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The purpose of this study was to determine the long-
term effects of polyethylene glycol (PEG) and magne-
sium sulfate (MgSO4) on clinically relevant motor,
sensory, and autonomic outcomes after spinal cord
injury (SCI). Rats were injured by clip compression (50
g; T4) and treated 15 min and 6 hr postinjury intrave-
nously (tail vein) with PEG (1 g/kg, 30% w/w in saline;
n ¼ 11), MgSO4 (300 mg/kg; n ¼ 5), PEG + MgSO4

(n ¼ 6), or saline (n ¼ 10). Behavioral testing lasted for
6 weeks, followed by histological analysis of the spinal
cord. Both PEG and MgSO4 resulted in enhanced loco-
motor recovery and lower susceptibility to neuropathic
pain (mechanical allodynia) compared with saline. At
6 weeks, BBB scores were 7.3 6 0.2, 7.7 6 0.4, and
6.4 6 0.6 in PEG-treated, MgSO4-treated, and saline-
treated control groups, respectively. Likewise, at
6 weeks PEG-, MgSO4-, and saline-treated control ani-
mals showed 3.5 6 0.4, 2.8 6 0.9, and 5.0 6 0.5
avoidance responses to at-level touch, respectively.
PEG + MgSO4 improved locomotor recovery and
reduced pain but did not provide additional benefit
compared with either treatment alone. Neither treat-
ment, nor their combination, attenuated mean arterial
pressure (MAP) increases during autonomic dysreflexia.
However, saline-treated controls had significantly lower
resting MAP than PEG-treated rats and tended to have
lower resting MAP than MgSO4-treated rats 6 weeks
postinjury. MgSO4 treatment and PEG + MgSO4 treat-
ment resulted in significant increases in dorsal myelin
sparing, and the latter resulted in significant reductions
in lesion volume, compared with saline-treated controls.
Furthermore, mean lesion volumes correlated negatively
with the corresponding mean BBB scores and posi-
tively with the corresponding mean pain scores. In con-
clusion, both PEG and MgSO4 enhanced long-term
clinical outcomes after SCI. VVC 2007 Wiley-Liss, Inc.
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Spinal cord injury (SCI) is a life-altering event asso-
ciated with a wide range of clinical consequences such as
the loss of locomotor ability, neuropathic pain, and cardi-
ovascular dysfunction. To emphasize the importance of
these clinical issues, roughly 40% of respondents in a
recent survey ranked the elimination of autonomic dysre-
flexia (and related bladder or bowel dysfunction) as either
their first or their second therapeutic priority (Anderson,
2004). Furthermore, chronic pain resolution was the
top therapeutic priority for many respondents, and it
became significantly more prioritized with time postin-
jury (Anderson, 2004).

Several reparative and neuroprotective treatments
for SCI have been investigated, with hopes of minimiz-
ing lesion size and optimizing neurological function.
Polyethylene glycol (PEG), a fusogenic molecule (Duer-
stock and Borgens, 2002; Luo et al., 2002), and magne-
sium sulfate (MgSO4), a molecule with many actions,
including physiological blockade of the N-methyl-D-
aspartate (NMDA) receptor (Muir and Less, 1995) and
caspase-3 inhibition (Solaroglu et al., 2005), are two
treatments that have shown promise in either repairing
or protecting neurons after SCI.

PEG, a hydrophilic polymer, has been shown to
fuse and seal cell membranes of various types, restoring
normal ion permeability (Duerstock and Borgens, 2002;
Luo et al., 2002) and enhancing the compound action
potential (Shi and Borgens, 1999; Shi et al., 1999).
Recently, studies have shown the clinical potential of
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PEG for repairing neural tissue and restoring conductiv-
ity in animal models of SCI. Specifically, PEG adminis-
tration enhanced somatosensory evoked potentials and
recovered white matter-dependent reflexes in guinea
pigs (Borgens and Shi, 2000; Borgens and Bohnert,
2001; Borgens et al., 2002).

However, very few studies have examined function
beyond the acute phase (Borgens and Shi, 2000; Borgens
and Bohnert, 2001; Borgens et al., 2002), and none
have examined clinical outcomes such as locomotor abil-
ity, neuropathic pain, and cardiovascular function. PEG
administration did provide clinical benefit, in terms of
enhanced ambulation, sensation, and proprioception, in
naturally occurring paraplegia in dogs. However, as the
injuries in that study were naturally occurring, rather
than experimental and standardized under laboratory
controls, the results might have been confounded by
injury variability (Laverty et al., 2004).

Recent work has also investigated the neuroprotec-
tive potential of MgSO4 after SCI, because of its ability
to block calcium flux through the NMDA receptor and
thus prevent downstream calcium-induced cellular dam-
age (Muir and Less, 1995) as well as its ability to inhibit
capase-3 activity and thus, inhibit neuronal apoptosis
(Solaroglu et al., 2005). Specifically, high-dose (600 mg/
kg) MgSO4 given immediately after SCI protected the
blood–spinal cord barrier (Kaptanoglu et al., 2003b),
attenuated lipid peroxidation and ultrastructural damage
(Suzer et al., 1999; Kaptanoglu et al., 2003a), and
enhanced somatosensory evoked potentials and locomo-
tion (Suzer et al., 1999; Kaptanoglu et al., 2003a,b) in
rats. However, the animals in these studies were only
examined acutely postinjury (24 hr), and clinical out-
comes such as pain and cardiovascular function were not
considered. Likewise, intraperitoneal administration of
600 mg/kg MgSO4 immediately after experimental SCI
reduced caspase-3 activity (the principal effector in the
apoptotic pathway); however, long-term neurological
benefit was not determined (Solaroglu et al., 2005).

The purpose of this study was to determine the
effects of PEG and MgSO4 on long-term locomotor
recovery, neuropathic pain, and cardiovascular function
after SCI in rats. We also determined whether the puta-
tive benefits could be attributed to spared tissue and
reduced lesion volume. Finally, because their proposed
mechanisms of benefit differ, we investigated whether
combination therapy with PEG and MgSO4 provided
additional benefit over either treatment alone.

MATERIALS AND METHODS

SCI

All protocols for this experiment were in accordance
with the policies established by the Canadian Council on Ani-
mal Care and were reviewed and approved by The University
of Western Ontario Committee on animal experimentation.
Male Wistar rats (Charles River, St. Constant, Quebec, Can-
ada) weighing 200–250 g were used, and the fourth thoracic
(T4) spinal cord segment was injured by 50-g clip compression

as described previously (Bao et al., 2004a,b). Prior to the clip-
compression surgery and carotid cannulation (for blood pres-
sure measurements), all rats were premedicated with diazepam
(3.5 mg/kg, intraperitoneally; Sabex International Ltd., Bou-
cherville, Quebec, Canada) and atropine (0.05 mg/kg, subcu-
taneously; Sigma Chemical, St. Louis, MO). This sedation
facilitated induction of anesthesia by 4% halothane and main-
tenance with 1.5% halothane.

PEG and MgSO4 Treatment

Rats were randomized into one of four treatment
groups; 1) PEG (1 g/kg, 30% w/w in sterile saline; n ¼ 11,
AAIPharma Inc., Wilmington, NC), 2) MgSO4 (300 mg/kg;
n ¼ 5, American Regent Laboratories, Inc., Shirley NY), 3)
PEG in combination with MgSO4 (n ¼ 6), or 4) isovolumet-
ric doses of saline (n ¼ 10). Treatments were given at 15 min
and 6 hr postinjury by intravenous tail vein injection (for a
total dosage of 2 g/kg of PEG, and 600 mg/kg MgSO4), and
the investigators were blind to the treatments being adminis-
tered. Similar dosages of PEG (Laverty et al., 2004) and
MgSO4 (Kaptanoglu et al., 2003a) have yielded ultrastructural
and functional benefit in previous animal studies, which there-
fore, served as the rationale for the present treatment protocol.
Animals were then caged individually and fed ad libitum for
6 weeks.

Behavioral and Physiological Testing

Locomotor function. The locomotor recovery of the
animals was determined by using the 21-point Basso, Beattie,
and Bresnahan (BBB) open-field locomotor scale (Basso et al.,
1995). The test was conducted by two independent observers,
and the scores for the left and right leg were averaged to gen-
erate the actual score for each trial. Locomotor testing was
conducted on the first day postinjury and subsequently twice
per week for 6 weeks.

Neuropathic pain. Mechanical allodynia is a type of
neuropathic pain, common after SCI, characterized by
increased sensitivity to a normally innocuous stimulus. Ani-
mals were tested for mechanical allodynia with a Semmes-
Weinstein monofilament, calibrated to 20 mN (Stoelting Co.,
Wood Dale, IL), that was applied to the dorsal trunk immedi-
ately rostral to, and at, the lesion level (T1–T4), as described
previously (Oatway et al., 2004). Prior to testing, rats were
acclimated to a plexiglass box similar to their home cage for
20 min in a designated testing room. The monofilament was
then applied 10 times, and the number of avoidance responses
was recorded. Each touch stimulus lasted for 3 sec and was
separated by a 5-sec interim, and avoidance responses were
defined as flinching, escape, vocalization, or abnormal aggres-
sive behaviors. A preinjury baseline response to the filament
was established by determining the mean number of avoidance
responses during the week prior to injury. Pain testing was
then resumed 7 days following injury and subsequently con-
ducted once per week until 6 weeks postinjury.

Cardiovascular function. At 39 or 40 days postinjury,
the left carotid artery of each animal was cannulated under
halothane anesthesia. The severity of autonomic dysreflexia
was then tested in each rat approximately 2 or 3 days after
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cannulation by measuring the increase in mean arterial pres-
sure (MAP) during colon distension with a balloon-tipped
catheter inflated with 2.5 ml of air (Weaver et al., 2001).
Blood pressure was continuously monitored until a true rest-
ing baseline was established, and then the balloon was gradu-
ally inflated for 15 sec, with the inflation maintained for
1 min. The MAP was averaged over the entire minute of
inflation to determine the dysreflexic response, and two trials
were conducted for each animal and averaged. The inflation
of the balloon with 2.5 ml of air generates a colon distension
similar to that during the passing of a large fecal bolus and is
only slightly noxious to a rat with an intact spinal cord (Marsh
and Weaver, 2004). Cardiovascular data acquisition and analy-
sis were performed with Powerlab software (AD Instruments,
Mountain View, CA).

Tissue Preparation for Histological Assessment

Animals were anesthetized (2.5 g/kg urethane) and sac-
rificed by transcardial perfusion with cold 0.9% NaCl followed
by 4% formaldehyde. Cord segments approximately 2 cm in
length, rostral and caudal to the T3–T5 segments, were
removed and stored at –808C until use.

Histological Assessment and Calculation of
Lesion Volume

Prior to analysis, the 2-cm spinal cord lengths were cut
into thirds, one-third caudal to the lesion, one-third including
the entirety of the lesion, and one-third rostral to the lesion.
Each third was then cryostat-sectioned longitudinally at
25 lm and serially thaw mounted on slides. One set of cord
sections was stained with solochrome cyanin to detect tightly
packed myelin (Weaver et al., 2001). To identify axons,
another adjacent set of sections was immunoprocessed for
neurofilament 200 with an anti-NF200 mouse monoclonal
antibody (Chemicon, Temecula, CA) and standard proce-
dures, including the diaminobenzidine reaction (Bruce et al.,
2002).

The area of the lesion and of the myelin-stained tissue
was digitally determined on all longitudinal sections with
Image Pro software (Media Cybernetics, Silver Spring, MD).
Two separate analyses were then conducted: 1) an analysis of
the spared myelin dorsal to the lesion epicenter, at the lesion
epicenter and ventral to the lesion epicenter, expressed as a
percentage of the myelin content in the corresponding dorsal-
ventral position from the rostral one-third of spinal cord tis-
sue, and 2) an analysis of the volume of the lesion and the
volume of myelin contained in the middle one-third section
of spinal cord. With respect to the former, each one-third of
the spinal cord, as mentioned above, was sectioned longitudi-
nally in 25-lm slices, and myelin content was digitally deter-
mined for each slice. The myelin content from each slice of
the middle one-third section (containing the lesion) was then
expressed as a percentage of the myelin content from the cor-
responding slice from the rostral section. With respect to the
latter analyses, the volume of the lesion was determined
by summing the distance-weighted values of all the lesion
area measures from the solochrome cyanin stained sections.
Likewise, the volume of myelin contained in each middle

one-third section was calculated by summing the distance-
weighted values of all the myelin area measures from the solo-
chrome cyanin-stained sections.

Statistical Analyses

Data pertaining to locomotor recovery and neuropathic
pain were analyzed via two-way (group 3 time) analysis of
variance (ANOVA), and the Fischer’s-LSD protected t-test
was used post hoc, as needed, to compare means at a given
time postinjury. Separate ANOVAs were used to compare 1)
PEG-treated animals vs. saline-treated controls, 2) MgSO4-
treated animals vs. saline-treated controls, 3) PEG + MgSO4-
treated animals vs. saline-treated controls, and 4) PEG-treated
vs. MgSO4-treated vs. PEG + MgSO4-treated animals. As
such, we investigated the effects of each treatment against the
saline control and then further investigated whether the com-
bination of treatments provided additional benefit over that
provided by each in isolation.

For measures of MAP, both at rest and during colon
distension, as well as all histological measures, treatment
groups were compared with saline-treated controls by Stu-
dent’s t-tests. When comparing the effects of PEG and
MgSO4 vs. the combination of the two treatments, data were
analyzed by one-way ANOVA, and Fischer’s LSD protected
t-test was used post hoc, as needed, to compare means.
Finally, Pearson r correlation analyses were conducted to
determine possible relationships between histological measures
and behavior. Specifically, mean BBB scores obtained during
the last testing session for each of the four groups were corre-
lated with the corresponding mean lesion volume and the per-
centage of spared dorsal myelin. In addition, the mean pain
scores obtained during the last testing session for each of the
four groups were correlated with the corresponding mean
lesion volume and the percentage of spared dorsal myelin. All
data are expressed as mean 6 SEM, and statistical significance
was set at P ¼ 0.05.

RESULTS

Locomotor Function

At day 1 postinjury, no hindlimb function was
apparent in any group (Fig. 1). Both PEG and MgSO4

administration resulted in improved locomotor recovery,
as indicated by the significant group 3 time interactions
for both the PEG and the MgSO4-treated animals vs.
saline-treated controls (P ¼ 0.014 and P ¼ 0.012, re-
spectively). Despite the temporary advantage of the sa-
line-treated control group vs. both treatment groups at
11 days postinjury, PEG-treated animals had significantly
higher BBB scores than saline-treated control animals at
days 35, 39, and 42 postinjury. MgSO4-treated animals
showed an early transient benefit over saline-treated
controls at 7 days postinjury and then a persistent benefit
that became apparent at day 21 and lasted the duration
of the study. Specifically, at 42 days postinjury, BBB
scores were 7.3 6 0.2, 7.7 6 0.4, and 6.4 6 0.6, for
PEG-treated, MgSO4-treated and saline-treated control
animals, respectively (Fig. 1). From a clinical perspective,
these differences are meaningful, in that a BBB score of
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6 corresponds to extensive movement (greater than 50%
range of motion) of only two joints of the hindlimb and
slight movement of the third, whereas a score of 7 cor-
responds to extensive movement of all three joints, and
a score of 8 corresponds to a \sweeping" motion of the
hindlimbs or plantar placement of the paw without
weight support. Four of ten animals in the saline-treated
control group had final BBB scores of less than 7 and there-
fore were not capable of extensive three-joint movement,
whereas only two of 11 animals in the PEG-treated
group and none of the animals in the MgSO4-treated
group had BBB scores less than 7 at the conclusion of
the study.

Although the rats that received the combination of
PEG and MgSO4 had a significantly better locomotor
recovery compared with saline-treated controls (group 3
time interaction, P ¼ 0.001), the combination therapy
added no benefit compared with PEG or MgSO4 ad-
ministration alone, as indicated by the lack of a group 3
time interaction for the three treatments (P ¼ 0.16).
Rats that received combination therapy had BBB scores
of 7.6 6 0.2 at 42 days postinjury (Fig. 1), and none
had a final BBB score less than 7.

Neuropathic Pain

Both the PEG and the MgSO4 treatments had a
positive effect on mechanical allodynia as indicated by
the significant group 3 time interaction for each treat-
ment group vs. saline-treated controls (P ¼ 0.05 and

P ¼ 0.004, respectively). PEG-treated and MgSO4-treated
rats showed significantly fewer avoidance responses to
the touch stimulus as compared with saline-treated con-
trol rats, and differences were apparent as early as
1 week postinjury for both groups (Fig. 2). At 6 weeks
postinjury, the number of avoidance responses to the 20
mN monofilament was 3.5 6 0.4, 2.8 6 0.9, and 5.0 6
0.5 in the PEG-treated, MgSO4-treated, and saline-
treated control rats, respectively. The combination treat-
ment of PEG and MgSO4 also provided benefit for pain
reduction compared with saline-treated controls, as indi-
cated by the significant group 3 time interaction (P ¼
0.04), but did not provide any additional benefit com-
pared with either treatment in isolation (group 3 time
interaction, P ¼ 0.63; Fig. 2). At 6 weeks postinjury,
the combination treatment group showed 3.3 6 0.9
avoidance responses to the 10 consecutive touch stimuli.

Cardiovascular Function

Neither the PEG treatment nor the MgSO4 treat-
ment had an effect on the severity of autonomic dysre-
flexia. The change in MAP during colon distension was
42.8 6 2.6 mmHg, 38.3 6 4.2 mmHg, and 42.2 6 2.9
mmHg in the PEG-treated, MgSO4-treated, and saline-
treated control groups, respectively (PEG vs. control:
P ¼ 0.87; MgSO4 vs. control: P ¼ 0.45). Rats that
received the combination of PEG and MgSO4 experi-
enced an increase in MAP during colon distension of

Fig. 2. Neuropathic pain: mechanical allodynia via trunk stimulation.
Mechanical allodynia was determined by 10 consecutive episodes of
trunk stimulation with a Semmes-Weinstein monofilament (20 mN)
in rats treated with either saline (solid squares; n ¼ 10), PEG (solid
circles; n ¼ 11), MgSO4 (open circles; n ¼ 5), or a combination of
PEG + MgSO4 (open squares; n ¼ 6). The values are means 6
SEM. *Significant difference between saline-treated controls and
PEG-treated groups. {Significant difference between saline-treated
controls and MgSO4-treated groups. {Significant difference between
saline-treated controls and PEG + MgSO4-treated groups.

Fig. 1. Locomotor function. Locomotor function was determined by
BBB testing in rats treated with either saline (solid squares; n ¼ 10),
PEG (solid circles; n ¼ 11), MgSO4 (open circles; n ¼ 5), or the
combination of PEG + MgSO4 (open squares; n ¼ 6). The values
are means 6 SEM. *Significant difference between saline-treated
controls and PEG-treated groups. {Significant difference between
saline-treated controls and MgSO4-treated groups. {Significant differ-
ence between saline-treated controls and PEG + MgSO4-treated
groups.
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42.7 6 3.0 mmHg (Fig. 3). Thus, the combination
treatment did not reduce the severity of autonomic
dysreflexia compared with either the saline-treated con-
trol group (P ¼ 0.92) or the other two treatments in
isolation (main effect group: P ¼ 0.59).

In contrast, both the PEG and the MgSO4 treat-
ments appeared to alter resting MAP. PEG-treated rats
had a significantly higher resting MAP compared with
saline-treated controls (115.0 6 3.6 vs. 105.9 6 1.0
mmHg, respectively; P ¼ 0.03), and the MgSO4-treated
rats showed a trend for a higher resting MAP compared
with saline-treated controls (112.0 6 3.8 vs. 105.9 6
1.0 mmHg, respectively, P ¼ 0.08; Fig. 3). The increase
in resting MAP that was provided by the combination

of PEG and MgSO4 over saline-treated controls (108.2 6
1.6 mmHg) did not reach statistical significance (P ¼
0.27), nor was there any additional increase in MAP
when considering the combination of PEG and MgSO4

vs. either treatment alone (main effect group, P ¼ 0.55;
Fig. 3).

Histological Analyses

Lesion volume. Lesion volume was not reduced
significantly when comparing the spinal cords from ei-
ther the PEG-treated or the MgSO4-treated rats vs.
saline-treated controls (P ¼ 0.18 and P ¼ 0.10, respec-
tively). The volume of the lesion was 3.18 6 0.45 mm3,
2.69 6 0.81 mm3, and 4.40 6 0.54 mm3, in the PEG-
treated, MgSO4-treated, and control rats, respectively
(Figs. 4, 5). In contrast, the combination of PEG and
MgSO4 resulted in a significant reduction in lesion vol-
ume compared with the saline control treatment (P ¼
0.04) but did not confer additional reductions in lesion
volume compared with either treatment alone (main

Fig. 4. Lesion and myelin volumes. The volume of the lesion (solid
bars) and the volume of myelin (open bars) determined by a dis-
tance-weighted sum of area measurements taken from consecutive
longitudinal sections of tissue in rats treated with saline (n ¼ 7), PEG
(n ¼ 4), MgSO4 (n ¼ 5), or a combination of PEG + MgSO4 (n ¼
5). The values are means 6 SEM. *Significant difference between
saline-treated controls and PEG + MgSO4-treated groups.

Fig. 3. Cardiovascular function. Mean arterial blood pressure at rest
(solid bars) and during an episode of autonomic dysreflexia (open
bars) elicited via 1 min of colon distension in rats treated with saline
(n ¼ 8), PEG (n ¼ 9), MgSO4 (n ¼ 5), or a combination of PEG +
MgSO4 (n ¼ 3). The values are means 6 SEM. *Significant differ-
ence in resting MAP compared with saline-treated control rats.

Fig. 5. Spinal cord histology. Longitudinal sections of spinal cord tis-
sue, at 6 weeks postinjury, stained with solochrome cyanin to detect
tightly packed myelin in rats treated with saline (A), PEG (B),
MgSO4 (C), or a combination of PEG + MgSO4 (D). Scale bar ¼
1.0 mm.
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effect group, P ¼ 0.28). The volume of the lesion in
rats receiving the combination of PEG and MgSO4 was
2.58 6 0.45 mm3 (Fig. 4).

Although neither PEG nor MgSO4 treatment sig-
nificantly reduced the volume of the lesion, the mean
lesion volume for each of the four groups correlated
negatively with the corresponding mean BBB scores for
each of the four groups obtained from the final testing
session (r ¼ –0.99, r2 ¼ 0.982, P ¼ 0.009; Fig. 6A).
Likewise, the mean lesion volumes correlated positively
with the corresponding mean pain scores from each of

the four groups obtained from the last testing session
(r ¼ 0.95, r2 ¼ 0.909, P ¼ 0.047; Fig. 6B).

Myelination. The volume of myelin in the spinal
cord sections did not differ when comparing the PEG-
treated or MgSO4-treated rats with saline-treated con-
trols (P ¼ 0.63 and P ¼ 0.36, respectively). The volume
of myelin in the spinal cord sections was 4.80 6 0.72
mm3, 5.02 6 0.41 mm3, and 4.38 6 0.48 mm3 in the
PEG-treated, MgSO4-treated, and saline-treated control
rats, respectively (Figs. 4, 5). The combination of PEG
and MgSO4 also provided no statistically significant ben-
efit for myelin volume compared with the saline-treated
controls (P ¼ 0.53) or with either treatment in isolation
(main effect group, P ¼ 0.54). The volume of myelin in
rats receiving the combination of PEG and MgSO4 was
4.86 6 0.52 mm3 (Fig. 4).

In contrast, with the rostral cord as a reference,
there were distinct location-dependent effects of treat-
ment on the percentage of spared myelin surrounding
the lesion. Specifically, there was a significantly greater
percentage of spared myelin 750 lm dorsal from the epi-
center of the lesion with both PEG + MgSO4 treatment
(P ¼ 0.002) and MgSO4 treatment (P ¼ 0.026) com-
pared with the saline-treated controls. The percentage of
spared myelin 750 lm dorsal from the epicenter of the
lesion was 32.9% 6 5.2%, 46.8% 6 8.6%, 62.9% 6
10.7%, and 72.5% 6 8.9% in the saline-treated, PEG-
treated, MgSO4-treated, and PEG + MgSO4-treated ani-
mals, respectively (Fig. 7A). Although the combination
of PEG and MgSO4 resulted in significantly greater
myelin sparing 750 lm dorsal from the epicenter of the
lesion compared with the saline-treated controls, it did
not confer added benefit compared with either treatment
in isolation (main effect group: P ¼ 0.25). In addition,
there was a trend for a correlation between the percent-
age of dorsally spared myelin and the final BBB scores
for each group (r ¼ 0.903, r2 ¼ 0.81, P ¼ 0.097) but
no significant correlation between dorsally spared myelin
and the final pain scores for each group (r ¼ –0.82,
r2 ¼ 0.67, P ¼ 0.18).

At the lesion epicenter, there was significantly
higher percentage of spared myelin with MgSO4 treat-
ment compared with the saline-treated controls (P ¼
0.012), although neither PEG treatment nor the combi-
nation treatment caused significant increases in the per-
centage of spared myelin at this location. The percentage
of spared myelin at the epicenter of the lesion was
38.2% 6 2.0%, 40.3% 6 5.9%, 55.0% 6 5.4%, and
55.4% 6 16.6% in the saline-treated, PEG-treated,
MgSO4-treated, and PEG + MgSO4-treated animals,
respectively (Fig. 7B).

At 750 lm ventral from the epicenter of the lesion,
there was a significantly lower percentage of spared mye-
lin with MgSO4 treatment compared with the saline-
treated controls (P ¼ 0.015), and neither PEG treatment
nor the combination treatment caused significant
increases in the percentage of spared myelin at this loca-
tion. The percentage of spared myelin 750 lm ventral
from the epicenter of the lesion was 59.4% 6 6.6%,

Fig. 6. Pearson r correlations between lesion volume and behavior.
A: Lesion volume vs. locomotor function. The mean lesion volume
for each group correlated negatively with the corresponding mean
BBB scores obtained during the last testing session (r ¼ –0.99, r2 ¼
0.982, P ¼ 0.009). B: Lesion volume vs. neuropathic pain. The
mean volume of the lesion for each group correlated positively with
the corresponding mean pain scores obtained from the last testing ses-
sion (r ¼ 0.95, r2 ¼ 0.909, P ¼ 0.047). Dashed lines indicate 95%
confidence intervals.
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54.6% 6 11.3%, 34.6% 6 3.4%, and 40.8% 6 6.1% in
the saline-treated, PEG-treated, MgSO4-treated, and
PEG + MgSO4-treated animals, respectively (Fig. 7C).

DISCUSSION

The main findings of this study are that both PEG
and MgSO4, when administered acutely after clip-com-
pression SCI, confer long-term neurological benefit such
as enhanced locomotor recovery and reductions in neu-
ropathic pain. The clinical relevance of these adaptations
is substantial, insofar as ambulation and pain relief are
high priorities for the SCI population (Nepomuceno
et al., 1979; Anderson, 2004). Although neither PEG
nor MgSO4 administration tempered autonomic dysre-
flexia, these treatments were associated with an increased
resting MAP. Cervical and high thoracic SCI is associ-
ated with chronically low MAP and orthostatic hypoten-
sion (Houtman et al., 2000), so this treatment-induced
adaptation may be seen as a clinically beneficial normal-
ization.

In terms of the underlying structural mechanisms,
lesion volumes were significantly reduced in animals that
received the combination treatment compared with the
saline-treated controls, and, furthermore, there were
myelin-sparing effects for MgSO4 and the combination
treatment in the dorsal spinal cord. With regard to lesion
volume, PEG and MgSO4 alone did not cause significant
reductions; however, the evidence still suggests a neuro-
protective effect of these treatments, in that there were
strong correlations between the mean lesion volumes for
each group and the corresponding behavior. Specifically,
mean lesion volumes correlated negatively with the cor-
responding final mean BBB scores (r ¼ –0.99, r2 ¼
0.982), and positively with the corresponding final mean
pain scores (r ¼ 0.95, r2 ¼ 0.909). Thus, 98.2% of the
variability between groups in locomotor function, along
with 90.9% of the variability between groups in neuro-
pathic pain, was accounted for by differences in lesion
volume.

With regard to the myelin-sparing effects of treat-
ment, although the findings ventral to and at the lesion
epicenter were somewhat inconclusive, there were
marked neuroprotective effects of MgSO4 treatment and
the combination treatment in the dorsal spinal cord.
These findings have particular relevance considering the
importance to locomotion of dorsally located white mat-
ter. Specifically, the reticulospinal tract has been well es-
tablished as important for eliciting locomotion. Although
descending reticulospinal tract fibers are located through-
out the dorsal and ventral spinal cord, Ballermann and
Fouad (2006) have shown a particularly high concentra-
tion of these fibres in the dorsolateral portion in unin-
jured rats, especially at the midthoracic level and below.
Ballermann and Fouad (2006) also found that, 6 weeks
post-SCI, there was a significant sprouting of reticulospi-
nal fibers below the injury, at the gray–white matter
interface adjacent to the dorsal horn, that correlated with
locomotor recovery. Furthermore, Loy et al. (2002) used

Fig. 7. Percentage of spared myelin dorsal to, ventral to, and at the
lesion epicenter. The amount of spared myelin for each longitudinal
section of spinal cord tissue is expressed as a percentage of the myelin
in the corresponding section of spinal cord tissue rostral to the injury.
The percentage of spared myelin is shown for the longitudinal sec-
tions 750 lm dorsal to the longitudinal epicenter of the injury (A),
at the longitudinal epicenter of the injury (B), and 750 lm ventral to
the longitudinal epicenter of the injury (C). The values are means 6
SEM. *Significant difference compared with saline-treated controls.
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ethidium bromide plus photon irradiation to produce
discrete demyelinating lesions in various locations of the
spinal cord and showed that myelinated pathways within
the rat dorsolateral funiculus contribute significantly to
locomotion when there is simultaneous compromise of
the ventrolateral funiculus. It is unknown why the dorsal
portion of the cord was particularly receptive to PEG
and MgSO4 treatment in this study. It is possible that
the clip-compression model of SCI causes greater central
and ventral damage or that the vascular supply to the
dorsal spinal cord, from posterior spinal arteries, is more
conducive to PEG and MgSO4 delivery than the vascu-
lar supply to the ventral spinal cord from the anterior
spinal artery. Further research is required to address such
issues.

Therefore, the evidence strongly suggests that PEG
and MgSO4 reduced lesion volume and attenuated sec-
ondary tissue damage and that this tissue preservation
accounted for the long-term clinical benefit. The failure
to detect significant effects on lesion volume with PEG
and MgSO4 in isolation, or with PEG on dorsal myelin
sparing, despite clear behavioral benefits, might have
occurred because small differences in tissue sparing,
though not statistically significant, can cause dispropor-
tionately large functional improvements. In fact, several
studies investigating tissue sparing after SCI have shown
this disproportionate relationship (Windle et al., 1958;
Eidelberg et al., 1977; Fehlings and Tator, 1995; Kaku-
las, 1999). Such studies, taken together with the present
study, suggest that both PEG and MgSO4 did offer some
neurological repair or neuroprotection. However,
because of the severity of the clip-compression injury
(50 g), certain modest tissue effects were apparent only
from the functional differences between groups and cor-
relations between tissue structure and function. Likewise,
the reductions in neuropathic pain observed in this study
likely were due to the neuroprotective or neurorepara-
tive properties of the molecules tested, insofar as previ-
ous studies have shown that neither PEG (Maeda et al.,
1994) nor MgSO4 (Takano et al., 2000) has antinocicep-
tive effects during touch stimuli.

Only a few studies investigating PEG or MgSO4

administration post-SCI have determined effects on
lesion size; however, those studies reported somewhat
greater effects than that observed in the present study.
For example, Duerstock and Borgens (2002) found a
twofold difference in lesion volume when comparing
spinal cords from PEG-treated guinea pigs with water-
treated controls. Several differences between Duerstock
and Borgens’ study (2002) and the present study, such as
the species tested, treatment times, and methods of PEG
administration, might all contribute to the disparity in
apparent tissue sparing. In addition, Duerstock and Bor-
gens (2002) measured cavity volume with three-dimen-
sional surface-reconstruction computer techniques,
which may be more accurate than volume estimations
from histological analysis. However, insofar as neither
BBB scoring nor pain evaluation were included in that
study, or the companion paper (Borgens et al., 2002),

the methodology employed by Duerstock and Borgens
(2002) might or might not have been more effective in
terms of tissue sparing and behavior. Likewise, treatment
with 600 mg/kg MgSO4 in SCI rats injured by weight
drop was associated with a profound preservation of tis-
sue ultrastructure compared with saline-treated controls
(Kaptanoglu et al., 2003a). However, the injury was
clearly more severe in the present study compared with
that used by Kaptanoglu et al. (evidenced by the 24-
hour BBB scores of approximately 5 in their saline-
treated animals), so the tissue sparing properties of
MgSO4 may have been challenged to a greater extent in
the present study.

In terms of behavior, the combination of PEG and
MgSO4 was not superior compared with either treat-
ment in isolation, with the exception of slightly faster
locomotor recoveries. This lack of an additive effect on
behavior may be interpreted in several ways; one inter-
pretation is that both treatments share the same mecha-
nism of action. Although some evidence supports this
contention (discussed below), we find it an unlikely
interpretation of the data. First, the neuroprotective
effects of MgSO4 have been attributed to 1) its antago-
nism of NMDA receptors and, thus, its reduction of the
downstream calcium influx that mediates the excitotoxic
action of glutamate (Muir and Less, 1995) and 2) its abil-
ity to inhibit capase-3 activity and, thus, inhibit neuronal
apoptosis (Solaroglu et al., 2005). In contrast, the thera-
peutic properties of PEG are fusogenic in nature and
depend on its ability to dehydrate the plasmalemma. The
lipid cores of the ruptured membrane are then thought
to flow together in the absence of the aqueous barrier
(Borgens et al., 2002). Furthermore, the treatments were
somewhat additive when considering lesion volumes,
insofar as only the combination treatment resulted in sig-
nificant reductions. Thus, treatments likely differed in
their mechanism of tissue preservation. Finally, the func-
tional benefits conferred by PEG and MgSO4 followed
different time courses in the present study. Specifically,
significant and persistent locomotor benefits appeared 3
weeks postinjury with MgSO4 but 5 weeks postinjury
with PEG. Likewise, at 2 weeks postinjury, the MgSO4-
treated animals had a 50% reduction in avoidance
responses to touch compared with saline-treated con-
trols, whereas PEG-treated animals had a 20% reduction.

Nevertheless, some evidence suggests a possible
mechanistic overlap between PEG and MgSO4. For
example, PEG has antioxidant properties, but it is not a
scavenger of reactive oxygen species (ROS) or an inhibi-
tor of xanthine oxidase (Luo et al., 2002). In addition,
PEG administration in vitro attenuated calcium-induced
mitochondrial swelling, whereas, in vivo, PEG entered
the cytosol through damaged membranes, attenuated
intrasynaptosomal calcium accumulation, and increased
synaptosomal function post-SCI (Luo et al., 2004).
Therefore, PEG may offer antioxidant effects by entering
damaged cells and acting directly on mitochondria.
Thus, both PEG and MgSO4 may reduce ROS-induced
secondary damage by either preventing calcium influx

PEG and MgSO4 After Experimental SCI 1465

Journal of Neuroscience Research DOI 10.1002/jnr



via acting on NMDA receptors, as is the case with
MgSO4 administration, or by protecting mitochondrial
integrity, as may be the case with PEG administration.
However, the differences in the time courses of behav-
ioral changes between these treatments make an overlap
in their mechanisms of action an unlikely or incomplete
explanation for their lack of additive effects on behavior.

Finally, future studies are required to determine an
optimal combination treatment that will maximize tissue
preservation and behavioral recovery. Specifically, the
dosages of PEG and MgSO4 used in this study have
been shown to be beneficial when given in isolation
(Suzer et al., 1999; Borgens and Shi, 2000; Borgens and
Bohnert, 2001; Borgens et al., 2002; Kaptanoglu et al.,
2003a,b) but may not be ideal dosages when given in
combination. For example, although 600 mg/kg is bene-
ficial in animal models of SCI, 30–100 mg/kg reduces
brain edema in animal models of traumatic brain injury
(Ghabriel et al., 2006), reduces tissue lactate and malon-
dialdehyde levels after SCI in rabbits (Ozdemir et al.,
2005), and confers neuroprotection in humans following
cardiac surgery (Bhudia et al., 2006). Thus, future studies
employing differing dosages of PEG and MgSO4, and
perhaps different injury models, are necessary before
conclusions can be drawn regarding the potential addi-
tive effects of these two treatments.

CONCLUSIONS

Both PEG and MgSO4 administration after severe
clip-compression SCI confer long-term clinical benefit as
evidenced by an enhancement of locomotor function
and a reduction of neuropathic pain. The functional
benefits of MgSO4 and its combination with PEG were
supported by myelin sparing effects in the dorsal cord.
The combination treatment also resulted in reduced
lesion volumes, and there were significant correlations
between lesion volume and both locomotor function
and neuropathic pain for PEG and MgSO4 in isolation.
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