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Management strategies for acute spinal cord
injury: current options and future perspectives
Philip F. Stahel a,b, Todd VanderHeiden a, and Michael A. Finn b

Purpose of review
Spinal cord injury is a devastating acute neurological condition with loss of function and poor long-term
prognosis. This review summarizes current management strategies and innovative concepts on the horizon.
Recent findings
The routine use of steroids in patients with spinal cord injuries has been largely abandoned and considered
a ‘harmful standard of care’. Prospective trials have shown that early spine stabilization within 24 h results
in decreased secondary complication rates. Neuronal plasticity and axonal regeneration in the adult spinal
cord are limited due to myelin-associated inhibitory molecules, such as Nogo-A. The experimental inhibition
of Nogo-A ameliorates axonal sprouting and functional recovery in animal models.
Summary
General management strategies for acute spinal cord injury consist of protection of airway, breathing,
oxygenation and control of blood loss with maintenance of blood pressure. Unstable spine fractures should
be stabilized early to allow unrestricted mobilization of patients with spinal cord injuries and to decrease
preventable complications. Steroids are largely considered obsolete and have been abandoned in clinical
guidelines. Nogo-A represents a promising new pharmacological target to promote sprouting of injured
axons and restore function. Prospective clinical trials of Nogo-A inhibition in patients with spinal cord
injuries are currently under way.
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INTRODUCTION
Spinal cord injuries are devastating, life-altering
events for patients and their families [1,2]. The
incidence of acute spinal cord injury (SCI) is about
10 000–12 000 per year, with an estimated prevalence of about 350 000 patients in the United States
[3]. Young men in their late 20s to mid-30s represent
the predominant patient population, with a threefold to four-fold increased incidence compared with
the female gender [4 ]. Although spine injuries are
rare as compared with the overall incidence of other
skeletal injuries (around 1% of all fractures), their
incidence increases in high-energy trauma mechanisms, multiply injured patients and in the presence
of traumatic brain injury [5].
&

INJURY CLASSIFICATION
The severity of SCI is classified according to the
impairment scale published by the American Spinal
Injury Association (ASIA). The extent of neurological injury is stratified into ‘complete’ (ASIA grade A)

or ‘incomplete’ (ASIA grades B-D), with ASIA grade E
reflecting a normal neurological status (Fig. 1)
(www.asia-spinalinjury.org). SCI is further stratified
into paraplegia (paralysis of the lower extremities),
resulting from thoracic and lumbar spine injuries,
and quadriplegia (paralysis of all four extremities),
which originates from cervical spine injuries [6].
With incomplete injuries, the patient has some
extent of preserved neurological function below
the level of injury, which is associated with a better
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NEUROINFLAMMATION AND SECONDARY
SPINAL CORD INJURY

KEY POINTS
 Basic management principles for acute spinal cord
injury include adequate oxygen delivery and blood
flow in conjunction with early surgical measures of
spine reduction, stabilization and fixation coupled with
spinal cord decompression and restoration of spinal
canal dimensions.
 The adult central nervous system is inherently incapable
of regeneration, and there are currently no
pharmacological strategies available to heal the injured
spinal cord.
 The routine use of corticosteroids has been abandoned
as a ‘harmful’ standard of care for patients with acute
spinal cord injuries.
 Promising new experimental strategies for attenuating
neuroinflammation in the injured spinal cord include
site-targeted complement inhibition and the
administration of synthetic PPAR agonists.
 Nogo-A represents a potent endogenous inhibitor of
regenerative sprouting of injured axons and a new
pharmacological target which is currently under
investigation in clinical trials.

outcome prediction than complete injuries, in
which the prognosis is dismal [7 ].
Traumatic spinal dislocations, vertebral fractures and fracture-dislocations are classified by the
comprehensive Arbeitsgemeinschaft fuer Ostesynthesefragen/Orthopaedic Trauma Association classification system [8]. In brief, the anatomic region is
defined by a number (51 for cervical, 52 for thoracic,
53 for lumbar spine), whereas the injury severity is
assigned an alpha-numeric grade (A,B,C and 1,2,3),
which increases with injury severity (Fig. 2). ‘A-type’
fractures occur as a result of axial loading to the
anterior spinal column and are frequently stable.
The A3 subtype of burst fractures may be associated
with acute SCI in the case of fragment dislocation
into the spinal canal, leading to spinal cord compression [9]. The entity of ‘B-type’ injuries represents
unstable three-column injuries secondary to flexion/distraction (B1/B2) or hyperextension (B3)
mechanisms [9]. The worst extent of traumatic
spinal injuries is reflected by ‘C-type’ fractures,
which represent rotationally unstable fracturedislocations. The incidence of SCI increases with
the alpha-numeric fracture classification, from near
0% in stable A1-type compression fractures to near
100% in C3-type injuries (Fig. 2). The C3-type is
representative of the most severe and unstable
injury pattern of any spinal fracture, termed a
‘Holdsworth’ injury, a ‘slice’ fracture or a ‘traumatic
spondyloptosis’ [9,10].
&
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The primary traumatic injury to the spinal cord
occurs as a result of the mechanical impact to the
spine, leading to acute compression of the spinal
canal from displaced bone or interverterbral disk, or
from acute kinking of the spinal cord at the time of
injury [3]. A complete transection of the spinal cord
is rare but may occur from high-energy rotational/
translational forces, as, for example, in the case of
C3-type ‘slice’ fractures (Fig. 3). In contrast, spinal
contusions and diffuse shearing injuries from
stretching of axons occur more frequently as a consequence of the direct primary injury to nerve cells
[11]. This primary trauma induces the so-called
‘secondary’ injuries, which evolve over time and
lead to a delayed deterioration of the initial extent
of injury [12,13 ]. The ensuing host-mediated
immunological response mediates neuroinflammation and perpetuates neurodegeneration and cytotoxicity within the injured spinal cord [11,14–18].
Resident cells in the injured central nervous system (CNS) are activated in response to the traumatic
impact and initiate an orchestrated neuroinflammatory response, mediated by pro-inflammatory cytokines, chemokines and complement activation
products [18,19 ,20–23]. Chemotaxis by chemokines
and complement anaphylatoxins leads to transmigration of haematogenous inflammatory cells, such
as neutrophils, macrophages and lymphocytes, into
the injured CNS [24,25 ,26 ,27]. These infiltrating
leukocytes perpetuate the neuroinflammatory
response by the local release of neurotoxic molecules,
including reactive oxygen species, nitrogen-derived
free radicals, proteases and other neurotoxic enzymes
[28,29 ,30–32]. These secondary pathophysiological
events ultimately lead to breakdown of the blood–
spinal cord barrier (BSCB), which allows for an
uncontrolled leakage of systemic toxic molecules,
such as matrix metalloproteases and other inflammatory mediators, into the subarachnoid space in the
injured spinal cord [14,33,34 ,35–37]. This ‘vicious
cycle’ of self-perpetuating exacerbated neuroinflammation leads to spinal oedema, expansion of the
primary traumatic lesion and delayed neuronal cell
death [12]. Until present, there is not a single pharmacological agent available on the market that would
prevent the development of secondary SCI and
induce regenerative processes aimed at healing the
spinal cord and restoring neurological function
[38,39 ].
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GENERAL MANAGEMENT
The basic management principles for patients
with acute SCI consist of protection of airway and
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Patient Name______________________________________________
C2

Examiner Name____________________________________________ Date/Time of Exam___________________________

INTERNATIONAL STANDARDS FOR NEUROLOGICAL
CLASSIFICATION OF SPINAL CORD INJURY

C3

C2
C3

LIGHT
TOUCH
R
L

(scoring on reverse side)

UPPER LIMB
TOTAL

+

(MAXIMUM)

(25) (25)

=
(50)

Comments:

Hip flexors
Knee extensors
Ankle dorsiflexors
Long toe extensors
Ankle plantar flexors

L2
L3
L4
L5
S1

(VAC) Voluntary anal contraction
(yes/no)

(MAXIMUM)

(25)

(25)

NEUROLOGICAL
LEVEL
SENSORY
The most crucial segment
MOTOR
with normal function

R

L

C5

T4
T5
T6
T7
T8

T1

T1

T9

C6

C6

T10
T11

S 3
T12
L1

L1

S4–5

Palm

Palm

L L
2 2
L
3

S2

L
3

L2

L2

L3

L3

S2

C6
Dorsum

S1

Dorsum

S1

L4

L4

L4

L4

L5

L5

Key
Sensory
Points

(DAP) Deep anal pressure (yes/no)
=
=

+

(MAXIMUM) (56)

(50)

T2

T3

0 = absent
1 = altered
2 = normal
NT = not testable

TOTALS

=

+

C4

C4
T2
C5

C2
C3
C4
C5
C6
C7
C8
T1
T2
T3
T4
T5
T6
T7
T8
T9
T10
T11
T12
L1
L2
L3
L4
L5
S1
S2
S3
S4–5
+

LOWER LIMB
TOTAL

SENSORY
KEY SENSORY POINTS

C7 C8

Elbow flexors
Wrist extensors
Elbow extensors
Finger flexors (distal phalarix of middle finger)
Finger abductors (little finger)

C5
C6
C7
C8
T1

PIN
PRICK
R
L

C6

KEY MUSCLES

L

SINGLE
NEUROLOGICAL
LEVEL

(56)

(56)

PIN PRICK SCORE

(max. 112)

LIGHT TOUCH SCORE

(max. 112)

S1

S1
S1

(56)

(In complete injuries only)

COMPLETE OR INCOMPLETE?
Incomplete  Any sensory or motor function in S4–S5

ZONE OF PARTIAL
PRESERVATION

ASIA IMPAIRMENT SCALE (AIS)

Most caudal level
with any innervation

R

ASIA Impairment (AIS) Scale

0 = Total paralysis

A = Complete. No sensory or motor function
is preserved in the sacral segments S4-S5.

1 = Palpable or visible contraction

B = Sensory Incomplete. Sensory but not
motor function is preserved below the
neurological level and includes the sacral
segments S4-S5 (light touch, pin prick at S4-S5:
or deep anal pressure (DAP)), AND no motor
function is preserved more than three levels below
the motor level on either side of the body.

2 = Active movement, full range of
motion (ROM) with gravity
eliminated
3 = Active movement, full ROM against
gravity
4 = Active movement, full ROM against
gravity and moderate resistance in a
muscle specific position.
5 = (normal) active movement, full
ROM against gravity and full
resistance in a muscle specific
position expected from an otherwise
unimpaired peson.
5* = (normal) active movement, full
ROM against gravity and sufficient
resistance to be considered normal
if identified inhibiting factors (i.e.
pain, disuse) were not present.
NT= Not testable (i.e. due to
immobilization, severe pain such that
the patient cannot be graded,
amputation of limb, or contracture
of >50% of the range of motion).

C = Motor Incomplete. Motor function is
preserved below the neurological level**, and
more than half of key muscle functions below the
single neurological level of injury (NLI) have a
muscle grade less than 3 (Grades 0–2).
D = Motor Incomplete. Motor function is
preserved below the neurological level**, and at
least half (half or more) of key muscle functions
below the NLI have a muscle grade ≥ 3.
E = Normal. If sensation and motor function as
tested with the ISNCSCI are graded as normal in
all segments, and the patient had prior deficits,
then the AIS grade is E. Someone without an
initial SCI does not receive an AIS grade.
**For an individual to receive a grade of C or D, i.e. motor
incomplete status, they must have either (1) voluntary anal
sphincter contraction or (2) sacral sensory sparing with
sparing of motor function more than three levels below the
motor level for that side of the body. The Standards at this
time allows even non-key muscle function more than 3 levels
below the motor level to be used in determining motor
incomplete status (AIS B versus C).

NOTE: When assessing the extent of motor sparing below
the level for distinguishing between AIS B and C, the motor
level on each side is used; whereas to differentiate between
AIS C and D (based on proportion of key muscle functions
with strength grade 3 or greater) the single neurological
level is used.

L

SENSORY
MOTOR

This form may be copied freely but should not be altered without permission from the American Spinal Injury Association.

Muscle Function Grading

C7 C
8

MOTOR
R

REV0411

Steps in classification
The following order is recommended in determining the
classification of individuals with SCI.
1.

Determine sensory levels for right and left sides.

2.

Determine motor levels for right and left sides.
Note: in regions where there is no myotome to test, the motor
level is presumed to be the same as the sensory level, if testable
motor function above that level is also normal.

3.

Determine the single neurological level.
This is the lowest segment where motor and sensory function is
normal on both sides, and is the most cephalad of the sensory
and motor levels determined in steps 1 and 2.

4.

Determine whether the injury is Complete or Incomplete.
(i.e. absence or presence of sacral sparing)
If voluntary anal contraction = No AND all S4–5 sensory
scores = 0 AND deep anal pressure = No, then injury is
COMPLETE. Otherwise, injury is incomplete.

5.

Determine ASIA Impairment Scale (AIS) grade:
If YES, AIS = A and can record ZPP
(lowest dermatome or myotome on
each side with some preservation)

Is injury Complete?

NO

Is injury
motor Incomplete?

If NO, AIS = B
(Yes = voluntary anal contraction OR
motor function more than three levels
below the motor level on a given side,
if the patient has sensory incomplete
classification)

YES

Are at least half of the key muscles below the
single neurological level graded 3 or better?

YES

NO
AIS = C

AIS = C

If sensation and motor function is normal in all segments, AIS = E
Note: AIS E is used in follow-up testing when an individual with
a documented SCI has recovered normal function. If at initial
testing no deficits are found, the individual is neurologically
intact; the ASIA impairment scale does not apply.

FIGURE 1. Neurological impairment scale by the American Spinal Injury Association (ASIA) for grading the level and extent
of spinal cord injury. Reproduced with permission by ASIA (www.asia-spinalinjury.org).
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Fracture type (AO/OTA)

Stability

Risk of SCI

A-type: Axial compression

Management

0%

A1: Impaction/compression

Stable

Nonoperative

A2: Split

Stable

Nonoperative

A3: Burst

Stable/unstable*

Nonoperative
/operative

B-type: Flexion/distraction or hyperextension
B1: Flexion/distraction

Unstable

Operative

B2: ‘Chance’ fracture

Unstable

Operative

B3: Hyperextension

Unstable

Operative

C1: Rotational wedge

Unstable

Operative

C2: Rotational flexion/extension

Unstable

Operative

C3: Rotational shear
(“holdsworth”slice fracture)

Unstable

Operative

C-type: A- or B-type with rotation

100%

FIGURE 2. Correlation between injury severity on the basis of the standardized Arbeitsgemeinschaft fuer Ostesynthesefragen/
Orthopaedic Trauma Association classification to the likelihood of an associated spinal cord injury. SCI, spinal cord injury.
Indication for operative intervention for A3 burst fractures depends on the extent of compression of the spinal canal, the
presence of neurological injury and the extent of comminution and kyphotic deformity. Reproduced with permission [8].

breathing/ventilation, ensuring adequate oxygenation, acute control of blood loss and maintenance
of adequate blood pressure through volume and
vasopressors, if required [40,41]. The standardized
‘Advanced Trauma Life Support’ (ATLS) protocol
provides guidance for the initial assessment and
management of trauma patients with associated
spinal injuries [42]. The presence of an unstable
spinal injury must be suspected in any patient
who sustained a high-energy trauma mechanism,
independent of a neurological impairment [43 ].
The leading symptom of a spinal injury is pain in
the back and/or neck, with tenderness to palpation
[44]. In the prehospital setting, the management of
patients with suspected spine injuries consists of
&
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complete immobilization, exact documentation
and timing of the clinical findings, and immediate
evacuation to a designated level 1 trauma centre
[45,46]. Per ATLS protocol, the entire spine remains
protected during the primary survey, by the use of a
long spine-board and a cervical collar [42]. Hard
back boards must be removed as soon as safely
possible due to the high risk of developing pressure
sores and decubitus ulcers after prolonged immobilization [44]. A cervical collar is kept in place until
formal spine clearance, which usually requires
additional radiographic workup [47,48].
Spinal injuries are identified and worked-up
during the secondary survey, after successful lifesaving measures [42,49]. Most spine injuries do not
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FIGURE 3. Case example of a C3-type ‘Holdsworth’ slice fracture-dislocation with a complete spinal cord transsection. This
27-year-old patient sustained a direct hit in conjunction with a twisting injury to the thoracic spine after a fall from a balcony,
leading to a rotationally and translationally unstable fracture-dislocation. The patient was paraplegic at the accident site, with
a complete spinal cord injury (American Spinal Injury Association grade A). The initial MRI shows the extent of displacement
at T9/T10 and the spinal cord transsection at T8/T9 (arrow in panel A). The sagittal CT reconstruction demonstrates the
amount of translational displacement at T9/T10 (panel B) and the surgical restoration of the sagittal profile with posterior
instrumentation T3-L1 (panel C). The posterior ligamentous injury and laminar fracture (arrow in panel D) and the exposed
spinal cord after surgical decompression (arrow in panel E) and posterior instrumentation (panel F) illustrate the early surgical
management in terms of a ‘spine damage control’ procedure on day 1.

present with a neurological impairment [44]. If a
patient has signs of numbness, tingling sensation or
paralysis to any extremity, a serious injury to the
spinal cord must be suspected [44]. Impairment to
bladder and bowel function are frequently missed
on initial evaluation, which speaks to the absolute
necessity of a thorough rectal examination including motor, sensory and reflexes [44].

The diagnostic work-up of spinal injuries
includes plain radiographs, computed tomography
(CT) scans and MRI for visualization of soft-tissue
injuries to ligaments and intervertebral discs, epidural bleeding, dural tears, spinal cord contusions
and lacerations, and intramedullary lesion expansion
over time [50]. However, MRI must be exclusively
obtained in patients who are haemodynamically
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stable due to difficult access to these patients while in
the scanner [41]. The initial work-up of multiply
injured patients by multislice ‘whole-body’ CT scans
provides thin-section images of the entire spine,
along with two-dimensional and three-dimensional
reconstructions [49,51]. In this regard, the imaging
modality has drastically changed in the past decade,
whereby a full-body CT scan has largely replaced the
necessity of obtaining conventional radiographs
of the entire spine to prevent missing additional
vertebral fractures at a different level, which occur
in approximately 10% of all cases [42,52].

SURGICAL STRATEGIES
Any unstable fracture and/or dislocation of the
spine with acute neurological impairment must be
recognized early and managed in a timely fashion
[53,54 ]. The basic management principles include
restoration of the coronal, sagittal and axial profiles
by closed or open reduction manoeuvers, decompression of the spinal canal through posterior
and/or anterior approaches and the stabilization
of unstable spinal segments by surgical fusion and
instrumentation [9,55]. Proactive modern protocols
of ‘spine damage control’ have recently demonstrated that the early surgical fixation of unstable
spine fractures on ‘day 1’ results in decreased complication rates and improved outcomes in severely
injured patients with or without SCI [56 ,57–59].
Clearly, the optimal timing of spinal fixation will
continue to depend on individual surgeons’ preference and institutional capacity and logistic support
[60]. Although common sense would dictate that
any compression on the spinal cord should be alleviated as soon as possible, there is currently a lack of
solid evidence-based recommendations regarding
the ‘optimal’ timing of spinal decompression and
fixation [61]. Future prospective studies will hopefully provide some scientific clarification for this
onging debate and allow the design and implementation of standardized institutional protocols
to mandate a specific time-window for early surgical
management of patients with acute SCI [59].
&
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treatment modalities of current interest and ongoing
debate are presented in the following sections.

THERAPEUTIC HYPOTHERMIA – FACT OR
FAD?
Systemic hypothermia has been investigated for
decades as a noninvasive modality of neuroprotection for patients with head injuries, cerebrovascular
stroke, cardiac arrest and SCI [39 ,68]. The underlying rationale of moderately lowering the patient’s
body temperature is aimed at slowing down the
acute inflammatory processes in the injured CNS
and to reduce the extent of traumatic and ischaemic
tissue injury [69]. The recent report of a professional
football player, who was apparently ‘rescued’ by
systemic hypothermia after sustaining a C3/C4 fracture-dislocation with complete (ASIA A) SCI, raised
wide public interest in this treatment option [70].
The causal role of neuroprotection by hypothermia
in this prominent case was widely scrutinized on the
basis of the notion that the early restoration of
function may have been attributed to spontaneous
recovery from an incomplete SCI, after resolution of
spinal shock [71].
Unquestionably, the bulk of the peer-reviewed
literature regarding the efficiency of systemic hypothermia for neuroprotection in SCI is largely derived
from experimental studies in animal models [63 ].
In light of the current lack of scientific evidence
from controlled clinical trials in humans, systemic
hypothermia has to be considered a pure empirical
and experimental treatment option, despite anecdotal testimonies for its clinical application [70].
Notably, the historic euphoria regarding therapeutic
hypothermia for patients with severe head injuries
in the 1990s [72] was revoked in further clinical
validation studies, and therapeutic hypothermia is
no longer recommended for this indication [73].
This example should serve as a ‘red flag’ reminder
to exert caution regarding the unjustified enthusiasm for a therapeutic modality in absence of high
quality science.
&
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Role of steroids revisited
NONINVASIVE TREATMENT OPTIONS
Healing of the injured spinal cord represents one of
the remaining unresolved challenges and ‘frontiers’
in modern medicine [12]. Research strategies
designed to interrupt the pathophysiological sequelae of secondary SCI have largely failed in translation
from the ‘bench to beside’, and there is currently not
a single pharmacological agent available to heal
the injured spinal cord and restore function
[62,63 ,64,65,66 ,67]. A few selected noninvasive
&&
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The challenge and limitations of extrapolating
knowledge derived from animal studies to successful
implementation of pharmacological treatment for
patients with SCI are most explicitly outlined by the
role of steroids [74–76]. The administration of highdose steroids was a standard of care for patients with
brain tumours and head injuries in the 1960s and
1970s, due to the presumed beneficial effect of lowering intracranial pressure and attenuating cerebral
oedema [77]. After publication of the 2nd ‘National
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Acute Spinal Cord Injury Study’ (NASCIS-2) in 1990,
the application of high-dose methylprednisolone
for patients with acute SCI became a globally
accepted standard of care for more than a decade
[78,79]. Over time, however, the uncritical administration of high-dose steroids came under scrutiny
due to the questionable benefit and the potential for
inflicting unintentional harm to patients with SCI
[74]. The alleged ‘experimental’ nature of steroid
administration [74] was later confirmed by the
‘CRASH’ trial (Corticosteroid randomization after
significant head injury) on patients with traumatic
brain injuries [80]. This large-scale, prospective,
randomized, multicentre trial was aborted after
enrollment of about 10 000 patients, based on the
unexpected finding of a drastically increased
mortality in patients treated with methylprednisolone compared with the placebo control group [80].
The negative results from the ‘CRASH’ trial initiated
a provocative editorial in The Lancet, suggesting that
the uncritical administration of corticosteroids in
the 1980s and earlier may have been the cause of
preventable postinjury mortality [81]. In absence
of new prospective randomized trials on the role
of steroids in SCI, current guidelines and clinical
recommendations consider the routine use of
steroids for patients with acute SCI obsolete [42].

Is Nogo the way to go?
Neuronal plasticity and axonal regeneration are
limited in the adult spinal cord due to the presence
of inhibitory molecules, the most potent of which
has been designated as Nogo-A [82]. Nogo-A is
mainly expressed by oligodendrocytes and inhibits
regenerative sprouting of injured axons [83]. The
pharmacological inhibition of Nogo-A has been
identified as a promising new therapeutic approach
for ameliorating functional recovery in patients
with SCIs [84,85 ].
Experimental studies in genetically engineered
Nogo ‘knock-out’ mice showed that the absence of
Nogo leads to extensive postinjury sprouting of
corticospinal axons and recovery of locomotor function compared with wild-type littermates [86,87].
The extrapolation to therapeutic approaches in
experimental SCI models revealed that the application of neutralizing anti-Nogo-A antibodies
restores long-distance axonal regeneration and
functional recovery in rodents and nonhuman
primates [88,89]. These encouraging data prompted
the launch of a prospective clinical multicentre trial,
designed to determine the effect of the intrathecal
infusion of an antihuman Nogo-A antibody [ATI
355; Novartis (US headquarters: East Hanover,
New
Jersey.
Global
headquarters:
Basel,
&&

Switzerland)] on the functional recovery of patients
with complete and incomplete SCI [84]. This promising trial is currently underway and raises significant hope for approaching the ‘holy grail’ in
medicine – the therapeutic healing of the injured
spinal cord.

Future perspectives
The underlying mechanisms responsible for limited
functional regeneration in the injured spinal cord
have been extensively investigated in recent years.
Mesenchymal stem cell transplantation is being
thoroughly investigated as a new regenerative treatment option aimed at restoring the injured spinal
cord [90]. This intriguing therapeutic modality is
currently under investigation in animal research,
but its applicability in humans remains in question
[91–95]. Promising new opportunities for pharmacological modulation of the posttraumatic inflammatory response include a novel generation of
complement therapeutics with the capacity of being
‘targeted’ to sites of complement activation, such as
complement receptor type-2 (CR-2)-based chimeric
compounds that exert a potent anti-inflammatory
activity at the local site of tissue injury
[12,96,97 ,98].
Peroxisome proliferator-activated receptors
(PPARs) are ligand-activated, membrane-associated
transcription factors belonging to the nuclear hormone receptor family, which have been identified
as ‘key’ regulators of neuroinflammation after CNS
injury [99]. Three subtypes of PPAR have been
described (PPARa, PPARb/d and PPARg) which
exhibit differential tissue distribution and ligand
specificity [100]. These PPAR ligands represent
promising new pharmacological agents to attenuate
the postinjury inflammatory response [101–103]. A
wide range of synthetic compounds functioning as
PPAR ligands have been recently developed, of
which the most prominent classes are represented
by fibrates (PPARa agonists) and glitazones (PPARg
agonists) [104]. These pharmacological compounds
are currently under investigation in multiple experimental animal models of SCI, with promising early
results [105 ,106–111].
These promising experimental treatment
modalities still await successful extrapolation to
clinical trials in the future.
&

&

CONCLUSION
Acute SCI is a detrimental condition, which still
lacks a pharmacological therapy capable of healing
the injured spinal cord and restoring function. At
present, the standard management principles
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consist of ensuring adequate oxygenation and blood
flow, in conjunction with early decompression of
the spinal cord and restoration of spinal anatomy
and spinal stability by surgical measures. The
pharmacological blockade of Nogo-A, which is currently investigated in prospective clinical trials,
represents the most promising modality for regeneration of the injured spinal cord. Future progress
unequivocally relies on extensive basic research
with the hope for successful translation into clinical
treatment strategies.
Acknowledgements
None.
Conflicts of interest
Written informed consent was obtained from the patient
depicted in Fig. 3 for publication of the radiographs and
intraoperative pictures. Dr Stahel’s basic research studies
are supported by a grant from the Colorado Traumatic
Brain Injury Trust Fund (COTBITF). Dr Stahel received
occasional speaker’s honoraria from Stryker Spine in the
past 5 years. The authors declare no further conflicts of
interest related to this manuscript.

REFERENCES AND RECOMMENDED
READING
Papers of particular interest, published within the annual period of review, have
been highlighted as:
&
of special interest
&& of outstanding interest
Additional references related to this topic can also be found in the Current
World Literature section in this issue (pp. 724–726).
1. Post MW, van Leeuwen CM. Psychosocial issues in spinal cord injury: a
review. Spinal Cord 2012; 50:382–389.
2. Shin JC, Goo HR, Yu SJ, et al. Depression and quality of life in patients within
the first 6 months after the spinal cord injury. Ann Rehabil Med 2012;
36:119–125.
3. Livecchi MA. Spinal cord injury. Continuum (Minneap Minn) 2011; 17:568–
583.
4. Devivo MJ. Epidemiology of traumatic spinal cord injury: trends and future
& implications. Spinal Cord 2012; 50:365–372.
This is an excellent up-to-date review outlining the current demographics, incidence and prevalence of SCI in the United States.
5. Court-Brown CM, Caesar B. Epidemiology of adult fractures: a review. Injury
2006; 37:691–697.
6. Stahel PF. Initial management of patients with traumatic spinal cord injuries.
Orthopedics (in press).
7. Hogel F, Mach O, Maier D. Functional outcome of patients 12 and 48 weeks
& after acute traumatic tetraplegia and paraplegia: data analysis from 2004–
2009. Spinal Cord 2012; 50:517–520.
In a retrospective analyis of a large propspective European database, the authors
analysed the ‘Spinal Cord Independence Measure Score’ to determine the
differences in subjective outcomes between paraplegic and tetraplegic patients
with SCIs.
8. Marsh JL, Slongo TF, Agel J, et al. Fracture and dislocation classification
compendium – 2007: Orthopaedic Trauma Association classification, database and outcomes committee. J Orthop Trauma 2007; 21 (Suppl 10):
S1–S133.
9. Stahel PF, Flierl MA, Matava B. Traumatic spondylolisthesis. In: Vincent JL,
Hall J, editors. Encyclopedia of intensive care, medicine. Heidelberg: Springer; 2012 (in press).
10. Yadla S, Lebude B, Tender GC, et al. Traumatic spondyloptosis of the
thoracolumbar spine. J Neurosurg Spine 2008; 9:145–151.
11. Flierl MA, Beauchamp KM, Dwyer A, Stahel PF. Immunological response to
spinal cord injury: impact on the timing of spine surgery. In: Patel VV, Burger
E, Brown C, editors. Spine Trauma. Berlin/Heidelberg: Springer; 2010. pp.
73–83.

658

www.co-criticalcare.com

12. Stahel PF, Flierl MA. Targeted modulation of the neuroinflammatory response
after spinal cord injury: the ongoing quest for the ‘holy grail’. Am J Pathol
2010; 177:2685–2687.
13. Borgens RB, Liu-Snyder P. Understanding secondary injury. Q Rev Biol
&
2012; 87:89–127.
This is an excellent review describing the molecular and cellular mechanisms of
secondary tissue injury after CNS trauma.
14. Austin JW, Afshar M, Fehlings MG. The relationship between localized
subarachnoid inflammation and parenchymal pathophysiology after spinal
cord injury. J Neurotrauma 2012; 29:1838–1849.
15. Bethea JR, Dietrich WD. Targeting the host inflammatory response in
traumatic spinal cord injury. Curr Opin Neurol 2002; 15:355–360.
16. Bareyre FM, Schwab ME. Inflammation, degeneration and regeneration in the
injured spinal cord: insights from DNA microarrays. Trends Neurosci 2003;
26:555–563.
17. Jones TB, McDaniel EE, Popovich PG. Inflammatory-mediated injury and
repair in the traumatically injured spinal cord. Curr Pharm Des 2005;
11:1223–1236.
18. Olson JK. Immune response by microglia in the spinal cord. Ann NY Acad Sci
2010; 1198:271–278.
19. Boekhoff TM, Ensinger EM, Carlson R, et al. Microglial contribution to
&
secondary injury evaluated in a large animal model of human spinal cord
trauma. J Neurotrauma 2012; 29:1000–1011.
An experimental study of SCI in dogs analysed the microglial activation pattern
and posttraumatic inflammatory response in cervical and thoracolumbar spine
injuries.
20. Qiao F, Atkinson C, Song H, et al. Complement plays an important role in
spinal cord injury and represents a therapeutic target for improving recovery
following trauma. Am J Pathol 2006; 169:1039–1047.
21. Qiao F, Atkinson C, Kindy MS, et al. The alternative and terminal pathways of
complement mediate posttraumatic spinal cord inflammation and injury. Am J
Pathol 2010; 177:3061–3070.
22. Stahel PF, Smith WR, Moore EE. Role of biological modifiers regulating the
immune response after trauma. Injury 2007; 38:1409–1422.
23. Li LM, Li JB, Zhu Y, Fan GY. Soluble complement receptor type 1 inhibits
complement system activation and improves motor function in acute spinal
cord injury. Spinal Cord 2010; 48:105–111.
24. Stahel PF, Barnum SR. The role of the complement system in CNS inflammatory diseases. Expert Rev Clin Immunol 2006; 2:445–456.
25. Lee SM, Rosen S, Weinstein P, et al. Prevention of both neutrophil and
&& monocyte recruitment promotes recovery after spinal cord injury. J Neurotrauma 2011; 28:1893–1907.
In this experimental study, mice were depleted of neutrophils and monocytes in
order to determine the role of the leukocyte response to SCI. The results suggest a
cooperation between both cell types in the pathogenesis of the early inflammatory
response and postinjury breakdown of the BCSB.
26. Geremia NM, Bao F, Rosenzweig TE, et al. CD11d antibody treatment
&
improves recovery in spinal cord-injured mice. J Neurotrauma 2012;
29:539–550.
This experimental study in mice demonstrates that the pharmacological blocking of
CD11d, a subunit of the CD11d/CD18 integrin, leads to reduced neutrophil
infiltration and neurotoxicity in the injured spinal cord compared with animals
treated with a control antibody.
27. Nataf S, Stahel PF, Davoust N, Barnum SR. Complement anaphylatoxin
receptors on neurons: new tricks for old receptors? Trends Neurosci 1999;
22:397–402.
28. Kubota K, Saiwai H, Kumamaru H, et al. Myeloperoxidase exacerbates
secondary injury by generating highly reactive oxygen species and mediating
neutrophil recruitment in experimental spinal cord injury. Spine (Phila Pa
1976) 2012; 37:1363–1369.
29. Veeravalli KK, Dasari VR, Rao JS. Regulation of proteases after spinal cord
&
injury. J Neurotrauma 2012; 29:2251–2262.
This is an important review on the role of proteases, such as matrix metalloproteinases, in contributing to delayed neurodegeneration in the injured spinal
cord.
30. Jia Z, Zhu H, Li J, et al. Oxidative stress in spinal cord injury and antioxidantbased intervention. Spinal Cord 2012; 50:264–274.
31. Maggio DM, Chatzipanteli K, Masters N, et al. Acute molecular perturbation
of inducible nitric oxide synthase with an antisense approach enhances
neuronal preservation and functional recovery after contusive spinal cord
injury. J Neurotrauma 2012; 29:2244–2249.
32. Bains M, Hall ED. Antioxidant therapies in traumatic brain and spinal cord
injury. Biochim Biophys Acta 2012; 1822:675–684.
33. Maikos JT, Shreiber DI. Immediate damage to the blood-spinal cord barrier
due to mechanical trauma. J Neurotrauma 2007; 24:492–507.
34. Bartanusz V, Jezova D, Alajajian B, Digicaylioglu M. The blood-spinal cord
&
barrier: morphology and clinical implications. Ann Neurol 2011; 70:194–
206.
This is an excellent review describing the basic morphological features of the
BSCB and mechanisms of BSCB breakdown under neuropathological conditions,
such as an SCI.
35. Peter NR, Shah RT, Chen J, et al. Adhesion molecules close homolog of L1
and tenascin-C affect blood-spinal cord barrier repair. Neuroreport 2012;
23:479–482.

Volume 18  Number 6  December 2012

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

Management strategies for acute spinal cord injury Stahel et al.
36. Zhang H, Chang M, Hansen CN, et al. Role of matrix metalloproteinases and
therapeutic benefits of their inhibition in spinal cord injury. Neurotherapeutics
2011; 8:206–220.
37. Lee JY, Kim HS, Choi HY, et al. Valproic acid attenuates blood-spinal cord
barrier disruption by inhibiting matrix metalloprotease-9 activity and improves
functional recovery after spinal cord injury. J Neurochem 2012; 121:818–
829.
38. Courtine G, van den Brand R, Musienko P. Spinal cord injury: time to move.
Lancet 2011; 377:1896–1898.
39. Kuffler DP. Maximizing neuroprotection: where do we stand? Ther Clin Risk
&
Manag 2012; 8:185–194.
This review summarizes the current understanding of the pathophysiological
reactions to SCI and the available neuroprotective strategies, including future
perspectives.
40. Markandaya M, Stein DM, Menaker J. Acute treatment options for spinal cord
injury. Curr Treat Options Neurol 2012 [Epub ahead of print].
41. Stahel PF, Smith WR, Moore EE. Current trends in resuscitation strategy for
the multiply injured patient. Injury 2009; 40 (Suppl 4):S27–S35.
42. American College of Surgeons Committee on Trauma. Advanced trauma life
support (ATLS). Student course manual, 8th ed. Chicago, IL: American
College of Surgeons; 2008.
43. Schouten R, Albert T, Kwon BK. The spine-injured patient: initial assessment
&
and emergency treatment. J Am Acad Orthop Surg 2012; 20:336–
346.
This is an excellent summary on the established concepts of initial assessment,
diagnostic work-up and acute treatment strategies for patients with SCIs.
44. Stahel PF, Heyde CE, Flierl MA. Head and neck injuries. In: Wilkerson JA,
Moore EE, Zafren K, editors. Medicine for mountaineering and other wilderness
activities, 6th ed Seattle, WA: The Mountaineers Books; 2010. pp. 86–95.
45. Ahn H, Singh J, Nathens A, et al. Prehospital care management of a potential
spinal cord injured patient: a systematic review of the literature and evidencebased guidelines. J Neurotrauma 2011; 28:1341–1361.
46. Liu YS, Feng YP, Xie JX, et al. A novel first aid stretcher for immobilization and
transportation of spine injured patients. PLoS One 2012; 7:e39544.
47. Kwan I, Bunn F, Roberts I. Spinal immobilisation for trauma patients.
Cochrane Database Syst Rev 2001:CD002803.
48. Como JJ, Leukhardt WH, Anderson JS, et al. Computed tomography alone
may clear the cervical spine in obtunded blunt trauma patients: a prospective
evaluation of a revised protocol. J Trauma 2011; 70:345–349.
49. Harris MB, Sethi RK. The initial assessment and management of the multipletrauma patient with an associated spine injury. Spine (Phila Pa 1976) 2006;
31 (Suppl 11):S9–S15.
50. Aarabi B, Simard JM, Kufera JA, et al. Intramedullary lesion expansion on
magnetic resonance imaging in patients with motor complete cervical spinal
cord injury. J Neurosurg Spine 2012. [Epub ahead of print]
51. Albrecht T, von Schlippenbach J, Stahel PF, et al. The role of whole body
spiral CT in the primary work-up of polytrauma patients – comparison with
conventional radiography and abdominal sonography. Rofo 2004;
176:1142–1150.
52. Panczykowski DM, Tomycz ND, Okonkwo DO. Comparative effectiveness of
using computed tomography alone to exclude cervical spine injuries in
obtunded or intubated patients: meta-analysis of 14,327 patients with blunt
trauma. J Neurosurg 2011; 115:541–549.
53. Kossmann T, Payne B, Stahel PF, Trentz O. Traumatic paraplegia: surgical
measures. Swiss Med Wkly 2000; 130:816–828.
54. Weckbach S, Flierl MA, Blei M, et al. Survival following a vertical free fall from
&
300 feet: the crucial role of body position to impact surface. Scand J Trauma
Resusc Emerg Med 2011; 19:63.
This case report is the first description in the literature of a patient who survived a
fall from 300 ft. The study outlines the importance of the body position at the time of
impact for surviving an ‘unsurvivable injury’ and discusses acute management
strategies for severely injured patients with associated SCIs.
55. Yan D, Wang Z, Lv Y, et al. Anterior versus posterior surgical treatment of
unstable thoracolumbar burst fractures. Eur J Orthop Surg Traumatol 2012;
22:103–109.
56. Carreon LY, Dimar JR. Early versus late stabilization of spine injuries: a
&& systematic review. Spine (Phila Pa 1976) 2011; 36:E727–E733.
In a systematic review of the pertinent peer-reviewed literature, the authors
demonstrate that early spine fixation is associated with decreased length of
ICU and hospital stay, and a decreased complication rate, independent of the
presence of a neurological injury.
57. Schinkel C, Anastasiadis AP. The timing of spinal stabilization in polytrauma
and in patients with spinal cord injury. Curr Opin Crit Care 2008; 14:685–
689.
58. Schmidt OI, Gahr RH, Gosse A, Heyde CE. ATLS and damage control in
spine trauma. World J Emerg Surg 2009; 4:9.
59. Stahel PF, Vanderheiden T, Flierl MA, et al. The impact of a standardized
‘spine damage control’ protocol for unstable thoracic and lumbar spine
fractures in severely injured patients: a prospective cohort study. J Trauma
Acute Care Surg (in press).
60. Stahel PF, Flierl MA, Moore EE, et al. Advocating ‘spine damage control’
as a safe and effective treatment modality for unstable thoracolumbar
fractures in polytrauma patients: a hypothesis. J Trauma Manag Outcomes
2009; 3:6.

61. Bellabarba C, Fisher C, Chapman JR, et al. Does early fracture fixation of
thoracolumbar spine fractures decrease morbidity or mortality? Spine (Phila
Pa 1976) 2010; 35 (Suppl 9):S138–S145.
62. Buchli AD, Rouiller E, Mueller R, et al. Repair of the injured spinal cord. A joint
approach of basic and clinical research. Neurodegener Dis 2007; 4:51–56.
63. Kwon BK, Okon E, Hillyer J, et al. A systematic review of noninvasive
&& pharmacologic neuroprotective treatments for acute spinal cord injury.
J Neurotrauma 2011; 28:1545–1588.
This excellent study describes a systematic review of more than 120 published
studies assessing the role of noninvasive neuroprotective strategies for SCI,
including nonpharmacologic approaches, such as systemic hypothermia.
64. Nout YS, Rosenzweig ES, Brock JH, et al. Animal models of neurologic
disorders: a nonhuman primate model of spinal cord injury. Neurotherapeutics 2012; 9:380–392.
65. Lee RS, Noonan VK, Batke J, et al. Feasibility of patient recruitment into
clinical trials of experimental treatments for acute spinal cord injury. J Clin
Neurosci 2012; 19:1338–1343.
66. van den Brand R, Heutschi J, Barraud Q, et al. Restoring voluntary control of
&& locomotion after paralyzing spinal cord injury. Science 2012; 336:1182–
1185.
This is a recent breakthrough study that was widely publicized in the international
press due to the striking demonstration of regained locomotion in paralyzed rats, by
task-specific rehabilitation procedures.
67. Mortazavi MM, Verma K, Tubbs RS, Theodore N. Nonpharmacological
experimental treatments for spinal cord injury: a review. Childs Nerv Syst
2012 [Epub ahead of print].
68. Maybhate A, Hu C, Bazley FA, et al. Potential long-term benefits of acute
hypothermia after spinal cord injury: assessments with somatosensoryevoked potentials. Crit Care Med 2012; 40:573–579.
69. Straus D, Prasad V, Munoz L. Selective therapeutic hypothermia: a review of
invasive and noninvasive techniques. Arq Neuropsiquiatr 2011; 69:981–
987.
70. Cappuccino A, Bisson LJ, Carpenter B, et al. The use of systemic hypothermia for the treatment of an acute cervical spinal cord injury in a professional
football player. Spine (Phila Pa 1976) 2010; 35:E57–E62.
71. Beauchamp KM, Flierl MA, Stahel PF. Re: The use of systemic hypothermia
for the treatment of an acute cervical spinal cord injury in a professional
football player. Spine (Phila Pa 1976) 2010; 35:1827–1828.
72. Marion DW, Penrod LE, Kelsey SF, et al. Treatment of traumatic brain injury
with moderate hypothermia. N Engl J Med 1997; 336:540–546.
73. Urbano LA, Oddo M. Therapeutic hypothermia for traumatic brain injury. Curr
Neurol Neurosci Rep 2012; 12:580–591.
74. Hurlbert RJ. Methylprednisolone for acute spinal cord injury: an inappropriate
standard of care. J Neurosurg 2000; 93 (Suppl 1):1–7.
75. Hurlbert RJ, Hamilton MG. Methylprednisolone for acute spinal cord injury:
5-year practice reversal. Can J Neurol Sci 2008; 35:41–45.
76. Bracken MB. Steroids for acute spinal cord injury. Cochrane Database Syst
Rev 2012:CD001046.
77. Ghallich JH. The use of dexamethasone in the treatment of cerebral edema
resulting from brain tumors and brain surgery. Am Pract Dig Treat 1961;
12:169–174.
78. Bracken MB, Shepard MJ, Collins WF, et al. A randomized, controlled trial of
methylprednisolone or naloxone in the treatment of acute spinal-cord injury.
Results of the Second National Acute Spinal Cord Injury Study. N Engl J Med
1990; 322:1405–1411.
79. Bracken MB, Holford TR. Neurological and functional status 1 year after
acute spinal cord injury: estimates of functional recovery in National Acute
Spinal Cord Injury Study II from results modeled in National Acute Spinal
Cord Injury Study III. J Neurosurg 2002; 96 (3 Suppl):259–266.
80. Roberts I, Yates D, Sandercock P, et al. Effect of intravenous corticosteroids
on death within 14 days in 10008 adults with clinically significant head injury
(MRC CRASH trial): randomised placebo-controlled trial. Lancet 2004;
364:1321–1328.
81. Sauerland S, Maegele M. A CRASH landing in severe head injury. Lancet
2004; 364:1291–1292.
82. Schwab ME. Nogo and axon regeneration. Curr Opin Neurobiol 2004;
14:118–124.
83. Huber AB, Schwab ME. Nogo-A: a potent inhibitor of neurite outgrowth and
regeneration. Biol Chem 2000; 381:407–419.
84. Zörner B, Schwab ME. Anti-Nogo on the go: from animal models to a clinical
trial. Ann NY Acad Sci 2010; 1198 (Suppl 1):E22–E34.
85. Pernet V, Schwab ME. The role of Nogo-A in axonal plasticity, regrowth and
&& repair. Cell Tissue Res 2012; 349:97–104.
This important study highlights the scientific rationale of Nogo-A blockade in
currently ongoing clinical trials. The authors furthermore describe the underlying
mechanisms of synaptic plasticity and long-term potentiation by inhibition of NogoA on the basis of insights from animal studies in the past decade.
86. Simonen M, Pedersen V, Weinmann O, et al. Systemic deletion of the myelinassociated outgrowth inhibitor Nogo-A improves regenerative and plastic
responses after spinal cord injury. Neuron 2003; 38:201–211.
87. Kim JE, Li S, GrandPre T, et al. Axon regeneration in young adult mice lacking
Nogo-A/B. Neuron 2003; 38:187–199.
88. Liebscher T, Schnell L, Schnell D, et al. Nogo-A antibody improves regeneration
and locomotion of spinal cord-injured rats. Ann Neurol 2005; 58:706–719.

1070-5295 ß 2012 Wolters Kluwer Health | Lippincott Williams & Wilkins

www.co-criticalcare.com

659

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

Trauma
89. Freund P, Schmidlin E, Wannier T, et al. Nogo-A-specific antibody treatment
enhances sprouting and functional recovery after cervical lesion in adult
primates. Nat Med 2006; 12:790–792.
90. Ozdemir M, Attar A, Kuzu I. Regenerative treatment in spinal cord injury. Curr
Stem Cell Res Ther 2012 [Epub ahead of print].
91. Quertainmont R, Cantinieaux D, Botman O, et al. Mesenchymal
stem cell graft improves recovery after spinal cord injury in adult rats
through neurotrophic and pro-angiogenic actions. PLoS One 2012;
7:e39500.
92. Yazdani SO, Pedram M, Hafizi M, et al. A comparison between neurally
induced bone marrow derived mesenchymal stem cells and olfactory
ensheathing glial cells to repair spinal cord injuries in rat. Tissue Cell
2012; 44:205–213.
93. Kang KN, Kim da Y, Yoon SM, et al. Tissue engineered regeneration of
completely transected spinal cord using human mesenchymal stem cells.
Biomaterials 2012; 33:4828–4835.
94. Park HW, Cho JS, Park CK, et al. Directed induction of functional motor
neuron-like cells from genetically engineered human mesenchymal stem
cells. PLoS One 2012; 7:e35244.
95. Hwang DH, Kim HM, Kang YM, et al. Combination of multifaceted strategies
to maximize the therapeutic benefits of neural stem cell transplantation for
spinal cord repair. Cell Transplant 2011; 20:1361–1379.
96. Huang Y, Qiao F, Atkinson C, et al. A novel targeted inhibitor of the alternative
pathway of complement and its therapeutic application in ischemia/reperfusion injury. J Immunol 2008; 181:8068–8076.
97. Fridkis-Hareli M, Storek M, Mazsaroff I, et al. Design and development of
&
TT30, a novel C3d-targeted C3/C5 convertase inhibitor for treatment of
human complement alternative pathway-mediated diseases. Blood 2011;
118:4705–4713.
This study describes the development of a new generation of site-targeted
complement inhibitors, which raise the hope for tissue-restricted modulation of
the complement-mediated inflammatory response after SCI.
98. Neher M, Weckbach S, Flierl MA, et al. Molecular mechanisms of inflammation and tissue injury after major trauma – is complement the ‘bad guy’?
J Biomed Sci 2011; 18:90.
99. Stahel PF, Smith WR, Bruchis J, Rabb CH. Peroxisome proliferator-activated
receptors: ‘key’ regulators of neuroinflammation after traumatic brain injury.
PPAR Res 2008; 2008:538141.

660

www.co-criticalcare.com

100. Willson TM, Brown PJ, Sternbach DD, Henke BR. The PPARs: from orphan
receptors to drug discovery. J Med Chem 2000; 43:527–550.
101. Abdelrahman M, Sivarajah A, Thiemermann C. Beneficial effects of PPARgamma ligands in ischemia-reperfusion injury, inflammation and shock.
Cardiovasc Res 2005; 65:772–781.
102. Almad A, McTigue DM. Chronic expression of PPAR-delta by oligodendrocyte lineage cells in the injured rat spinal cord. J Comp Neurol 2010;
518:785–799.
103. Neher MD, Weckbach S, Huber-Lang MS, Stahel PF. New insights into the
role of peroxisome proliferator-activated receptors in regulating the inflammatory response after tissue injury. PPAR Res 2012; 2012:728461.
104. Lalloyer F, Staels B. Fibrates, glitazones, and peroxisome proliferator-activated receptors. Arterioscler Thromb Vasc Biol 2010; 30:894–899.
105. Esposito E, Cuzzocrea S. Targeting the peroxisome proliferator-activated
&
receptors (PPARs) in spinal cord injury. Expert Opin Ther Targets 2011;
15:943–959.
This review summarizes the currently available data on PPAR agonists as a
promising new strategy for attenuating the inflammatory response and extent of
secondary tissue injury after SCI.
106. Meng QQ, Liang XJ, Wang P, et al. Rosiglitazone enhances the proliferation
of neural progenitor cells and inhibits inflammation response after spinal cord
injury. Neurosci Lett 2011; 503:191–195.
107. Meng B, Zhang Q, Huang C, et al. Effects of a single dose of methylprednisolone versus three doses of rosiglitazone on nerve growth factor levels after
spinal cord injury. J Int Med Res 2011; 39:805–814.
108. Esposito E, Paterniti I, Meli R, et al. GW0742, a high-affinity PPAR-delta
agonist, mediates protection in an organotypic model of spinal cord damage.
Spine (Phila Pa 1976) 2012; 37:E73–E78.
109. Zhang Q, Huang C, Tang T, et al. Comparative neuroprotective effects of
methylprednisolone and rosiglitazone, a peroxisome proliferator-activated
receptor-gamma following spinal cord injury. Neurosciences (Riyadh)
2011; 16:46–52.
110. Zhang Q, Hu W, Meng B, Tang T. PPARg agonist rosiglitazone is neuroprotective after traumatic spinal cord injury in adult rats. Neurol Res 2010;
32:852–859.
111. Paterniti I, Esposito E, Mazzon E, et al. Evidence for the role of peroxisome
proliferator-activated receptor-beta/delta in the development of spinal cord
injury. J Pharmacol Exp Ther 2010; 333:465–477.

Volume 18  Number 6  December 2012

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

