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Spinal cord injury (SCI) has been regarded clinically as an irre-
versible damage caused by tissue contusion due to a blunt external
force. Past research had focused on the analysis of the pathogenesis
of secondary injury that extends from the injury epicenter to the
periphery, as well as tissue damage and neural cell death associ-
ated with secondary injury. Recent studies, however, have proven
that neural stem (progenitor) cells are also present in the brain
and spinal cord of adult mammals including humans. Analyses
using spinal cord injury models have also demonstrated active
dynamics of cells expressing several stem cell markers, and methods
aiming at functional reconstruction by promoting the potential
self-regeneration capacity of the spinal cord are being explored.
Furthermore, reconstruction of the neural circuit requires not only
replenishment or regeneration of neural cells but also regeneration
of axons. Analysis of the tissue microenvironment after spinal cord
injury and research aiming to remove axonal regeneration inhibi-
tors have also made progress. SCI is one of the simplest central
nervous injuries, but its pathogenesis is associated with diverse
factors, and further studies are required to elucidate these complex
interactions in order to achieve spinal cord regeneration and func-
tional reconstruction.

Animal Models of Incomplete Spinal Cord Injury

Producing spinal cord injury models. Spinal cord injury (SCI)
resulting from an external mechanical force varies depending on the
area of the exerted force, degree of acceleration, and the direction of
the force. To reproduce complete injury, a spinal cord transaction
model is the simplest model with the highest reproducibility. Study
using a spinal cord transaction in young rats has reported axonal
regeneration and motor functional recovery after injury.! Spinal
cord traumas in humans almost always cause mechanical contusive
injuries, and reproduction of the same pathological condition is
demanded in animal models. Various SCI models in rat have been
reported. A representative model is the weight drop method reported
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by Allen et al.>3 Modifications of this method have been attempted
to improve the reproducibility of the model, and the New York
University (NYU) weight-drop device is widely used.*> By quanti-
fying the impact exerted on the spinal cord and the resulting injury,
experiments for different pathological states from complete injury to
incomplete injury can be conducted.

Other models include the gradual compression method by
inflating a balloon inserted into the peridural space,® and the
epidural clip method reported by Rivlin and Tator.” By adjusting the
compression force of the clip and the compression time, it is possible
to produce models of different severity relatively easily.

We have used a model manifesting mainly lower limb palsy
produced by the following methods (Fig. 1A and B). First lamine-
ctomy is performed at the lower thoracic vertebrae (Th8 to 11),
then the spinal cord is exposed and a clamp is used to immobilize
the spinal cord. Using a compression rod of 2-mm diameter, a force
of 20 to 40 g is applied slowly by hand in a direction perpendicular
to the spinal cord. By varying the compression time from 10 to 30
min, it is possible to produce models of different severity from mild
incomplete paralysis to complete paralysis.

Process of functional recovery. After complete spinal cord
transection in cats and rats, the occurrence of bilaterally symmetrical
locomotive activities in the hindlimbs (walking-like neural activity)
is a well known observation. This phenomenon suggests the exis-
tence in the spinal cord of a mechanism that voluntarily controls
movement and this neural network is conceptually called the central
pattern generator (CPG). Attempts have been made to regain
walking function by activating the CPG through walk training.
Dimitrijevic et al.” have shown that walking-like movements can
be induced in complete paraplegic patients by conducting epidural
electrical stimulation at a given frequency. Their studies suggest
that not only in lower vertebrates, the human spinal cord may also
contain neural elements that may elicit rhythmic walking movement
independent of the brain.

Following traumatic spinal cord injuries including those occur-
ring in humans, initial loss of all neural functions below the injured
site is often observed, a phenomenon called “spinal shock.” This
results in not only motor paralysis, but also complete loss of other
reflexes including vesicorectal reflex, visceral motor reflex and cuta-
neous reflex. In the case of incomplete spinal cord injury, gradually
motor function may recovery partially in due course. To compare the
degree of injury and to assess the therapeutic effects of interventions
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in animal models of spinal cord injury, methods
of evaluating motor function are important.
Tarlov score is a well known neurological
evaluation method in experimental animals.!®
This scale is a relatively simple evaluation
method that categorizes complete paralysis as
grade 0, and progressive increase in movement
until normal as grades 1 to 5 or 6. For small
animals such as rats, the inclined plane method
is used.!! In this method, the animal is placed
on an inclined plane, and the angle of the incli-
nation at which the animal can maintain itself
without falling over is noted. This test can be set

up easily and is totally non-invasive. Recently,
the Basso Beattie Bresnahan (BBB) score is
popularly used as a highly objective measure of
locomotor recovery in a rat spinal cord injury
model. This scoring system has 22 ratings on a
scale of 0 to 21, which evaluates movement of the hindlimbs as well
as forelimb-hindlimb coordination.!?

Other evaluation methods include electrophysiological
methods.!>!4 Some methods measure spinal cord evoked potential
upon stimulation of the spinal cord, while others measure motor
evoked potential (MEP) upon transcranial or direct stimulation
of the cerebral cortex. MEP can be recorded stably even under
anesthesia and is not susceptible to influence of changes in blood
pressure. Furthermore, MEP is characterized by good reflection of
the severity of spinal cord injury, and is therefore a useful method.

Pathophysiology of spinal cord injury. Primary injury refers to
the mechanical contusion and necrosis of neural elements, while
secondary injury refers to the stepwise and continuous tissue destruc-
tive changes. Past studies of spinal cord injury had focused on how
the secondary injury can be controlled.

In experimental SCI, studies from the past have demonstrated
lowered perfusion, ischemia and congestion caused by damage
to the intraspinal blood vessels.!>1¢ Injection of colloidal carbon
into injured animals has been used as a method to evaluate the
architecture of blood vessels in the spinal cord.!” Obstruction of
micro-vessels in the spinal cord, infiltration of inflammatory cells
around blood vessels and damage to vascular endothelial cells have
been demonstrated.

After injury, Wallerian degeneration occurs in ascending and
descending white matter fiber tracts, centered on the site of injury.
Wallerian degeneration is known to cause following of myelin sheath
and demyelination. Therefore quantification of Wallerian degenera-
tion has been tried to evaluate the degree of SCL.'® After the acute
phase has elapsed and the injury enters the subacute and chronic
phase, cystic formation occurs at the necrotic part of the injury
epicenter, and proliferation of glial scar tissue in the surrounding is
observed. Thereafter, even though regeneration and elongation of
axon may occur, they are blocked by the glial scar and do not lead to

significant neural function improvement.19

Astrocyte in Spinal Cord Injury

Overview of the roles of astrocyte. The central nervous system

CNS) is composed of neurons that are responsible for various
p p

glial cells surrounding neurons. Astrocytes are the largest and most
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Figure 1. (A). The lamina of lower thoracic vertebrae were removed using microrongeurs. After
laminectomy, the dura mater was exposed and confirmed to be intact. (B) A 2 mm diameter metal
rod weighting 20~40 g was placed onto the dorsal dura of spinal cord.

abundant glial cells. They occupy a greater proportion of the human
brain compared with the brains of other animals, and the proportion
has been shown to increase in higher animals. The internal struc-
ture of astrocyte is composed of dense glial filaments (cytoskeletal
protein). The glial filaments confer mechanical strength to the cells
and the astrocytes together make up the supporting structure of the
neurons in the brain and spinal cord. The astrocytes are present in
close proximity to neurons, and they function to maintain the blood-
brain barrier (BBB) and replenish the neural network. When neurons
are lost due to injury to the central nerves, the astrocytes are known
to proliferate resulting in the onset of a process called “gliosis.”

Several recent studies have examined the kinetics of astrocytes
after spinal cord injury, using immunohistochemical methods.?%2!
From the early phase after injury, immunoreactivity of glial fibrillary
acidic protein (GFAP), a marker of mature astrocyte, is increased
at sites several mm away from the compressive injury center, which
appears morphologically normal. Intensified immunoreactivity is
observed not only for GFAD but also other molecules including
vimentin. Studies that observed axon regeneration and the local
environment after a sharp spinal cord resection reported interesting
findings that while astrocytes are absent in the white matter of the
injury site in animals showing no regeneration GFAP- and vimentin-
positive immature reactive astrocytes are present at the injury site
and astrocytes also exist in the white matter in animals showing axon
regeneration. These reports suggest that the absence of astrocytes in
the white matter is a cause of unsuccessful regeneration, and that the
presence of immature astrocytes in the white matter of the injury site
in the early phase is necessary for regeneration.!?2

Relationship between nestin-positive cells and astrocytes.
Historically, it was thought that during the embryonic neurogenesis
stage, the stem cells that finally differentiate into neurons and the
stem cells that differentiate into glial cells (astrocytes, oligodendro-
cytes and microglia) exist independently. However, from the 1960’s,
advances in neurobiological research have elucidated that neurons
and glial cells are not differentiated from different stem cells, but
are derived from common stem cells called multipotent neural stem
cells.2>24

Nestin is the marker protein for these stem cells. Nestin is a
cytoskeletal protein classified as type IV intermediate filament, and

2009; Vol. 3 Issue 1



Regeneration in spinal cord

Figure 2. (A) Nestin immunoreaction extending from the pia mater becomes very long and expands to the whole white matter. (B) Nestin expression extend-
ing in processes from ependymal cells of central canal is observed. (C) In the white matter of the ventral spinal cord, 3CB2 (radial glia) expression extending

in arborizing processes is confirmed.

nestin expression has been demonstrated in neuroepithelial precursor
cells of the embryonal neural canal.?>2¢ Nestin as well as vimentin
are known to be expressed in most of the progenitor cells of the
central and peripheral nervous systems. As the neural cells mature,
nestin expression has been reported to be downregulated.?”-?8 The
intermediate filament nestin has been shown to be expressed during
development of the human CNS and glial fibers during the stage of
neuronal migration.?’

Recent studies have proven the existence of neural stem cells
in the CNS of adult mammals including humans.?® Ependymal
cells and subependymal cells located in the cerebral ventricles are
proposed to be candidates of these cells?!32 and GFAP-positive cells
in the subventricular zone are also reported to be neural stem cells.?
In the above studies, nestin is used as the marker of neural stem cells.
In mouse or rat models of CNS injury, nestin has been observed in
the reactive astrocytes of the glial scar.34

We have also studied nestin expression in a spinal cord injury
model.%> Similar to the report of Frisen, we also observed many
hypertrophic reactive astrocytes surrounding the hemorrhagic and
necrotic lesion of the primary injury from an early stage 24—48 hours
after injury. These reactive astrocytes are nestin-positive. As time
elapsed, nestin-positive cells can be seen throughout the white matter
in spinal cord tissue at a distance from the injury epicenter at four
weeks after injury. These nestin-positive cells show projection-like
and dendritic morphologies and extend from the pia mater at the
periphery of spinal cord toward the center of the spinal cord; most
of the cells are GFAP-positive (Fig. 2A).35

Relationship between nestin-positive cell and ependymal cell.
From the developmental point of view the spinal cord, like the brain,
is originated from the ectodermal neural crest and is developed from
proliferation of neural epithelial cell of the neural tube formed after
closure of the neural crest. In the spinal cord, the neural tube remains
as the central canal even after maturation, and the central canal is
lined by ependymal cells. In the embryonic stage, the ependymal cells
divide and proliferate, and during this process they synthesize various
growth factors and express thyroid hormone receptors necessary for
the normal functions of the CNS.3¢ Although ependymal cells are
believed to be incapable of regeneration in humans, ependymal cells
in the spinal cord central canal have been shown to proliferate to
regenerate neural cells in fish and lower animals when the tail was
amputated.?’
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In animal models of spinal cord injury also, active proliferative
changes of the ependymal cells in the central canal are evident.
These changes are not only limited to regions close to the injury site,
but proliferative changes and nestin expression are clearly observed
in widespread areas at a distance from the injury epicenter.?®
Furthermore, these nestin-positive ependymal cells are capable of
proliferation, differentiation and migration, and the possibility that
they are neural stem cells or progenitor cells has been suggested.?
Kojima et al. % have reported that intrathecal injection of epidermal
growth factor and fibroblast growth factor 2 results in proliferative
changes of ependymal cells accompanied by improvement of motor
function.

In our SCI model, we have also observed marked nestin expres-
sion in ependymal cells of the central canal, consistent with other
reports (Fig. 2B). These reactions peak at a relatively early stage 24
hours to 1 week after injury. These cells differ from the nestin-posi-
tive cells in the white matter in that they are GFAP-negative. From
these findings, we propose two origins for the nestin-positive cells
that appear after SCI: (1) ependymal cells at the outermost (subpial)
region of the peripheral white matter and (2) ependymal cells of the
neural canal. These cells probably function and appear independent
of each other.?

Relationship between radial glia, astrocyte and neuron. In the
early stage of neurogenesis, the neuroepithelial cells of the neural tube
from projections that extend to the outer surface. These projections
are recognized as radial fibers, and are considered to serve as a guide
during migration and differentiation of the precursor cells including
neuroblasts. In particular, since these radial fibers are GFAP-positive,
Levitt and Lakic et al.4! named the cells of radial fibers the “radial
glial cells”, to distinguish them from the neuroepithelium. Since
then, many studies have been conducted on the mechanism by which
glial fibers guide neuronal migration, and the role of glial fiber as a
guide for cell migration during the neurogenesis process has been
highlighted. Moreover, it was proposed that after neuronal migration
is completed, radial glia disappear or differentiate into astrocyte.#?

However, recent research has provided evidence that radial glia
are not simply associated with neural cell migration, but radial glia
possess properties of neural stem cell.*? In an experiment that injected
a recombinant adenovirus expressing green fluorescent protein
(GFP) into the cerebral ventricle in embryonic stage and observed
the composition of GFP-positive cells with time, the number of

Cell Adhesion & Migration 101



Regeneration in spinal cord

radial glia decreased gradually, and were replaced by neurons. Among
the cells in the ventricular zone initially labeled with GFP, 75% were
bipolar, 20% were radial glia, and the remaining were spherical cells.
These morphologies are identical to the morphological changes of
the same neural stem cells during the cell division cycle.44 Miyata
1.45 also observed that the spherical cells produced during divi-
sion of radial glia soon give rise to projections and become bipolar
cells. Nestin, RC2 and vimentin are the representative specific
molecular markers for radial glia, but these molecules are used also as

et a

markers for all multipotent neural stem cell. In retrospection, despite
different morphologies, the radial glia and neuroepithelium are the
same cells, and therefore it comes as no surprise that they share the
same markers. Radial glia should be regarded as neural stem cells that
retain the properties of the neuroepithelium throughout the neuro-
genesis process of the CNS.

Radial glia in tissues of spinal cord injury. We have mentioned
that in the spinal cord injury model, widespread distribution of
nestin-positive cells was observed in the white matter of the struc-
turally normal spinal cord at a distance from the injury site. From
the cell morphology, these cells were suspected to be of a cell type
different from the reactive astrocytes associated with the glial scar. To
further examine this issue, analyses were conducted on tissue samples
obtained from the same model, using specific markers for radial glia.
Prada et al.46 reported the expression of 3CB2, a specific marker
different from the conventional markers such as nestin and vimentin.
Expression of 3CB2 antigen has been demonstrated in chick embryo,
rat and chameleon.

The development of radial glia after SCI expands with time from
the pia mater at the periphery of the spinal cord, and assume typical
radial and dendritic morphologies (Fig. 2C). Around the hemor-
rhagic and necrotic lesion, usually many nestin- and GFAP-positive
reactive astrocytes are recruited, but 3CB2-positive radial glia is
completely absent. Peaking at 4 weeks post-injury, radial glia are
observed throughout the white matter. Then at 8-12 weeks post-
injury, radial glia appear in abundance in the gray matter. These
responses tend to be stronger at sites further away from the injury
epicenter, where the spinal cord appears to have a normal structure.
In addition, the radial glia in the gray matter are found in a restricted
zone around the ependymal cells of the central canal (subventricular
zone) as well as in blood vessels of the gray matter.#’ In a study of
neurogenesis of the hippocampus in mature rodents, Palmar et al.48
observed active proliferative changes of vascular endothelial cells
accompanying proliferative changes of neural stem cells, and advo-
cated the concept of “vascular niches.” These findings suggest the
existence of mechanisms of neural repair or regeneration originating
from vascular endothelial cells and radial glia even following SCI.

Microglia in Spinal Cord Injury

Origin of microglia and relationship with macrophage. Embryo-
logically, microglia are considered to be derived from the glioblast,
which is the common progenitor for glial cells. Between the perinatal
and early neonatal period in mice and rats and during the late fetal
life in humans, microglia are generated following the generation of
astrocytes and oligodendrocytes and they distribute in the CNS as
the third glial cell.%?

Unrelated to the differentiation and development of microglia,
monocytes derived from the circulating blood have been shown to
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infiltrate the brain as inflammatory cells and penetrate the paren-
chyma of the spinal cord.>® The production of monoclonal antibodies
has advanced rapidly from the 1980’s. Monoclonal antibodies raised
against blood cells, especially macrophages, specifically recognize
some cells in the CNS. They cells are consistent with microglia.
Microglia isolated and maintained in culture clearly exhibit chemot-
actic and phagocytic capabilities, and they possess markers common
to macrophages. Therefore some investigators equate intracerebral
microglia to macrophages.>!

It is common knowledge that when pathological changes such as
infection, tumor, inflammation, trauma and ischemia occur in the
CNS, microglia acting as monitoring cells instantaneously become
activated. The morphology of resting (ramified form) microglia
changes drastically to so-called activated (ameboid form) microglia.
The activated microglia proliferate and migrate toward the lesion,
exhibiting bactericidal, cytotoxic and phagocytotic activities to elimi-
nate the lesion, and playing an important role in the body defense
mechanism.>? During this process, microglia secrete various biologi-
cally active substances and may display both neuroprotective and
neurotoxic properties.

Modes of microglia activation in spinal cord injury and their
roles. Based on the origin and developmental process described
above, an obvious issue that arises in the study of activated microglia
in spinal cord injury or traumatic brain injury model would be the
mixed presence of macrophage. In the case of contusive injury of the
spinal cord, the BBB is always broken down, and macrophages from
the circulating blood infiltrate the spinal cord parenchyma. However,
the endogenous activated microglia and blood-derived macrophages
share similar properties, and there are no antibodies that reliably
differentiate between the two. For this reason, observations would
invariably be on a mixture of the two.

Usually, infiltration of microglia or macrophages into the injury
site or its surrounding is observed at the early stage after SCI (day 1
to 2). Within several days, a large number of cells accumulate and
become activated, phagocytosing the debris from destroyed tissues.
The mechanism of this cell infiltration include the expression of
cellular adhesion factors such as intercellular adhesion molecule
(ICAM)-1 and p-selectin in vascular endothelial cells after injury,
causing penetration of macrophages into tissue.>? In addition, the
proliferated and activated microglia and macrophages secret free
radical such as O, and NO, as well as the strongly cytotoxic cytokine
TNFa, exhibiting neurotoxic effects.>*5¢

We investigated microglia not from the neurotoxic viewpoint, but
analyzed the hypothesis that microglia are related to neuronal repair
or regeneration. Inside the injured spinal cord tissue, the ED-1- and/
or Iba-1-positive microglia and macrophages increase with time and
peak at week 4 after injury. While cells positive for both ED1 and
Iba-1 constitute the majority of the microglia and macrophages, cells
positive for ED1 alone or Iba-1 alone are also found in some areas.
The differences in immunoreactivity is suspected to be related to the
antigen specificity of the anti-ED-1 and anti-Iba-1 antibodies, indi-
cating a high possibility that the ED1-positive cells are macrophages
derived from the blood, while the Ib1-1-positive cells are microglia.>’”
Further, when double immunostaining is conducted using a marker
(3CB2) for radial glia that possesses properties of neural stem cells,
activated (ameboid form) microglia are positive for ED1 alone, while
resting (ramified form) microglia show a merge of ED1 and 3CB2
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immunostaining. These findings provide evidence that at a certain
time after SCI, microglia and radial glia can be demonstrated to
share the same cell lineage.’® Studies conducted so far have shown
that microglia activation after SCI does not follow a fixed pattern
with respect to the sites of detection and the time course.>® Microglia
activation associated with breakdown of the BBB at the injury site
may have to be distinguished and analyzed separately from microglia
activation associated with Wallerian degeneration further from the
injury site. A study comparing mature SCI and fetal SCI (associ-
ated with an environment permissive to regeneration after injury)
revealed differences in the pattern of microglia activation.®® Under in
vitro conditions, microglia exhibit properties of neural stem cells,°!
suggesting the possibility that microglia are not simply immunocom-
petent cells or inflammatory cells.

Oligodendrocyte in Spinal Cord Injury

Generation of oligodendrocyte and marker expression. Oligo-
dendrocytes are cells that form the myelin sheath in the CNS. The
oligodendrocyte sends out a thin sheet of myelin and the sheet
wraps around the axon several times, partially insulating the axon.
By partial insulation with this myelin sheath, the electrical activity
transmitted within the axon is drastically accelerated.

Oligodendrocytes are generated from glioblasts, following the
differentiation to astrocytes. Studies on the differentiation of oligo-
dendrocytes using specific markers include that of Raff et al.®? who
used cultured cells. The precursor cells of oligodendrocyte are A2B5-
positive but GalCer- and GFAP-negative. These precursor cells
have been shown to differentiate to oligodendrocytes and also to
astrocytes depending on the culture condition. These precursor cells
are called O-2A progenitor cells. When committed to differentiation
to oligodendrocytes, the cells first differentiate to oligodendroblasts
that react with O4 monoclonal antibody, and then begin to show
reactivity with bFGE Further differentiation to immature oligo-
dendrocyte is accompanied by the expression of galactocerebroside
on the cell surface and loss of dividing capability. Finally mature
oligodendrocytes are formed, which are positive for myelin basic
protein (MBP).

The optic nerve oligodendrocyte progenitor cells are thought to
migrate from the cerebral parenchyma. In the spinal cord, however,
oligodendrocytes are generated and differentiated in the anterior half
of the neural tube, and migrate to the whole of the spinal cord.%?
Recently, PDGFa receptor and NG2 proteoglycan are used as
markers for oligodendrocyte progenitor cells. In mouse and rat spinal
cord, the oligodendrocyte progenitors appear in the ventricular zone
of the spinal cord at a relatively early stage. The PDGFa receptor-
positive cells first appear in the ventral ventricular zone, and migrate
laterally expanding toward the direction of the dorsal side, differen-
tiating into cyclic nucleotide phoshodiesterase (CNP)-positive and
O4-positive oligodendrocytes.®*%> The generation of these ventral-
specific oligodendrocyte progenitors has been reported to be induced
by the sonic hedgehog (Shh) morphogen, as in floor plate cells and
motor neurons.®

Oligodendrocytes related to NG2 expression. NG2 is one of the
major molecules of chondroitin sulfate proteoglycans (CSPG), and a
marker of oligodendrocyte progenitor cells (OPC). In mature central
nervous tissue, NG2-positive glia is classified as adult OPC and they
transform to mature oligodendrocyte.” These NG2-positive glia
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are observed in both the white and gray matters, and they express
PDGFa. receptor as described above.%870

In the embryonic spinal cord, cells expressing AN2, which is a
homologue of rat NG2 protein, are oligodendrocyte progenitors
and have been observed to migrate using radial glia as the scaffold.”!
In demyelinated lesions of the spinal cord, before these lesions are
remyelinated, rapid proliferation of endogenous NG2-positive cell
occurs.”? In a contusive SCI model, proliferation of endogenous
NG2 progenitors was observed for several weeks after injury, and
presumed to contribute to an increase in number of oligodendro-
cytes.”? However, recent studies have reported that although the
NG2-positive cells in adult CNS include adult OPC, the morpho-
logical characteristic and cell cycle are different from those observed
in embryonic or postnatal stage.”4 Some investigators even advocate
that NG2-positive glia should be regarded as the fifth element
distinct from neuron, astrocyte, microglia and oligodendrocytes; and
propose the name polydendrocyte or synantocyte for NG2-positive
glia.”476 These cells with NG2-positive phenotype communicate
with neurons or axon at synapses, and are injury responsive.

Changes of oligodendrocyte in spinal cord injury, and regenera-
tion and repair. Recent studies have indicated that secondary SCI
is associated with apoptotic death of neural cells, and cell death
extending widely to regions far from the injury epicenter has been
observed.”” In addition, apoptotic cell death after SCI is now known
to occur specifically in oligodendrocytes and as a result damaging a
large number of axons.”®7?

The cuprizon-induced experimental demyelination model has
been used to study regeneration of myelin sheath in so called
dymyelination lesion. Cuprizon is administered to mature CNS,
and regeneration of oligodendroglia is observed even in completely
demyelinated lesions. These experiments confirm the possibility of
the existence of progenitor cells in the brain, which possess the capa-
bility to proliferate and differentiate into oligodendroglia in response
to injury, even though these cells do not belong to oligodendroglia at
other times.88! In SCI also, spontaneous remyelination of injured
axons®? and upregulation of oligodendrocyte markers such as MBP
mRNA and CNP mRNA have been reported.®384 In addition, a
definitive increase in number of A2B5-, O4- and O1-positive oligo-
dendrocyte progenitor cells is observed in the tissue from the early
stage of SCL.3> Horner et al.3¢ have reported that the majority of
the cells that proliferate slowly but repeatedly in the parenchyma of
normal spinal cord are NG2-positive glial precursor cells, and some
of them differentiate into astrocytes or oligodendrocytes.

From the above evidence, one can state with reasonable confi-
dence that neural precursor cells are present in mature spinal cord.
However, very few cells continue to proliferate in the normal spinal
cord, and most of the progenitor cells are at the resting phase and
they probably grow at an extremely slow pace.3%87 In contrast, when
injury-causing stimuli such as resection, crushing and compression
are exerted, many proliferative cells appear in the spinal cord. Among
them, many are inflammatory cells such as astrocytes and microglia
that contribute to the formation of glial scar. However, nestin-
positive proliferative cells not expressing glial markers such as GFAP
and NG2 appear and spread extremely widely, some of which have
been shown to be endogenous neural progenitor cells.®8 Inducing the
activation and differentiation of these endogenous neural progenitor
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cells will be an innovative therapeutic approach to realize regenera-
tion and restoration of injured spinal cord.

Oligodendrocyte and axon regeneration after injury. In recent
years, the existence of neural stem cells also in mature CNS has
been demonstrated in higher primates including humans.8’ Despite
the conventional notion that “since the central nervous tissue does
not regenerate, repair will be very difficult once damage has set in,”
attempts in the field of neuro-regenerative medicine have greatly
heightened the expectation of nervous tissue regeneration and repair.
While regeneration of the central nerves (spinal cord) is difficult in
mammals, spinal cord regeneration is easy in lower vertebrates. These
observations have led to the hypothesis that the difference in regen-
eration capability is due to a difference in the micro-environment; in
other words, the central nerve of lower vertebrate is permissive, while
the CNS of mammals is non-permissive to axonal regeneration.”%%!

Several reasons have been proposed to explain the difficulty of
central nerve regeneration in mature mammals, including the pres-
ence of axon regeneration inhibiting factors in oligodendrocytes,
myelin and extracellular matrix. Among them Nogo-A is a well
known myelin-derived factor that inhibits regeneration. By neutral-
ization with anti-Nogo antibodies, the axons of a completely resected
corticospinal tract have been shown to regenerate by 7 to 11 mm.%?
Apart from Nogo, myelin associated glycoprotein (MAG)?? and
oligodendrocytes myelin glycoprotein (OMgp)”# have been reported
to block axonal elongation, and it becomes clear that multiple
proteins act to block regeneration. Thereafter, all the three structur-
ally different axon elongation inhibitory proteins Nogo, MAG and
OMgp have been shown to be ligands of the Nogo receptor. From
these results, it is now clear that the signals that inhibit regeneration
are consolidated as one at receptor level. All these inhibitory proteins
bind with the Nogo receptor (NgR) present in the growth cone,
and they inhibit axonal elongation via a receptor with low affinity
for neural growth factor (p75 NTR). For this reason, p75 NTR is
considered to be a major factor that inhibits regeneration.?>°

Bergman et al.”” used fetal spinal cord transplant combined
with antibody against myelin-related protein to treat SCI, and
reported good regeneration of injured axons as well as motor func-
tion recovery. Cheng et al.”8 resected the spinal cord mylomeres in
mature rats, and tried the repair strategy of bridging the spinal cord
gaps with multiple intercostal nerve grafts. It has been known for
a long time that peripheral nerves show good nerve regeneration.
The regenerative capability of Schwann cells had been highlighted.
Axonal regeneration of Schwann cell depends to a great extent on
the secretion of neurotrophic factors and expression of adhesion
factors, which are related to its capability of remyelination and
axon induction. Therefore, Schwann cell transplantation has been
attempted in an experimental SCI model.?*1%° Furthermore, since
pure culture of large number of Schwann cells can be obtained from
peripheral nerves, in the case of planning auto-transplantation, this
strategy may be practical because of little risk of rejection. Apart
from Schwann cells, the olfactory ensheathing glia are also attracting
attention. Their excellent axon induction capability makes them a
good candidate of cell transplantation therapy for SCL.191102 The
characteristics of olfactory ensheathing glia include a high migratory
capability in spinal cord tissues and they show effective regeneration
of the corticospinal tract which is the most important neural circuit
for motor function.!03:104
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Inside the spinal cord tissue, glial scar is formed around the injury
site. This glial scar not only constitutes a mechanical block for axonal
regeneration, but also expresses factors inhibiting axonal elonga-
tion. These inhibitors are called “chondroitin sulfate proteoglycans
(CSPG)” and they exist as the major component molecules of the
extracellular matrix in the CNS. Various CSPG have been identi-
fied, including aggrecan, neurocan, phosphacan and NG2.105106
Generally, the CSPG function to inhibit migration of various neural
cells as well as elongation and induction of axons. In the glial scar,
expression or upregulation of a diversity of molecules that are known
to inhibit axon regeneration and elongation have been reported and
they include upregulation of several CSPG, expression of NG2 in
immature oligodendrocytes and macrophages surrounding the injury
site,%7 expression of semaphorin 3A in fibroblasts!*® and increased
expression of ephrin-B2 and EphB2 in reactive astrocytes and fibro-
blasts.!% Injection of condroitinase ABC that degrades CSPG into
the site of SCI significantly promotes axonal regeneration, and is
associated with improvement of motor function.'!? These research
data highlight the importance of overcoming the adverse local micro-
environment after SCI, and the significance of creating a permissive
microenvironment for neural regeneration.

Conclusion

The basic research on SCI has taken a major step forward, from
the era when the majority of research were focused on inhibiting
tissue damage and cell death in secondary injury to the recent trials in
activation of endogenous neural stem cells (precursor cells) or trans-
plantation of exogenous cells. The preservation of self-regeneration
capacity is a fact beyond doubt, although this is limited to the CNS.
The goal of reconstructing neural circuit after SCI is the reconstruc-
tion of point-to-point projection, in which individual neural cells
project restrictively precisely according to a somatotopic map. In
addition, clinical SCI differs from sharp transection models in having
a volume lesion, usually with a large gap at the injury site. The future
challenge of treating SCI is a multifactorial strategy encompassing
different approaches to overcome various factors, including suppres-
sion of secondary injury with highly effective drugs, induction of
migration and differentiation of neural precursor cells (endogenous
or transplanted), improvement of the adverse micro-environment
for axon regeneration, and promotion of axon regeneration. This
strategy is very important for the realization of spinal cord regenera-
tion and functional reconstruction.
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