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Abstract

Spinal Cord Injury (SCI) is a serious devastating global prob-
lem, which mostly affects young persons aged 16 to 30. SCI
damages axonal pathways and interrupts synaptic transmission
between brain and spinal cord. SCI in general can be classified
as either complete injuries or incomplete injuries. Each type of
SCI occurs in two phases, primary and secondary phase of SCI.
The causes of SCI are diverse in origin and can result from con-
tusion, compression, penetrations or maceration of the spinal
cord. A variety of animal models including dogs, cats, guinea
pig, primates and rodents have been developed to examine the
mechanisms, pathophysiology and functional deficits following
SCI, and also to test intervention strategies to develop effective
therapies for the treatment of SCI. The most commonly used rat
models of spinal cord injuries are transection models, compres-
sion models, contusion models and chemically-induced models.
There is no single model that has dominated in the field of SCI
research and each model has advantages and disadvantages. This
review discusses the advantages and disadvantages of rat mod-
els of experimental SCI and knowledge gained from these rat
models to understand the mechanisms, pathophysiology of SCI.
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Introduction

The spinal cord contains neural circuitry and motoneurons in the

central core of grey matter and axonal pathways in the surround-
ing white matter. Many of the consequences of Spinal Cord Inju-
ry arise from the interruption of the white matter axonal connec-
tions between the brain and spinal cord, resulting in paresis or
paralysis and loss of sensation to the different parts of the body
controlled by the spinal cord segments below the injury. An in-
jury at the cervical level may cause paralysis of both arms and
legs resulting in quadriplegia, whereas lower injuries may affect
only the lower part of the body causing paraplegia [1,2]. Spi-
nal cord injuries also can lead to other complications, including
respiratory insufficiency, the leading cause of death in patients
with high-cervical spinal cord injuries, sexual impotence, mus-
cle spasticity and loss of bladder and bowel control [2-6]. The
physical disabilities associated with SCI vary greatly depending
on the type and severity of the injury, the level of the spinal cord
at which injury occurs, and the nerve fibers pathways that are
damaged due to injury.

Spinal cord injuries in general can be classified as either com-
plete injuries or incomplete injuries [7]. With complete SCI,
there is total loss of sensation and voluntary movement below
the level of injury. Incomplete SCI is more common and is char-
acterized by some degree of sensation and movement below the
level of injury. It is possible that the classification of the injury
might change during recovery [8]. Each type of SCI occurs in
two phases primary and secondary phase of SCI, discussed in
detail in the following Section.

Phases of Spinal Cord Injury

There are two mechanisms by which SCI damages the spinal
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cord, a primary or mechanical injury and a secondary injury pro-
cess. Primary injury causes damage locally, namely in the area
of the vertebral fracture, and it is characterized by acute hem-
orrhage and ischemia. Secondary damage is mediated through
multiple processes, including inflammation, apoptotic cell death,
excitotoxicity within the first week following SCI, causing fur-
ther destruction of neuronal and non-neuronal cells [9]. Second-
ary mechanisms of injury exacerbate lesion size and severity,
which increases the functional deficits [10]. The identification
and understanding of mechanisms which initiate and sustain the
inflammatory response, apoptosis, excitotoxicity, could help us
to develop new treatment strategies which prevent or reduce this
secondary damage and improve functional recovery [11]. These
primary and secondary mechanisms of spinal cord damage are
described in more detail below.

Primary injury

The causes of SCI are diverse in origin and can induced by con-
tusion, compression, penetrations or maceration of the spinal
cord [12,13]. Acute SCI is a bi-phasic process involving prima-
ry and secondary mechanisms. The primary injury to the spi-
nal cord occurs at the instant of impact and is commonly due to
mechanical damage. This damage can be contusion resulting in
cavity formation, compression caused by increased pressure to
the spinal tissue, laceration from sharp bone fragments or foreign
objects, and shearing caused by bullets [14]. The most common
cause of primary SCI is vertebral fracture, which typically tears
the spinal cord tissues and produces characteristic damage of the
gray and white matter [15-17]. In addition to disrupting axons,
mechanical damage causes death of neurons, oligodendrocytes
and astrocytes, and endothelial cells located at the site of the
lesion. Disruption of blood vessels also causes hemorrhage [17].

Secondary injury

A progressive degeneration occurs immediately after the prima-
ry injury, which is called as secondary injury, may last for days,
weeks or months. It is a highly complex process and involves
numerous mechanisms including ischemia, inflammation, gen-
eration of free radical species, necrosis and apoptosis, and dys-
regulation of ionic hemostasis [13].

Ischemia: SCI damages the blood vessels and induce changes
in spinal cord blood flow at the systemic and local level and a
major reduction in blood flow (ischemia) occurs at the lesion
site [18]. Damage to blood vessels causing oxygen and nutri-
tional insufficiency can lead to neuronal apoptosis [19]. In ad-
dition to this there are several mechanisms that are responsible
for ischemia following SCI, including vasospasm due to release
of vasoactive amines, hemorrhages, endothelial swelling and
thrombosis through platelet aggregation [10,20-23].

Inflammation: Following SCI, the blood brain barrier is phys-
ically broken, causing an increase in permeability, allowing the
cells from the blood to invade and initiate the inflammatory re-

sponse. This contributes to secondary damage in the spinal cord
[24,25]. Inflammation is a universal defense response to tissue
injury and is initiated after SCI [13]. The inflammatory response
includes the invasion of inflammatory cells (neutrophils, T-lym-
phocytes), and macrophages, and release of the chemicals from
the cells such as cytokines, prostaglandins, interleukins. These
neutrophils, T-lymphocytes, macrophages and chemicals release
from the cells (cytokines, prostaglandins, interleukins) mediate
the inflammatory response and contribute to further tissue dam-
age [17].

Excitotoxicity: Ionic homeostasis is necessary to maintain the
calcium gradient across the cell membrane. This homeostasis of
calcium ion gradients can be disrupted due to mechanical chang-
es in the microvasculature and hemorrhage, which can lead to
increased intracellular calcium ion concentration, causing the
depolarization of the cell membrane [26-28]. This in turn can
cause increased release of the most prevalent excitatory neu-
rotransmitter, glutamate, into the synaptic cleft. Regulation of
glutamate concentration is necessary to maintain the normal cel-
lular function of neurons. Glutamate activates NMDA receptors,
which allow massive influx of calcium ions into the cell. This
triggers calcium-induced calcium release from the intracellular
calcium store into the cytoplasm [13,29]. Elevated concentration
of calcium ions in cytosol can trigger many calcium-dependent
intracellular pathways and activate the lytic enzymes such as
proteases, caspases, caplains, phospholipases, endonucleases,
and lipoxygenase that alter cellular metabolism and cause dys-
regulation of mitochondrial oxidative phosphorylation leading
to apoptotic cell death of neurons [26,28-30].

Apoptotic cell death: Apoptosis is a programmed cell death and
it occurs around the lesion epicenter as well as within the are-
as of Wallerian degeneration in both ascending and descending
tracts of white matter in the spinal cord [31]. Apoptosis has been
identified in the spinal cord of rats and humans after SCI [31-
35]. It may occur as a result of adverse changes in the cellular
environment as described above, resulting in axonal demyelina-
tion or as a result of Wallerian degeneration or by a combination
of both [9,30,36-38]. After traumatic SCI in rats, apoptotic path-
ways are activated in neurons in the first hours after injury, and
hours to days later in oligodendrocytes adjacent to and distant
from the injury site [32,39,40].

Experimental Rodent Models of Spinal
Cord Injury

A variety of animal models including dogs, cats, guinea pig, pri-
mates and rodents have been developed to examine the mecha-
nisms, pathophysiology and functional deficits following SCI,
and also to test intervention strategies to develop effective ther-
apies for the treatment of SCI. Rodents, such as rats and mice,
have emerged as the main animal used in Spinal Cord Injury
research, making up 90% of laboratory animals used in SCI re-
search [41]. The advantages of using rodents include low costs
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of purchasing and housing, as well as a short life span.

Rat models of SCI are the most widely used to study the mecha-
nism and consequences of SCI because many of the morpholog-
ical, biochemical, functional and behavioural changes that occur
after SCI are similar to those seen in humans after SCI. The most
commonly used rat models of spinal cord injuries are transection
models, compression models, contusion models and chemical-
ly-induced models [41,42]. Compression and contusion injuries
are most common in humans [41,42]. There is no single model
that has dominated in the field of SCI research and each model
has advantages and disadvantages.

Contusion

The production of an experimental spinal contusion injury is the
most commonly used method because these injuries are clinical-
ly relevance to SCI occurring in humans [14]. This method relies
on an impactor device that hits the spinal cord and produces ei-
ther a defined force upon or a defined displacement of the cord.
The contusion model of Spinal Cord Injury was first developed
by Allen, who used a weight drop technique on the spinal cord
in dogs [43]. This weight drop technique was later developed in
rats to deliver a blunt contusive force to the spinal cord [44]. This
weight drop technique is now widely used to produce contusion
models of SCI, and several devices are designed to produce blunt
contusive injury in animals. The New York University (NYU)
Impactor is a sophisticated device introduced by Gruner in 1992
[45]. The NYU Impactor drops a 10-gram weight from 6.25,
12.5, 25 or 50 mm directly onto the exposed spinal cord. This
weight impacts the spinal cord with a defined force and induces
contusion injury quickly. A modified version of weight drop im-
pactor was introduced at the Ohio State University Spinal Cord
Research Centre, where researchers developed the Ohio State
University (OSU) electromechanical spinal cord impactor, a de-
vice which induces the injury by solenoid-controlled air cylinder
[46]. The severity of injury depends on the velocity and height
of weight drop onto the exposed spinal cord. Both NYU and
OSU impactors apply and remove force within one second and
so induce contusion quickly. These impactors produce contusion
injury in animals that allow to study the mechanism of second-
ary damage to spinal cord.

The majority of SCI in humans is contusive in nature and a con-
tusion model of SCI is generally accepted as being clinically rel-
evant to SCI [47,48]. Contusion SCI models are ideal for study
of the pathologies and mechanisms of secondary damage to the
spinal cord [49]. Moreover, contusion models of SCI have been
useful for the study of neuroprotective strategies, plasticity and
demyelination after SCI [12,14]. Nevertheless, contusion mod-
els do not completely mimic clinical occurrences of SCI in that
the contusion models require pre-injury laminectomy, including
surgical removal of muscles, ligaments and part of the vertebra
[50]. The technique used to produce contusion injury by impac-
tor also induces some undesirable damage to soft tissue in sur-
rounding areas [50]. Finally, the contusive injury model is not

a good model for investigation of axonal regeneration due to
incomplete nature of the injury and the complexity of the tracts
[51,52].

Compression

The compression model of SCI delivers a sustained and static
force to the spinal cord for a specific duration of time, in contrast
to the contusion models that deliver a single rapid blunt force to
the exposed spinal cord [53]. Compression models of SCI are
highly reproducible and useful to study the secondary mech-
anisms and pathophysiology following SCI. They are used to
examine the effect of potential therapeutic agents to protect neu-
ronal and non-neuronal cell loss due to secondary injury, with
the aim to limit the severity of injury and minimize functional
deficit following SCI. Compression models produce a glial scar
similar to those seen in human SCI [54]. Compression can be
produced by balloon compression clip compression or a forceps
compression [53].

Tarlov and his colleagues developed the balloon catheter tech-
nique, the first compression model of SCI [55]. The balloon
catheter is a catheter placed within the spinal canal, and when
expanded, can induce a slowly developing compression such as
seen in spinal tumour. The severity of injury produced by bal-
loon catheter can be controlled by the pressure of inflated bal-
loon and duration of application or by both [56,57]. This balloon
catheter technique produces slow compression SCI, and allows
studying the mechanism of SCI produce by spinal tumour.

Rivilin and Tator developed a calibration clip compression mod-
el of SCI [54,58]. In this model, the spinal cord is exposed by
performing a laminectomy and the blades of an aneurysm clip
are placed on both dorsal and ventral surfaces of spinal cord.
Force is applied by closing the clip to compressing the spinal
cord in a dorso-ventral direction [12,59]. The severity of the in-
jury produced by calibrated clip compression can be controlled
by adjustment of the aneurysm clip, the application time for
compression or by controlling both [12].

A compression injury model of SCI has also been produced us-
ing modified surgical forceps. Blight developed this technique
to produced lateral spinal compression injury in the guinea pig
[60]. These calibrated forceps compression produced a larger
volume of tissue compression and displacement of spinal col-
umn as compare to aneurysm clip compression. Taken together
compression models of SCI are highly reproducible and useful
to study the mechanism of pathophysiology following SCI, and
are used to develop potential therapies to protect the spinal tissue
from secondary damage after injury.

Transection

In animal models of transection injuries, the transection is gener-
ally performed manually to either completely or partially severe
the spinal cord. With incomplete models, one can severe both
ascending and descending axonal pathways in specific area of
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spinal cord white matter i.c., hemisection, dorsal hemisection,
lateral hemisection, dorsal quadrant. Transection models of SCI
are less clinically relevant to human SCI compared to contusion
injuries, as transection injuries are rarely seen in clinics [12].
Transection models of SCI are not useful to study the complex
mechanism of pathophysiology of spinal cord or to examine the
effect of neuroprotective strategies. Transection models have be-
come popular and useful to study the functional recovery of spe-
cific axonal pathways, axon regeneration, cell transplantation,
multiple treatment in combination or alone, biomaterial, drugs
and growth factors [61-64]. The injury in this model can be in-
duced without use of any special device.

Chemical-Mediated Spinal Cord Injury

Photochemical ischemia model of SCI

An ischemia model of SCI was first developed in rabbits [65].
This model was produced by occlusion of the abdominal aorta
just below the renal arteries. Unfortunately, the spinal arterial
system of rabbits is segmental and unlike that of humans and
rats. In the latter, it is not possible to produce local ischemia in
the spinal cord with occlusion of the aorta [66,67]. Moreover,
this model was invasive and required abdominal surgery to li-
gate the abdominal aorta to interrupt the blood flow [66]. The
model was refined to produce local ischemia by photochemical-
ly-produced blood clots in rats [68,69]. In this model, the pho-
tosensitive dye rose Bengal or erythrosine B is injected intrave-
nously and enters the systemic circulation [69-71]. The spinal
cord is irradiated with a laser light, and this laser light inter-
acts with rose Bengal or erythrosine B dye, which activates the
dye, inducing endothelial damage with platelet activation and
thrombosis, resulting in local blood flow interruption. The laser
light-dye interactions induces primary microvascular occlusion
and produces an ischemia model of SCI [68-71]. This model of
SCI is highly reproducible, minimally invasive and represents
the ischemic component of SCI [12,70]. Moreover, unlike oth-
er models of SCI, i.e., contusion, compression and transection,
the ischemia model of SCI does not require laminectomy, thus
reducing collateral damage to the spinal cord [12,68]. The major
disadvantage of photochemically induced ischemia is that this
type of injury in not clinically relevant to SCI. In addition, the
size and volume of the lesion are difficult to control in this injury
model [72]. This model allows the study of the secondary spinal
tissue damage as a result of ischemia.

Chemical excitotoxicity model of SCI

Traumatic SCI causes the release of Excitatory Amino Acids
(EAAs) from neurons and the concentration of these EAAs rap-
idly rises to produce excitotoxicity. This excitotoxicity causes
neuronal cell death and plays a major role in gray and white
matter pathology [12,73]. Animal models have been developed
to study the contribution of excitotoxicity to the secondary in-
jury phase in traumatic SCI. The excitotoxic model of SCI can
be produced by the administration of EAAs such as glutamate,

aspartate, N-methyl-D-aspartate (NMDA), or a-amino-3-hys
droxy-5-methyl-4-isoxazole Propionic Acid (AMPA) receptor
agonist kainate. Administration of these chemicals into the spi-
nal cord causes the death of both oligodendrocytes and neurons.
Application of kainate or quisqualic acid, both agonists of AMPA
receptors, induces degeneration of gray matter [12,74-76].

Applications of chemicals other than EAAs have also been used
to induce spinal injury. Administration of the free redical perox-
ynitrite, calpain, hydrogen peroxide or the microglia activator
zymosan into spinal cord causes damage to lipids and proteins,
cell death of oligodendrocytes and neurons, and produces in-
flammation that ultimately develops into the pathology similar
to that seen in secondary phase of traumatic SCI [77-79]. In ad-
dition, micro-injection of lysolecithin or ethidium bromide caus-
es demyelination and death of oligodendrocytes [12].

Chemical models of SCI are not physically invasive and are
useful to study the pathophysiology of secondary mechanisms
of Spinal Cord Injury, because they produce inflammation, de-
myelination of axons, cell death of both oligodendrocytes and
neurons, and degeneration of both gray and white matter in spi-
nal cord, all events which occur in secondary phase of traumatic
SCI. Chemical models of SCI allow to study the contribution of
excitotoxicity to the secondary injury phase in traumatic SCI.

Conclusion

Spinal Cord Injury is a spontaneous, unpredictable event and
there is no single animal model that has dominated in the field
SCI research to completely mimic the pathophysiological events
observed following SCI in humans each model has advantages
and disadvantages. These animal models of SCI may be use-
ful to understand the mechanisms of SCI and used to examine
the effect of potential therapeutic agents to protect neuronal
and non-neuronal cell loss due to secondary injury. Rat mod-
els of SCI have provided valuable information to understand
the mechanisms involved in SCI. These animal models of SCI
helpful to develop new potential therapeutic strategies and phar-
macological testing for an effective treatment for SCI patients
which ultimately improve functional recovery in persons with
chronic SCI.
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