG (Mg PEG),

or low dose MgCl2 (25 lmol/kg) in PEG showed significantly

higher rotarod scores than vehicle-treated animals (P < 0.0001).

Indeed, animals treated with both low and optimal dose magne-

sium in PEG recorded rotarod scores that were comparable to the

sham values between days 4–7 following TBI.

Cognitive Outcome

In the sample phase of the object recognition test, all animals were

exposed to two identical objects, which they equally explored

(Figure 4). In the choice phase, sham-injured animals spent sig-

nificantly more time (P < 0.0001) exploring the novel object,

Figure 1 BBB permeability in rats at 5 h following moderate diffuse TBI.

Animals were treated at 30 min after TBI with 254 lmol/kg MgCl2 (optimal

dose), Mg PEG (254 lmol/kg MgCl2 in 1 g/kg PEG), PEG alone, an equal

volume of vehicle (saline), 10% MgCl2 (25 lmol/kg), or 10% Mg PEG.

****P < 0.0001 versus shams.

Figure 2 Edema at 5 h after moderate diffuse TBI in rats. Animals were

treated at 30 min after TBI with 254 lmol/kg MgCl2, Mg PEG (254 lmol/kg

MgCl2 in 1 g/kg PEG), PEG alone, an equal volume of vehicle (saline), 10%

MgCl2 (25 lmol/kg), or 10% Mg PEG. ***P < 0.001 versus shams;
†P < 0.05 versus vehicle.

Figure 3 Motor function over 7 days following TBI as assessed using the

rotarod. Animals treated with 254 lmol/kg MgCl2, Mg PEG (254 lmol/kg

MgCl2 in 1 g/kg PEG), or 10% MgCl2 (25 lmol/kg) in PEG performed

significantly better (P < 0.0001) than vehicle-, PEG- or 10% MgCl2

(25 lmol/kg)-treated controls. For clarity, significance symbols have been

omitted.
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reflecting the ability to recall the prior object and showing more

interest in the novel object. In contrast, vehicle-treated animals

explored both objects equally, being unable to differentiate

between the objects after TBI. Similarly, animals subject to TBI

and treated with either PEG or 10% MgCl2 could not differentiate

between the familiar and novel object in the choice phase, indicat-

ing significant cognitive deficits. On the other hand, animals trea-

ted with the optimal dose MgCl2, optimal dose MgCl2 in PEG, or

10% MgCl2 in PEG spent significantly more time (P < 0.0001)

exploring the novel object, demonstrating cognitive ability equal

to sham animals.

Histology

In contrast to sham animals (Figure 5A), sections from vehicle-

treated animals demonstrated extensive dark cell change and vac-

uolization in the CA3 region of both hippocampi, together with a

loss of layer architecture. These changes are typical of what has

been previously described at 7 days following rodent TBI and

reflect the presence of persistent cell injury and neuronal cell loss

[24,27]. Treatment with optimal dose MgCl2 (Figure 5C) mark-

edly attenuated the occurrence of CA3 dark cell change and vac-

uolization relative to the vehicle-treated animals, although the

10% magnesium dose had no such neuroprotective benefit. In

contrast, 10% MgCl2 in PEG (Figure 5F) was highly neuroprotec-

tive compared to PEG treatment alone.

Discussion

In this study, a diffuse closed head injury model was used to inves-

tigate the effect of combined MgCl2 and PEG on edema, BBB per-

meability, and functional and histological outcome after TBI.

Furthermore, we examined whether PEG facilitated CNS entry of

Figure 4 Object recognition test outcomes after diffuse TBI in rats.

Animals were treated with 254 lmol/kg MgCl2, Mg PEG (254 lmol/kg

MgCl2 in 1 g/kg PEG), PEG alone, an equal volume of vehicle (saline), 10%

MgCl2 (25 lmol/kg), or 10% Mg PEG at 30-min postinjury. ****P < 0.0001

compared to original object.

(A) (B)

(C) (D)

(E) (F)

Figure 5 H&E-stained hippocampal (CA3) sections at 7 days following diffuse TBI in rats. A: sham; B saline vehicle; C: 254 lmol/kg MgCl2; D: 10% MgCl2

(25 lmol/kg); E: PEG alone; F: 10% Mg PEG. Arrows indicate the CA3 field with extensive dark cell change visible. Scale bar = 200 lm.
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Mg. To the best of our knowledge, this is the first study to demon-

strate the effects of Mg PEG on edema, BBB permeability, and

functional and histological outcome after TBI as well as to demon-

strate that coadministration of PEG effectively reduces the dose of

MgCl2 required for neuroprotective efficacy.

Previous studies with magnesium salts have demonstrated Mg’s

beneficial effects on the BBB [26,28]. In the current study, we

used the 5-h time point to determine the effects of the various

therapies on BBB permeability given that this time point has been

shown to have maximal BBB permeability in previous studies of

TBI, with maximum development of vasogenic edema [19]. Our

results demonstrate that the saline (vehicle)-treated animals had

an increase in uptake of the Evan’s blue dye indicating increased

BBB permeability compared to the sham animals. Similarly, ani-

mals treated with PEG also demonstrated high BBB permeability

after TBI. The animals treated with optimal dose Mg, with or with-

out PEG, significantly attenuated BBB permeability such that they

were no longer different from the shams. Furthermore, animals

treated with 10% of the optimal Mg dose were not different from

vehicles, whereas those treated with 10% of the optimal Mg dose

in PEG were significantly improved relative to vehicle animals,

and similar to optimal dose Mg-treated animals.

Similar results were observed with respect to edema. While a

number of studies have demonstrated that Mg attenuates edema

following TBI [26,29,30], the current study shows that Mg in a

PEG formulation also reduces edema and that 10% of the optimal

Mg dose in PEG dose has the same beneficial effects as the optimal

dose of Mg.

Polyethylene glycol is a nontoxic molecule that is considered a

membrane sealant that freely enters the rat brain parenchyma

[13,14], as well as being capable of attaching to various protein

medications increasing their membrane permeability, decreasing

rate of clearance, and facilitating longer acting medicinal effects,

longer dosing intervals, and reducing toxicity [12]. While earlier

reports suggest that in itself, PEG may be beneficial in TBI [13,14],

the compound had no significant effects on any of the outcome

parameters used in the current study, similar to results previously

reported in spinal cord injury [16,17]. Nonetheless, when com-

bined with a low dosage of Mg, PEG enhanced central penetration

of the Mg. Indeed, the 10% Mg PEG dose had the same beneficial

effects as the optimal Mg dose, while in contrast, the 10%Mg dose

alone was completely ineffective and the outcomes identical to

that of the saline-treated animals. Previous studies with Mg salts

alone have demonstrated beneficial effects of Mg on the BBB and

edema after TBI [26,28]. This is the first study to show the benefi-

cial effects of MgCl2 in a PEG solution, at doses of Mg that are inef-

fective on their own.

Our current results also showed that Mg, Mg PEG, and 10% Mg

PEG attenuated functional deficits following severe diffuse TBI.

The rotarod test was the preferred test for motor function because

it has previously been shown to be the most sensitive after TBI

[4,21]. The object recognition test was preferred for cognitive

assessment and recognition memory in the current study because

it is highly reproducible [22, 23]. The motor and cognitive results

are consistent with a number of previous studies that have shown

significant improvement in functional outcome after TBI with Mg

administration [3,4,6,31].

Finally, the histological examination of the CA3 region of the

hippocampi demonstrated that optimal dose MgCl2 and 10% Mg

PEG markedly attenuated H&E-associated dark cell change, in

contrast to 10% MgCl2 alone which has no positive effect relative

to saline (vehicle)- or PEG-treated animals. Dark cell change is a

phenomenon found within the brain following many conditions

including TBI, hypoglycemia, and ischemia and is thought to

result from Ca2+ influx, with subsequent energy depletion, phos-

pholipase and other enzyme activation, and potentially leading to

cell death [32,33]. While dark cell change has been shown in both

the cortex and hippocampus after TBI, the changes are particu-

larly apparent in the CA3 region of the hippocampus where they

persist for at least 7 days [32]. Moreover, these changes in the hip-

pocampus have been shown to be associated with cognitive defi-

cits in rodent TBI models [34]. Our present results indicate that

the 10% magnesium dose in PEG markedly reduced the dark cell

change in the hippocampus, consistent with the improved out-

come noted in the cognitive tests.

In conclusion, this study demonstrates that administration of

Mg PEG 30 min after TBI reduces edema and BBB permeability

and improves functional (motor and cognitive) and histological

outcome. Moreover 10% Mg PEG showed significant beneficial

effects when compared with the 10% MgCl2 dose, which in itself

has no beneficial effect. These findings suggest that when used in

combination with Mg, PEG facilitates central penetration of the

Mg salt after TBI. Accordingly, lower doses of Mg may be used in

combination with PEG thereby reducing the possibility of any

potential side effects associated with high blood Mg concentration.
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