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Abstract

An increasing number of therapies for spinal cord injury (SCI) are emerging from the laboratory and seeking
translation into human clinical trials. Many of these are administered as soon as possible after injury with the
hope of attenuating secondary damage and maximizing the extent of spared neurologic tissue. In this article, we
systematically review the available pre-clinical research on such neuroprotective therapies that are administered
in a non-invasive manner for acute SCI. Specifically, we review treatments that have a relatively high potential
for translation due to the fact that they are already used in human clinical applications, or are available in a form
that could be administered to humans. These include: erythropoietin, NSAIDs, anti-CD11d antibodies, mino-
cycline, progesterone, estrogen, magnesium, riluzole, polyethylene glycol, atorvastatin, inosine, and pioglita-
zone. The literature was systematically reviewed to examine studies in which an in-vivo animal model was
utilized to assess the efficacy of the therapy in a traumatic SCI paradigm. Using these criteria, 122 studies were
identified and reviewed in detail. Wide variations exist in the animal species, injury models, and experimental
designs reported in the pre-clinical literature on the therapies reviewed. The review highlights the extent of
investigation that has occurred in these specific therapies, and points out gaps in our knowledge that would be

potentially valuable prior to human translation.
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Introduction

HE SPINAL CORD INJURY (SCI) field is replete with thera-

peutic candidates that potentially enhance neurologic
recovery by attenuating the pathophysiological processes
triggered after acute injury, thereby minimizing secondary
damage. In the pre-clinical testing of such therapies, the
treatment is typically administered immediately or very soon
after the injury is induced in an animal model (mainly rat or
mouse). Neurologic efficacy in such models suggests that the
therapy in question may have a “neuroprotective” role in
acute human SCI. While many treatments are administered
in this fashion, those that can be delivered systemically via
intravenous infusion or even orally have the potential to
reach the cord injury site most rapidly (as compared to a
surgically delivered treatment). Since the methylpredniso-
lone clinical trials, the SCI community has sought addi-
tional interventions that would follow the similar strategy of

administration as early as possible after injury to minimize
secondary damage. Such “non-invasive” therapies are the
focus of this review.

Given the explosion of interest in acute SCI and the seem-
ingly endless number of therapies that are reportedly found to
be beneficial in animal models of SCI, the purpose of this
initiative was to review specific non-invasive treatments in a
systematic fashion so as to depict the current body of pre-
clinical literature that might support the translation of such
treatments into clinical trials. The field is large, and in this
regard, it is difficult — if not impossible — to cover it compre-
hensively. Our strategy, therefore, was to select therapies that
have reasonable “translational potential” by virtue of the fact
that they are already in human clinical use for other indica-
tions, or because of the extent and depth of their pre-clinical
investigation (or both). While it was not the intention to
attempt to cover the entire SCI field, our goal was to apply the
tenets of systematic review to the specific therapies that met
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these conditions. By performing a systematic review of each of
these therapies, we hoped to provide the field with an over-
view of the body of pre-clinical evidence that supports (or fails
to support) the translation of the therapy into human trials.

Methodology

First, we selected acute SCI treatments that fit the following
criteria: (a) a treatment that is already in human clinical use for
some other related or unrelated condition, or if not currently
in human use, is currently available in a form that could be
given to humans; (b) a treatment that could be administered
systemically (i.e., non-invasively) to an SCI patient (either
orally or intravenously). A PubMed search was then con-
ducted on “the therapy” and “spinal cord injury” (e.g.,
“minocycline and spinal cord injury”). From the list of studies
generated through this fairly indiscriminant search, we ap-
plied the following criteria to review systematically the pre-
clinical literature on these therapies:

* Studies in which the testing of the therapy was per-
formed in an in-vivo animal model of SCI. Studies that
were exclusively in-vitro experiments were excluded.

* Studies in which the spinal cord is traumatically injured.
Non-traumatic local or global ischemia models and
photochemical reaction models were excluded, as were
traumatic root avulsion or dorsal root entry zone models.

e Studies in which the application of the therapy was via
the systemic circulation. This included agents adminis-
tered orally, or via subcutaneous, intraperitoneal, or
intravenous injection. Studies in which the therapy was
applied directly to the cord or via intrathecal injec-
tion/infusion were excluded.

o At least two peer-reviewed publications available on the
therapy.

The data from those studies that fitted the criteria were then
extracted into a table format to depict the animal model, injury
model, the treatment’s dose and timing, the experimental
groups tested in the study and the “n per group,” and the
reported behavioral and non-behavioral outcomes (e.g., histo-
logical, biochemical, or physiological outcomes). A summary
statement about the body of literature was then generated.

Results

Using this selection process, we identified the follow-
ing therapies: erythropoietin, systemic hypothermia, non-
steroidal anti-inflammatory agents (NSAIDs), anti-CD11
antibodies, minocycline, progesterone, estrogen, magnesium
sulfate, riluzole, polyethylene glycol, atorvastatin, inosine,
and piaglitazone (Table 1).

The PubMed searches on these therapies were conducted in
the spring/summer of 2008 by SCI researchers across Canada
and updated in June 2009. By applying the previously de-
scribed criteria (essentially, in-vivo animal studies utilizing
a traumatic model of SCI to test a pharmacologic or non-
invasive therapy), the following studies were generated, and
the tables for each of these respective therapies are listed below.

Erythropoietin (Table 2)

Erythropoietin (EPO) has been studied quite extensively in
acute SCI. The systematic review produced 19 studies, all of
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which utilized Sprague Dawley (10), Wistar (eight), or Long
Evans (one) rats, with one study utilizing a knockout mouse
(Brines et al., 2004). Some form of contusion SCI was em-
ployed in 12 studies, aneurysmal clip or rod compression was
employed in six studies, and one study utilized a unilateral
hemisection (King et al., 2007). All injuries occurred in the
thoracic spine; to date there is no evaluation of EPO in a cer-
vical SCI model. EPO was administered at a variety of doses
but most commonly at 1000 IU/kg or 5000IU/kg, either in-
traperitoneally, or intravenously. A dose effect was demon-
strated in experiments by Gorio and colleagues (2005),
Kaptanoglu and colleagues (2004), and Kontogeorgakos and
colleagues (2009). Interestingly, in the studies by both Gorio
and colleagues (2005) and Kontogeorgakos and colleagues
(2009) in which different doses of EPO were tested intrave-
nously or subcutaneously respectively, the optimal results were
observed with the lower doses. With respect to time window of
effective intervention, EPO was administered at the time of
injury in half of the studies and within 30-60 min in the re-
mainder. Improvements in behavioral outcomes were reported
by Boran and colleagues (2005) and Gorio and colleagues (2002)
with a 60-min delay in intervention, although this was not
found by others (Mann et al., 2008; Pinzon et al., 2008).

Non-behavioral outcomes included improved white and
grey matter sparing, reduced apoptosis and lipid peroxida-
tion, reduced ERK phosphorylation, and decreased inflam-
matory cytokine release and neutrophil invasion. Many
authors reported improved locomotion with Basso, Beattie,
and Breshnan (BBB) scores, or improved function on the
swimming test. Of note, the recent reports of Guizar-Sahagtn
and colleagues (2009), Mann and colleagues (2008), and
Pinzon and colleagues (2008) revealed no histological or
behavioral improvements with EPO administered either 12h
pre-injury, immediately at the time of injury, or 1h post in-
jury respectively. The study by Pinzon and colleagues (2008)
is notable as an NIH-sponsored attempt to reproduce the
positive effects of EPO described previously, particularly in
the studies by Gorio and colleagues. The study by Mann and
colleagues (2008) examined both erythropoietin and darbe-
poetin, a more bioavailable version of EPO, but found neither
to have any neuroprotective efficacy. Like minocycline, it is
unclear how to interpret these contradictory reports on the
efficacy of EPO in acute SCL

Systemic hypothermia (Table 3)

While technically not a “drug,” systemic hypothermia was
included in this review as it is a relatively “non-invasive”
treatment that is applied to the cord in a systemic, non-
operative manner (as compared to local hypothermia, which
requires intrathecal cooling devices or open surgery). Sys-
temic hypothermia has had a long history of study, stemming
from the early 1990s. A recent resurgence in the interest in
systemic hypothermia has arisen due to its well-publicized
application in Kevin Everett, an NFL football player who
suffered a cervical SCI in the fall of 2007.

We identified 17 papers that fulfilled the criteria of study-
ing systemic hypothermia after traumatic SCI (although some
describe the same set of experimental animals but report
different outcomes in different papers). These mostly utilized
Sprague Dawley rats, although the injury models were quite
variable, and included one generic weight-drop device, two
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TABLE 1. NON-INVASIVE THERAPIES SYSTEMATICALLY REVIEWED

Published studies

Therapy Current human use Mode of human administration meeting criteria
Erythropoietin For increasing red blood cell production Subcutaneous 19
Systemic Neuroprotection in cardiac arrest, neonatal Endovascular or body surface 17
Hypothermia hypoxic encephalophathy cooling
NSAIDs Anti-inflammatory/analgesic agent Oral 17
Anti-CD11d mAB Humanized antibody in development v 11
(currently not used clinically)
Minocycline Antibiotic and treatment of acne Oral (but IV formulation exists) 10
Progesterone Hormone replacement Oral 10
Estrogen Hormone replacement Oral 8
Magnesium Pre-eclampsia, cardiac arrest v 9
Riluzole Amyotrophic lateral sclerosis Oral administration 8
Polyethylene Glycol = Excipient in many drugs, also used in many  Oral or IV 5
laxatives, toothpaste, skin creams
Atorvastatin Cholesterol lowering agent Oral 3
Inosine Dietary supplement Oral 3
Pioglitazone Type II diabetes Oral 2

with the NYU weight-drop impactor, one with the OSU im-
pactor, 10 with cord compression induced by a balloon or clip,
and one cord transection. Three studies (Jou et al., 2000; Lo
etal., 2009; Strain and Waldrop, 2005) utilized a cervical injury
model, while the remainder studied midthoracic to upper
lumbar injuries. Systemic hypothermia was typically induced
to a level of 30-34°C, which was maintained for as little as
20 min to as long as 4 h, or, in some cases, until the experiment
was completed. In four studies, hypothermia was induced
prior to the injury; in an additional 11 studies, hypothermia
was induced at the time of injury or just after injury without
any significant delay in intervention; in the remaining two
studies, hypothermia was started at 15 min (Westergren et al.,
2001) or 30 min (C.G. Yuetal., 2000) post injury. The study by
Yu and colleagues (2000) in which hypothermia was begun
30 min post injury described improved behavioral recovery in
the hypothermia-treated animals.

With respect to outcomes, 11 out of 17 studies only reported
on histological/biochemical/physiological outcomes and did
not report any behavioral outcomes. In general, these studies
reported reduced apoptosis, myeloperoxidase activity, vaso-
genic edema, and tissue damage. For the six papers that assessed
behavioral recovery, four reported on improvements in hin-
dlimb function (Jou et al., 2000; Lo et al., 2009; Morino et al.,
2008; C.G. Yu et al., 2000), while two reported no improvements
(Martinez-Arizala and Green, 1992; Westergren et al., 1999).

NSAIDs (Table 4)

NSAIDs have had a long history of investigation stemming
back to the 1980s, indicative of the long-standing appreciation
for the role of inflammation in the secondary injury cascade
post SCIL. The most extensively studied NSAID is indometh-
acin. The systematic review revealed 10 papers published
from 1991 to 2006 that reported on the effects of indomethacin
in rat models (Wistar, Lewis, SD) and also a rabbit model.
Standard contusion injury devices were not available at the
time that many of these studies were performed, and hence, a
wide range of injury models were described (weight drop, clip
or forcep compression, longitudinal incision). A very wide
range of intraperitoneal or intravenous indomethacin doses

have been tested, from 0.1 mg/kg to 20 mg/kg, with most in
the 2-10 mg/kg range. Strangely, in many cases, indometha-
cin treatment was started 30—60 min prior to injury. In the re-
maining studies, the drug was given at the time of injury, and
hence, no time window of efficacy has been established. Many
of the indomethacin studies examined non-behavioral out-
comes only, and showed decreased edema, BBB permeability,
and less overall tissue damage. Simpson and colleagues in
1991 reported improved performance on an inclined plane test
with indomethacin, but more recently, Harada and colleagues
(2006) reported decreased performance on the inclined plane
test with 5, 10, and 20 mg/kg doses given 1h prior to injury.

Other NSAIDs that have been reported in either one or two
studies include BW755C, celebocid, SC58125, NS-398, na-
proxen, aspirin, and ibuprofen. Again, in many of these
studies, the drug was given either prior to or within minutes
of injury. Ibuprofen, however, has more recently been found
to promote both histologic and behavioral improvements in
thoracic contusion SCI models when administered 3 days post
injury (Wang et al., 2009) or even 7 days post injury (Fu et al.,
2007). These two studies also revealed that ibuprofen was
superior to naproxen in both behavioral and non-behavioral
outcomes. Interestingly, the role of ibuprofen in reducing
RhoA activation raises the potential that this drug may have
therapeutic benefit through the promotion of axonal sprout-
ing (i.e., not exclusively attenuation of inflammation). The
doses utilized in the preclinical studies (60-70 mg/kg/day)
merit discussion. At these doses, a 70kg individual would
receive 4,200 to 4,900 mg of ibuprofen per day, which does
slightly exceed the 3,200 mg/day maximum does recommen-
dation for rheumatologic and arthritic conditions. However,
FDA guidelines for the conversion of a therapeutic dose in
rats to a “human equivalent dose” suggest a human equiva-
lent dose of closer to the 700-800 mg/day range (FDA, 2005).
Hence the therapeutic dose in human SCI patients may be
well within a range known to be clinically safe.

Anti-CD11d antibodies (Table 5)

The anti-CD11d antibody approach has been pioneered by
Dr. Lynne Weaver and colleagues, and all 11 papers found
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NEUROPROTECTIVE TREATMENTS FOR ACUTE SPINAL CORD INJURY

in this systematic review were published from this single
laboratory. The CD11/CD18 integrin family has several
members, and this antibody is directed against the CD11d
subunit of the CD11d /CD18 integrin that is expressed only by
certain leukocytes such as neutrophils and monocytes. The
selectivity and specificity of targeting this subunit with this
antibody is key to its effectiveness. Other CD11 integrins
containing the subunits a—c have more widespread cellular
distributions and antibodies directed against them have not
been particularly useful as neuroprotective treatments. Re-
lative homogeneity in animal species (Wistar) and injury
model (T4 clip compression) exists amongst these studies. The
antibody treatment is administered intravenously in all cases.
A dose response has been demonstrated insofar as 1 mg/kg
appeared to be better than 5 mg/kg in an early study, and has
been the dose used in all subsequent studies. The dosing
regimen most extensively studied is 1 mg/kg started 2 h post
injury and repeated at 24 and 48h post injury. Given that
multiple studies report a beneficial effect with this approach
started 2 h post injury, a 2-h time window of intervention has
been established. Recently, however, therapeutic efficacy has
been shown when starting the treatment at 6 or 12h post
injury, which are important findings with respect to clinical
applicability. Early studies focused on non-behavioral out-
comes (and did not report behavioral outcomes at all). These
largely confirmed the mechanism of action in terms of re-
ducing neutrophil and macrophage invasion, decreasing in-
flammation and lipid peroxidation, and improving tissue
sparing. Behavioral outcomes revealed increased BBB loco-
motor scores, decreased autonomic dysreflexia, and reduced
mechanical allodynia.

Minocycline (Table 6)

Minocycline has been evaluated in a relatively extensive
manner in acute SCI models. The systematic review resulted
in 10 papers that met the inclusion criteria. Most of these (6 of
10) utilized Sprague Dawley rats, although three used adult
Wistar rats, and one mouse SCI model was described. Most of
the injury models employed a thoracic contusion at T9 with
the NYU impactor, although balloon compression, clip com-
pression, and partial transection models were also utilized by
individual investigators. Minocycline was administered in a
range of doses, and the effect of different doses was demon-
strated by some authors (Festoff et al., 2006; Teng et al., 2004).
The most common dose utilized was 90 mg/kg given intra-
peritoneally, although doses of 50 mg/kg were also utilized
by Stirling and colleagues (2004) and Wells and colleagues
(2003) in their studies. Most of the studies administered
minocycline immediately after injury, but a window of effi-
cacy was observed at 1 h post injury (Teng et al., 2004; Wells
et al., 2003) and at 2 h post injury (Yune et al., 2007).

Non-behavioral outcome measures revealed tissue sparing,
decreased cytochrome c release, decreased caspase 3 positive
oligodendrocytes, and macrophages/microglia. Behavioral
outcome measures revealed improved BBB, inclined plane,
hindlimb coordination. The recent study by Marchand and
colleagues (2008) reported an attenuation of neuropathic pain
with intraperitoneally administered minocycline, which is an
extension of important work by Hains and colleagues who
previously demonstrated that intrathecally delivered mino-
cycline inhibited the activation of microglia reduced pain

1559

behavior on mechanical and thermal stimulation of the paw
(Hains and Waxman, 2006; Zhao et al., 2007a, 2007b). These
papers were not included in the table because of the intra-
thecal (and chronic) mode of minocycline administration, but
are noted here for their important insights on the role of
inflammatory mediators in the generation of pain behavior.

Of note, two recent papers (Pinzon et al., 2008; Saganova
et al., 2008) revealed limited neuroprotection and no signifi-
cant functional benefit to minocycline. The study by Pinzon
and colleagues was an NIH-sponsored attempt to reproduce
the positive effects of minocycline that had been demon-
strated by others; it failed to reveal any benefit to either in-
traperitoneally or intravenously administered minocycline at
the 90 mg/kg dose. Reconciling the contradictory results from
this attempted reproduction is difficult. Presently, intrave-
nously administered minocycline is under evaluation as a
neuroprotective compound for the management of SCI in a
phase I/1I pilot study in Calgary, Alberta.

Progesterone (Table 7)

The systematic review identified 10 studies that evaluated
progesterone in traumatic SCI models. All of these studies
utilized Sprague Dawley rats. Eight of 10 studies utilized a
complete thoracic transection SCI model, and were from the
same laboratory. One utilized the Infinite Horizon impactor
(Fee et al., 2007) and one utilized the NYU impactor (Thomas
et al., 1999) to induce clinically relevant thoracic contusion
injuries. Progesterone was administered at 4 mg/kg in almost
all studies, but also at 8 mg/kg by Fee and colleagues (2007)
and 16 mg/kg/day by Labombarda and colleagues (2009). In
all cases, the progesterone was started either 30 to 60 min post
injury and was typically repeated daily two, three, or more
times. The “n per group” ranged from 4 to 19, but was most
often approximately five. All eight studies that utilized a
transection injury reported only on non-behavioral outcomes,
and typically within a few days post injury. These reported
that progesterone treatment can alter gene and protein
expression, cell morphology, and receptor and neurotrans-
mitter expression in the injured spinal cord. Of the two studies
that utilized contusion injuries, one reported no histologic
improvement in progesterone-treated animals (Fee et al,,
2007), while the other reported more white matter sparing
(Thomas et al.,, 1999). The former reported no behavioral
improvement on BBB testing, while the latter reported sig-
nificant improvement.

Estrogen (Table 8)

The systematic review of estrogen turned up eight papers,
all published within the last 5 years. Sprague Dawley rats
were utilized in five studies, Wistars in one, and mice in two
studies. Injury models were quite variable, and included mid-
thoracic contusion with the NYU weight drop (three) or
Infinite Horizon impactor (one), or a clip compression injury
(two), forceps crush injury (one), and a thoracic transection
injury (one). Estrogen was administered in an extremely wide
range of doses, from 0.1 mg/kg to 600 mg/kg, and in some
cases subsequent dosing was also done. A dose effect was
demonstrated in some studies (Cuzzocrea et al., 2008; Ritz
and Hausmann, 2008; Yune et al.,, 2004). In seven of eight
studies, the estrogen was started prior to, at the time of, or
within 15min of the injury. The most recent study by
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NEUROPROTECTIVE TREATMENTS FOR ACUTE SPINAL CORD INJURY

Cuzzocrea and colleagues (2008) was the only one to include a
more substantive delay prior to beginning estrogen (3 h). The
“n per group” was variable as well, and ranged from 3 to 10.
Non-behavioral outcomes reported included decreased
overall secondary tissue damage, reduced MPO activity,
microglial /macrophage accumulation, and reduced apopto-
sis. Behavioral outcomes reported improved BBB scores (al-
though these were measured out to a few weeks post injury in
a number of cases). Webb and colleagues (2006) reported re-
duced autonomic dysreflexia as well. Important to note that
almost all of these beneficial behavioral and non-behavioral
outcomes were observed in paradigms of estrogen pre-
treatment (or treatment at the time of injury). Only the Cuz-
zocrea paper utilized a time window of 3 h post injury. These
authors report improved BBB scores at 5-10 days post injury
in animals treated after injury, but this claim is difficult to
verify in the figure provided in the article.

Magnesium (Table 9)

For its long-understood role as a physiologic antagonist of
NMDA receptors, magnesium has had a long history of in-
vestigation as a potential neuroprotectant in stroke and brain
injury. The systematic review resulted in eight studies in
which magnesium was used for acute SCI. These have utilized
Wistar and SD rats, and in one study a rabbit model was
employed (Ozdemir et al., 2005). Cord injury has been in-
duced largely by some form of weight-drop contusion, al-
though a clip compression injury model was utilized by Ditor
and colleagues (2007). Systemic administration of magnesium
has typically been with magnesium sulfate at doses of 100,
300, or 600 mg/kg given immediately after injury. In terms of a
dose response, the 600 mg/kg dose was found by Siizer and
colleagues (1999) to be more effective than the 300 mg/kg dose
(in non-behavioral outcomes only). Kaptanoglu and col-
leagues (2003b) also found the 600 mg/kg dose to be more
effective than the 100 mg/kg dose (in both histologic and be-
havioral outcomes). A time window of intervention for mag-
nesium sulfate alone had not been extended beyond 30 min
until the recent study by Wiseman and colleagues (2009), in
which magnesium administration up to 8h post injury (but
not 12 or 24 h post injury) resulted in significantly improved
BBB scores over controls. Non-behavioral outcomes include
improved tissue sparing, reduced apoptosis and lipid perox-
idation, and restoration of BBB integrity. Behavioral outcomes
revealed improvements on incline plane testing, but these
were evaluated at extremely early time points (e.g., 24 h post
injury) and longer-term outcomes are lacking.

It should be noted that the 600 mg/kg dose of magnesium
sulfate reported to be beneficial in rodent SCI far exceeds the
tolerable human dose. The studies by Ditor and colleagues
(2007) and Kwon and colleagues (2009) evaluated lower doses
of magnesium in combination with polyethylene glycol (PEG).
In both studies, magnesium in a PEG formulation was reported
to increase tissue sparing at the site of injury and resulted in
modest BBB improvements at 6 weeks post injury. The study by
Kwon and colleagues (2009) evaluated a dose of magnesium
chloride similar to that given to human patients for preeclampsia
and cardiac arrest. This study included a dose-response experi-
ment to optimize the dose and infusion regimen, and addition-
ally reported a 4-h window of efficacy for a magnesium chloride
in PEG formulation administered as five infusions 8 h apart.
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Riluzole (Table 10)

The systematic review of riluzole revealed eight studies,
which utilized Wistar, Long Evans, or Sprague Dawley rats
and a variety of thoracic and cervicothoracic injury models,
including weight drop (five), clip compression (one), and
balloon compression (one). A complete sacral spinal-cord
transection model was employed in the study of Kitzman and
colleagues (2009) to examine the effect of riluzole on tail
spasticity. Riluzole was most commonly administered intra-
peritoneally in doses of 5-8mg/kg, although a dose of
2mg/kg administered intravenously was also described
(Stutzmann et al., 1996). A dose response has not been re-
ported in the thoracic contusion SCI models. In the study by
Kitzman and colleagues (2009), both 8 and 10 mg/kg doses
reduced signs of tail spasticity, but the higher dose was as-
sociated with systemic side effects (lethargy, locoomotor
ataxia). Therapeutic neuroprotective efficacy has been
reported with a delay in intervention of 15 min (Springer et al.,
1997) and 30 min (Stutzmann et al., 1996). Mu and colleagues
(2000b) reported that with a delay of 2h in post-thoracic
contusion SCI, riluzole alone did not have a beneficial effect
either histologically or behaviorally, but did when given in
combination with methylprednisolone. Riluzole was admin-
istered 4 weeks post injury in the study by Kitzman and col-
leagues (2009), but this was to examine the effect on
established tail spasticity not on local tissue protection or lo-
comotor behavior. Non-behavioral outcomes included im-
proved tissue sparing, reduced MAP-2 loss, decreased lipid
peroxidation, and improved electrophysiological recordings.
Behavioral outcomes included improved BBB locomotor
scores and improved performance on inclined plane testing.
Additionally, after 3 days of riluzole treatment, metrics of tail
spasticity (e.g., response to stretch, pinch, or light touch) were
significantly reduced, but this effect was limited to 3h after
the final riluzole dose and gone by 6 h.

Of note, a clinical trial for acute human SCI is being initi-
ated through the North American Clinical Trials Network
based on this pre-clinical body of evidence and facilitated by
the fact that oral riluzole is FDA approved for the treatment of
ALS. A similar oral dose of 50 mg twice a day has been pro-
posed, but may be doubled to 100 mg twice a day to provide a
typical 70-kg patient with a 2.9 mg/kg dose — one that more
closely approximates the 5-8 mg/kg dose given intraperito-
neally in the animal SCI studies.

Polyethylene glycol (Table 11)

Polyethylene glycol (PEG) has well-recognized fusogenic
properties, and has been evaluated as a neuroprotective agent
for its potential ability to repair damaged axons. The sys-
tematic review resulted in five studies in which PEG was
administered systemically, although this excludes six addi-
tional studies by Dr. Richard Borgens in which PEG was di-
rectly applied to the damaged spinal cord (Borgens and Shi,
2000; Borgens et al., 2002; Duerstock and Borgens, 2002; Luo
and Shi, 2004; Luo and Shi, 2007; Luo et al., 2004). The ex-
tensive body of literature from Dr. Borgens’ lab on the use of
PEG in a guinea-pig model of SCI has arguably served as the
basis for interest in PEG as a neurooprotective agent.

Of the five studies identified in this systematic review, three
utilized Wistar or Sprague Dawley rats with either clip
compression or contusion injuries, one utilized a guinea-pig
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NEUROPROTECTIVE TREATMENTS FOR ACUTE SPINAL CORD INJURY

model with a forcep crush injury, and one utilized canines
who suffered paraplegia from intervertebral disc herniations.
A dose of 1g/kg was most commonly administered. Sub-
cutaneously injected PEG was reported to be effective with a
delay in intervention of 6 h post injury (Borgens and Bohnert,
2001), and dogs treated with PEG within 72h of injury were
reported to recover better than historical controls. In a rat SCI
model, a 1-h time window of efficacy was reported by Baptiste
and colleagues (2009).

With respect to non-behavioral outcomes, PEG was re-
ported to decrease NF200 degradation, reduce apopotosis,
and improve tissue sparing at the lesion site (Baptiste et al.,
2009). In contrast, Kwon and colleagues (2009) and Ditor and
colleagues (2007) found no significant tissue neuroprotection
with PEG alone. With respect to behavioral outcomes, Bor-
gens and Bohnert (2001) reported improved electrophysio-
logic recordings and the return of the cutaneous truncal
muscle reflex after PEG treatment, and reported improved
hindlimb recovery in PEG-treated dogs as compared to his-
torical controls. Baptiste and colleagues (2009) reported
modest improvements in BBB scores in PEG-treated animals,
but no improvement on inclined plane testing. Ditor and
colleagues (2007) also reported very modest improvement in
BBB scores and a reduction in allodynia with PEG treatment.

Atorvastatin (Table 12)

Atorvastatin for acute SCI has been reported in three
studies from two laboratories. All studies utilized female SD
rats, employed thoracic weight-drop contusion injuries at
T12 (Pannu et al., 2005, 2007) and T10 (Dery et al., 2009), and
evaluated a 5mg/kg dose of atorvastatin. The drug was
administered via oral gavage in the two studies by Pannu and
colleagues, and by intraperitoneal injection in the study by
Dery and colleagues. In terms of a time window for thera-
peutic efficacy, the first of the two Pannu studies (2005) ad-
ministered the drug prior to injury, while the subsequent
study (2007), included delays of 2, 4, or 6 h post injury. Daily
oral-gavage treatments were continued for 42 days. A 2-h
delay in intervention was studied by Dery and colleagues,
who continued the atorvastatin injections daily for 2 weeks.

Atorvastatin was found by Pannu and colleagues to reduce
the expression of inflammatory cytokines, increase tissue
sparing, and reduce Rho activity and GFAP expression and
apoptosis. Dery and colleagues also reported a reduction in
caspase 3 activation and decreased TUNEL staining, although
statistically signficant tissue sparing at the injury site was not
achieved in the atorvastatin-treated animals. In all three
studies, atorvastatin was found to induce significant behav-
ioral recovery, which was noted to be quite extraordinary in
the articles by Pannu and colleagues. While the neuropro-
tective benefits reported by Dery and colleagues (2009) may
not have been as dramatic as those described in the Pannu
studies, the fact that this was done independently but with
some similarities in experimental design (same species, com-
parable weight-drop force, same daily dose) reflects, to some
degree, a robustness of the treatment.

Inosine (Table 13)

Inosine is a nucleoside that is commonly taken as a dietary
supplement to improve athletic performance. Its potential for
SCI was first introduced by Benowitz and colleagues (1999) in
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a study that revealed that local infusion of inosine to the motor
cortex promoted sprouting of corticospinal axons in the me-
dulla. Because of its invasive mode of administration, this
study is excluded from this systematic review. However,
three subsequent studies have been published that utilize a
systemic administration starting at either an acute time point
(15 min to 2 h post injury) or at a chronic time point (3 months
post injury).

As an acute therapy for SCI, inosine was reported to de-
crease apoptosis, and, after 6 weeks of administration, reduce
the invasion of ED-1 positive cells into the injury site. No
reports of improved tissue or axonal sparing are made in ei-
ther study. No behavioral assessments were made in either
study. In a chronic (3 months post injury) setting, inosine re-
portedly increases sprouting of ascending and descending
tracts, and was associated with recovery of the cutaneous
truncal muscle reflex. No locomotor behavior has been re-
ported. In summary, there is little pre-clinical evidence
available to support the use of inosine as an acute therapy for
SCI. While inosine has been studied by independent labs,
behavioral outcomes were not assessed in either of the acute
studies, and there is a paucity of histologic outcomes. A time
window of 2 h was indicated by Liu and colleagues (2006), but
the histologic outcomes were performed at 3 days post injury.

Pioglitazone (Table 14)

Pioglitazone is a PPAR (peroxisome proliferator-activated
receptor) gamma agonist. PPARs are part of the nuclear
hormone receptor superfamily that, upon ligand activation,
regulate gene expression. The PPARy agonists such as pio-
glitazone and rosiglitazone are in common clinical use for
type II diabetes (marketed under the names Actos® and
Avandia® respectively). Beyond their metabolic effects, in-
terest in PPARy agonists has grown in the last decade due
to their anti-inflammatory, neuroprotective, and even anti-
neoplastic properties (Kapadia et al., 2008; Ondrey, 2009).

Pioglitazone has not yet had extensive testing in models of
SCI. Two papers from independent laboratories were identi-
fied in the literature search. Both utilized thoracic contusion
injuries induced by either the OSU or NYU impactors in
Sprague Dawley rats. Pioglitazone was administered intra-
peritoneally in a range of doses, from 0.5 to 10 mg/kg. Dose-
response effects were observed in both studies, with McTigue
and colleagues (2007) reporting better neuroprotection with
10mg/kg versus 1.0mg/kg, and Park and colleagues (2007)
reporting better neuroprotection with 3.0 and 1.5mg/kg
versus 0.5mg/kg. Park and colleagues (2007) additionally
demonstrated that for a 1.5mg/kg dose, four administrations
over 48 h were better than one administration. While the op-
timal dose and treatment regimen remains to be established, it
is noteworthy and commendable that these studies both
looked at dose, with the Park study examining both dose and
regimen. Importantly, the Park study established a 2-h time
window of efficacy for the 1.5mg/kg dose of pioglitazone;
neuroprotective efficacy was lost when the drug was started
4 h post injury. Interestingly, while Park and colleagues (2007)
observed significant recovery on the BBB with pioglitazone at
1.5mg/kg and 3.0 mg/kg, McTigue and colleagues (2007) did
not see recovery on the BBB in either the 10 mg/kg or 1 mg/kg,
although they did report other behavioral outcome measures
that showed some benefit of pioglitazone. Group sizes in both
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experiments were relatively small in both studies. For exam-
ple, many of the experiments done by Park and colleagues (for
example, the dose and time-window studies) were with an n
of only five per group. As a side note, a study of an endoge-
nous PPARy agonist, 15-deoxy-delta-12,14-prostaglandin ]2,
found beneficial effects with a 200 ug/kg dose, but deleterious
effects with a high doses of 1 mg/kg (Kerr et al., 2008), illus-
trating the complexity of this dose issue in such pharma-
cotherapies for SCI.

Conclusion

With the urgency to establish novel treatments for acute
SCI, it is recognized that the process of bringing forth a new
human therapy takes a great deal of time. Novel therapeutics
require substantive safety evaluations, which add expense and
time to the translation of new treatments. Along this line, the
idea of exploring the neuroprotective potential of treatments
that are already in human clinical application remains an in-
viting strategy. This review summarizes the available pre-
clinical literature on the use of such agents in in-vivo models of
acute SCI. It is not a comprehensive list of every therapy that
has ever been tried in pre-clinical models of SCI, but rather, a
systematic review of specific therapies that are currently being
considered for human translation. In some cases (such as
systemic hypothermia and minocycline), the human barrier
has been broken and clinical evaluation has actually begun.

The obvious question to ask when viewing this large body of
pre-clinical data is “which are the most promising?” and thus
best candidates to take forward into clinical trials. This is a
difficult question to answer, for a variety of reasons. The sys-
tematic review of these therapies and the description of the
individual studies in this tabular form make it evident that
significant variability exists across the scientific community in
the conduct of these studies. This variability includes animal
sex, weight, strain, and species, SCI level, severity, and mech-
anism, therapeutic dose, dose regime, timing, and survival,
and a myriad of different histologic and behavioral outcomes.
These differences make it very difficult, if not impossible, to
compare across studies to determine which agent had the
greatest “effect.” While this variability is bemoaned for the
difficulty that arises in comparing results from one laboratory
to the next, it is at least partly consistent with the variability
inherent to human injuries. If something is to “work” in human
SCI, it should conceivably “work” in a variety of pre-clinical
injury models that utilize different animal strains, weights, and
ages, and different injury severities and levels; that is, the
beneficial effect of the treatment must be “robust” enough that
it can be demonstrated in a variety of experimental settings.

This issue of robustness is central to the discussion of
translation, and is reflected in part by the number of inde-
pendent laboratories that have reported on beneficial effects
of a therapy, often with different rodent species, injury
models, and doses. In this regard, most of the agents docu-
mented in this review achieved this level of “robustness”
(e.g., minocycline, erythropoietin, riluzole, systemic hypo-
thermia, progesterone, estrogen, atorvastatin, and magne-
sium sulfate). However, this has important distinctions from a
formal attempt at replicating the positive results of a partic-
ular study from another laboratory, in which great efforts are
made to simulate as many of the exact experimental conditions
as possible. Such replication attempts sponsored by the NIH
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have been unsuccessful in the case of erythropoietin (Pinzon
et al., 2008) and minocycline (Pinzon et al., 2008). In fact, to
our knowledge, no formal replication study has yet to re-
produce the efficacy reported in the original research article.

The second obvious translational issue for neuroprotective
agents administered in the acute SCI setting is that of the time
window of efficacy. The length of the time window of efficacy
that needs to be established in pre-clinical animal studies in
order to suggest that a drug would be effective in a realistic
timeframe in human SCI is not currently understood, and it
likely differs depending on the precise mechanism of action of
the therapeutic agent (which also may not be that well un-
derstood). As the therapies reviewed in this paper are largely
neuroprotective treatments to be utilized in acute SCI, it is
quite revealing to note the paucity of time window of inter-
vention studies that are actually performed. Most studies
employ extremely short time windows, in which the inter-
vention is applied either at the time of injury or very soon
after. The therapy with the most number of animal studies
that met the inclusion criteria of our systematic review was
erythropoietin (19 studies), and yet, a time window of be-
havioral efficacy beyond 1h has not yet been established.

Finally, the issue of what actually constitutes “clinically
meaningful efficacy” in pre-clinical research is something that
is not so well defined. Given that human SCI is ultimately a
functional problem, it would seem obvious that in pre-clinical
studies, a therapy should, above all else, demonstrate some
improvement in behavioral outcomes. As indicated in the
tables, most studies (but certainly not all) actually measured
behavioral outcomes, the most common being the open field
locomotor scores (BBB scale). The tables make it evident that
the scientific community places much emphasis on the re-
covery of locomotor function, which of course is well under-
stood not to be the top priority of patients with spinal cord
injuries (Anderson, 2004). From a translational standpoint, at
least the use of the BBB allows for a common metric amongst
experiments of inevitably varied design, and provides some
context to the extent of behavioral recovery that has actually
occurred. Exactly what extent of BBB recovery is “clinically
meaningful,” however, remains controversial, given the rec-
ognized differences in locomotor control between rodents and
humans.

In summary, this manuscript portrays the state of the pre-
clinical literature on a number of potential acute therapies for
SCI that have been studied to various degrees in animal
models. Some have already gone into clinical trials (e.g.,
minocycline in Calgary, Alberta, and systemic hypothermia in
Miami, Florida), and others are poised to be soon translated
into human SCI (e.g., riluzole, and a magnesium/PEG for-
mulation). While the body of literature on many therapies is
not insignificant, a casual review of this systematically col-
lected literature reveals that there are some obvious gaps to fill
with respect to demonstrating robustness and confirming
relevant time windows of efficacy. Developing guidelines
analogous to those that exist within the stroke field to provide
direction to the pre-clinical development of these therapies
prior to human translation would be valuable.
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