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The cover illustration is an artistic interpretation of neuronal stem
cells migrating to an injury in the cerebral cortex and differen-
tiating into functional neurons.  This issue of the Barrow Quar-
terly is devoted to articles on neural regeneration. The illustration
is by Michael Hickman and Mark Schornak.

C O M M E N T S

Despite great strides in the treatment of neurosurgical disorders over the past two decades, significant
challenges remain.  Unlike other organ systems, the capacity of the central nervous system to heal after
injury is severely limited.  Investigators confront major difficulties in learning to modify this healing re-
sponse to allow cellular regeneration and restoration of function.  The Neuroregeneration Laboratory
at Barrow provides a critical forum in which clinicians and basic scientists can collaborate to develop new
therapeutic modalities based on cellular regeneration.

This issue of the Barrow Quarterly summarizes research performed at Barrow and in collaboration with
neurosurgical specialists at the Case Western Reserve University School of Medicine in Cleveland.  Is-
chemic brain injury and stroke, traumatic brain injury, and spinal cord injury remain major national health
issues and active arenas of research.  Work in the Neuroregeneration Laboratory focuses on unlocking
the potential of endogenous stem cells, which lie quiescent in the adult nervous system throughout life.
By elucidating the complex relationships of these cells in their microscopic milieu, we hope to learn to
modulate their behavior, allowing damaged areas of the nervous system to regenerate.  

Neural regeneration could provide hope for thousands of patients with devastating neurological con-
ditions.  For example, Maughan et al. report a case that demonstrates the potential for recovery that the
adult spinal cord possesses even in the presence of severe neurologic injury.  Such cases inspire us to con-
tinue investigating the mechanisms underlying neural repair so that eventually good neurological out-
comes may become the rule rather than the exception.

The work reported in this issue could not have been completed without collaboration with other sci-
entists.  As the scientific community in Phoenix expands, we anticipate further collaborations through
partnerships with entities such as the newly formed medical school of Arizona State University and the
Translational Genomics Project (T-Gen).  Generous support from donors also fosters such work and helps
unlock mysteries in neurosciences, which translates into the miracles of treatment for which Barrow is
known.  Please consider joining their ranks by using the enclosed self-addressed stamped envelope to
share a tax-deductible donation that will help us to continue sharing such exciting findings with all those
interested in the neurosciences.

Nicholas C. Bambakidis, MD
Guest Editor

Copyright © 2007, Barrow Neurological Institute
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Neural Regenerative Options in
the Management of Ischemic
Brain Injury

Until recently, it was widely believed
that neuronal production in the

mammalian brain occurred only during
the prenatal period.  Over the past 15
years, however, evidence has shown that
neurogenesis continues in certain areas of
the adult mammalian brain, namely, in
the subventricular zone and hippocam-
pal dentate gyrus (Fig. 1).20 An obvious
question is whether adult neurogenesis
has the potential to replace dying neurons
in the setting of brain injury.  New evi-
dence indicates that such neurogenesis is
indeed possible.  The logical clinical im-
plication of this finding is the potential to
augment the production of mature neu-
rons in the injured brain.  This ability
would be of considerable value in victims
of large strokes who seldom regain signif-
icant function in distributions where neu-
ral tissue has died.

In contrast to the recently discovered
adult neurogenesis, hematopoietic stem
cells have been studied extensively for a
relatively long time.  The hematopoietic
system contains a pool of progenitor cells
that differentiate into mature cells.  Study-
ing the molecular mechanisms govern-
ing the proliferation, differentiation, and
apoptosis of the hematopoietic stem cell
population provides valuable clues about
the biology of neural progenitor cells.

This review examines neurogenesis in
the normal brain and in response to is-
chemic insults.  Factors that drive prolif-
eration of stem cell populations into neu-
ral progenitor cells and those that drive
differentiation of neural progenitor cells
into neurons and, ultimately, integration
into neural networks are discussed.  Such
therapeutic modalities can be broadly
classified as using either an exogenous or
an endogenous approach.  These basic is-

Ischemic brain injury is a difficult clinical scenario for which adequate treatment
paradigms are lacking.  The formation of ischemic scar tissue in the cerebral
cortex creates a barrier to regenerative efforts and restoration of function.  Vari-
ous agents that regulate the cell cycle hold promise for modulating the natural-
ly progressive formation of this astrocytic scar tissue.  Use of these agents will in-
volve the development of strategies that influence the regenerative potential of
neural progenitor cells.
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sues must be understood before strategies
can be devised to improve outcomes
based on repopulating neurons and
achieving functional integration in the
setting of acute ischemic injury.

Hippocampal Dentate
Gyrus

Neural stem cells are located in the
subgranular zone of the adult mammalian
hippocampal dentate gyrus.15,19 The pri-
mary neural progenitor cells, bipotent ra-
dial glia-like stem cells with astrocytic
properties, differentiate into lineage-de-
termined progenitor cells and then to ma-
ture neurons.6,16 The mature neurons mi-
grate a short distance and populate the
granular cell layer of the hippocampal
dentate gyrus.  The S-phase marker bro-
modeoxyuridine (BrdU) has been used
to track dividing cells in the adult rat den-
tate gyrus.  Based on such studies, young
adult rats generate 9,000 new cells each
day or more than 250,000 per month.
The new granule neurons generated each
month constitute 6% of the total size of
the granular cell population as well as 30
to 60% of afferent and efferent cells.5

Forebrain Subventricular
Zone

Adult neurogenesis also occurs in the
mammalian subventricular zone.  Neu-
rons are generated in the subependymal
layer of the lateral ventricles and then mi-

grate tangentially toward the olfactory
bulb and striatum.  In the olfactory bulb,
these neurons climb radially into the gran-
ule and periglomerular cell layers.  There,
they assume the nuclear morphology of
granule cells and express neuron-specific
markers.11 Most of these adult-generated
granule neurons persist within the olfac-
tory bulbs for at least 4 months.10 Chains
of neuroblasts also extend from the sub-
ventricular zone to the peri-infarct stria-
tum.  Many of these newly generated cells
persist in the striatum and cortex adjacent
to infarcts.  However, 35 days after stroke,
only the cells in the neostriatum express
neuronal markers.25 As with the hip-
pocampal dentate gyrus, the persistent
neurogenesis in the subventricular zone
has been implicated in olfactory memo-
ry and odor discrimination.1

Response to Ischemic
Insults

Stroke-Induced Neurogenesis
Recent evidence suggests that ischemia

significantly induces neurogenesis in the
brain of adult rodents.20 Liu et al. first
demonstrated a marked increase in cell
birth in the dentate subgranular zone of
gerbils in response to transient global is-
chemia.21 Subsequent studies confirmed
that focal9,12,31,32 and global30 cortical is-
chemia significantly increases the prolif-
eration of neural stem cells in both the
dentate gyrus and subventricular zone.

This phenomenon peaks 7 to 10 days after
ischemia is induced and returns to normal
levels within a month.20

Differentiation of Stem Cells to Mature
Neurons. Neural stem cells from adult
rats co-cultured with primary neurons
and astrocytes from neonatal hippo-
campus differentiate into electrically ac-
tive neurons and integrate into neural
networks with functional synaptic trans-
mission (Fig. 2).29 Preliminary evidence
suggests that these cells play a role in hip-
pocampal-dependent memory forma-
tion.29 At 35 days after stroke, the chain
of neuroblasts that migrates from the
subventricular zone to the peri-infarct
striatum also expresses neuronal mark-
ers.25 As with the hippocampal dentate
gyrus, the persistent neurogenesis in the
subventricular zone has been implicat-
ed in olfactory memory and odor dis-
crimination.1

Migration of Neural Precursors. Under-
standing the movement of neural pre-
cursors generated in the adult mam-
malian brain to their final destination has
important implications for functional re-
covery after ischemic injury.  Recall that
normal neural stem cells in the hip-
pocampal dentate gyrus differentiate into
progenitor cells and then to mature neu-
rons.6,16 The latter migrate a short dis-
tance to populate the granular cell layer of
the hippocampal dentate gyrus.  Newly
divided neuronal precursor cells also mi-
grate from the subgranular zone into the
granule cell layer and differentiate into
neurons.21 Migrating neuroblasts move
as chains through a well-defined path-
way, the rostral migratory stream. These
chains contain only closely apposed neu-
roblasts.  Another astrocytic cell type en-
sheathes the chains of migrating neurob-
lasts.  Hence during chain migration,
neural precursors move in association
with each other; they are not guided by
radial glial or axonal fibers.22

Parent et al. induced focal stroke in
adult rats and assessed cellular prolifera-
tion and neurogenesis with BrdU label-
ing and immunostaining.25 Brains exam-
ined 10 to 21 days after stroke showed
chains of neuroblasts extending from the
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Figure1. Flow chart of the pathways involved in the differentiation of endogenous neu-
ral stem cells.



subventricular zone to the peri-infarct
striatum.  These findings combined with
those from several other studies indicate
that focal and global ischemic injury di-
rects the migration of the neuroblasts to
the site of the infarct.2,13

Long-Term Survival of New Adult Neurons.
An important question is how long the
newly generated neurons in the ischemic
adult brain persist.  It is estimated that
fewer than 1% of the ischemic and dying
striatal neurons are replaced through
adult neurogenesis.2 This estimate sug-
gests that most neurons generated in the
adult brain in response to injury do not
survive for a significant length of time.
Understanding the mechanism of cell
death in adult-born neurons is the first
step in developing therapies intended to
maximize functional recovery after
stroke.

Neurogenesis in the
Aging Brain

Most of the new neurons generated
in response to stroke in adult rats do not
survive, and stroke most often occurs in
older populations.  Therefore, an im-
portant question is whether aging in-
fluences the survival of adult-born neu-
rons.  Yagita et al. used a four-vessel
transient ischemia model in rats to in-
vestigate the role of aging on prolifera-
tion of neural progenitor cells.34 In both
young and old rats, neurogenesis signif-
icantly increased in the subventricular
zone in response to transient global is-
chemia.  Advanced age, however, pro-
foundly influenced the survival of the
newly generated neural precursor cells.
One month after the ischemia was in-
duced, the number of surviving neural
progenitor cells decreased seven-fold in
the older rats.  To develop strategies to
maximize functional recovery after
stroke in the aging population, we must
first understand the molecular mecha-
nism by which senescence decreases the
survival of neurons.  Is it through pro-
grammed cell death or tissue necrosis?
What signaling pathways are involved?
How can this cell death mechanism be
down-regulated?

Neurotransmitters
Glutamate, the main excitatory neu-

rotransmitter in the brain, appears to
play a role in adult neurogenesis.  Acti-
vation of NMDA-glutamate receptors
rapidly decreases proliferation of neu-
ronal stem cells in rats.4 In contrast, ad-
ministration of NMDA-receptor an-
tagonists rapidly increases the number
of cells during the S phase.4 Lesioning
of the entorhinal cortex, the main exci-
tatory (glutamate-mediated) afferent
input to the hippocampal granule neu-
rons, also increases neurogenesis in the
dentate gyrus.  This finding suggests that

glutamate negatively affects adult neu-
rogenesis.

Serotonin is another neurotransmit-
ter implicated in adult neurogenesis.
Chronic antidepressant therapy with
serotonin-reuptake inhibitors signifi-
cantly increases proliferation of adult neu-
ronal precursor cells in the dentate
gyrus.23 Conversely, inhibiting the sero-
toninergic pathway decreases neuronal
proliferation in the dentate gyrus and
subventricular zones.3 However, the ef-
fect of serotonin on ischemia-induced
proliferation of neural progenitor cells has
not yet been established.
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Figure 2. The two niches containing neural stem cells in the CNS of the adult mammal.
(A) adult hippocampus. (B) Longitudinal section of the adult mouse brain in which the sub-
ventricular zone (SVZ) and the rostral migratory stream (RMS) are indicated.  Neuronal
precursors migrate tangetially along the rostral migratory stream from the SVZ to the ol-
factory bulb.
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Environmental Enrichment
Environmental enrichment, consist-

ing of social interactions, various phys-
ical activities, and exposure to novel ob-
jects, enhances functional recovery after
stroke.17,33 At the cellular level, environ-
mental enrichment has increased den-
dritic branching and dendritic spines in
pyramidal neurons of layers II-III in the
contralateral cortex.14 At the molecular
level, environmental enrichment in-
duces differential gene regulation in the
injured brain.

Recent evidence suggests that postis-
chemic environmental enrichment also
enhances neurogenesis in the adult ger-
minal zones.  Komitova et al. induced
stroke by ligating the middle cerebral ar-
tery of spontaneously hypertensive rats,
which were then exposed to a standard
or enriched environmental condition.18

One and 7 days after stroke, rats exposed
to the enriched environment performed
significantly better than rats exposed to
the standard environment.  Five weeks
after stroke, there was less cellular prolif-
eration in the subventricular zone of the
stroke-lesioned rats in the standard envi-
ronment compared to intact animals.

Postischemic environmental enrich-
ment counteracts the decreased level of
cellular proliferation in the subventric-
ular zone while increasing the pool of
neural progenitor cells in the subven-
tricular zone.  The generation of neural
precursor cells capable of recruitment to
the stroke site also increases.   The same
investigators demonstrated similar find-
ings in the hippocampi of rats with
strokes in response to environmental en-
richment.24 One month after injury,
these rats demonstrated improved spa-
tial learning compared to control ani-
mals and a net increase in hippocampal
neurogenesis.

Factors (G-CSF)
G-CSF, a 19.6 kDa growth factor, ex-

erts neuroprotective effects after focal ce-
rebral ischemia in the rat model.27 It
counteracts programmed cell death and
enhances functional recovery.  G-CSF is
widely expressed in neurons in the CNS,
and it is upregulated in response to cere-

bral ischemia, suggesting an autocrine
neuroprotective signaling cascade.

In myeloid lineage cells, G-CSF in-
duces enhanced survival and differentia-
tion into mature neutrophilic granulo-
cytes.28 It appears that G-CSF exerts a
similar effect on survival and differentia-
tion of neural stem cells.28 Adult neural
stem cells isolated from the subventricu-
lar zone and hippocampus of rats express
G-CSF in vitro.28 G-CSF greatly induces
promoter activity of the mature neuronal
marker gene III-tubulin.  In culture it also
induces dose-dependent increases in lev-
els of the mRNA of several differentia-
tion markers.  It does not, however, de-
plete the pool of undifferentiated cells.

Endogenous Suppression
of Neural Regeneration
(p21 Cyclin-Dependent
Kinase Inhibitor)

The efficacy of neural stem cell ex-
pansion in response to injury depends on
the proliferative capacity of the cells.  Un-
derstanding the molecular kinetics of the
cell cycle is the key to inducting the pro-
liferation of stem cells for therapeutic pur-
poses.  In the hematopoietic stem cell
model, there are two types of cellular pro-
liferation:  high-capacity proliferation of
progenitor cells in response to cytokines
and low-proliferation capacity quiescent
stem cells.  The latter are insensitive to cy-
tokines but intermittently supply the pro-
liferative pool.  Likewise in the CNS, qui-
escent multipotent precursor cells or
neural stem cells give rise to the prolifer-
ative adult neural progenitor cells.  The
inherently lower rate of turnover in the
CNS may likewise be related to quies-
cence in neural progenitor cells.26

This possibility could explain the mild
proliferation and migration of neural
precursor cells and the subsequent min-
imal functional improvement in response
to brain injury.  Proteins such as cyclin-
dependent kinase inhibitors, which
down-regulate the cell cycle, mediate cel-
lular quiescence.  The cyclin-dependent
kinase inhibitor p21cip1/waf1 specifical-
ly downregulates the cell cycle in hema-
topoietic stem cells (p21).7,8 The p21 cy-
clin-dependent kinase inhibitor also

prevents quiescent progenitor cells in the
brain from entering the cell cycle.26 Qiu
and colleagues demonstrated that is-
chemic brain injury induces proliferation
of quiescent neural progenitor cells in the
hippocampus and in the subventricular
zone of p21 knockout mice.26 The in-
creased proliferation of stem cells, how-
ever, did not occur in nonlesioned p21
knockout mice.

Conclusion
Future efforts aimed at investigating

other regulators of the cell cycle, includ-
ing the other members of the cyclin-de-
pendent kinase-inhibitor family, will im-
prove understanding of the relative
quiescence of neural progenitor cells.
Eventually, such studies may lead to im-
proved functional recovery of the CNS
in response to ischemic injury by
spurring the development of strategies to
enhance proliferative potential of neural
progenitor cells.
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Current Concepts in Neural
Regeneration After Traumatic
Brain Injury

Each year more than a million Amer-
icans are treated for TBI and released

from emergency rooms.  More than 5
million people live with permanent dis-
abilities from TBI-related injuries, in-
cluding behavioral disorders, cognitive
difficulties, and motor impairment.6 TBI
is the leading cause of death in young
people in America and costs billions of
healthcare dollars each year.  For many
years, therapies aimed at regenerating lost
brain tissue have been explored.  The re-
placement of dead neurons by new cells
derived from precursor cells, which has
been the focus of recent efforts, remains
a controversial ethical issue.

The primary damage caused by TBI
is the result of the initial impact. Intra-
cellular edema develops, and the electro-
chemical processes inherent to neural
function are disrupted.1,16,28 The sec-
ondary or delayed damage associated
with TBI is less well understood but in-
volves a complex cascade of events and
pathophysiological interactions.  Re-
search once emphasized pharmacologi-
cal therapies and early surgical interven-
tion intended to limit this secondary
constellation of events.

In the last decade, however, TBI has
been recharacterized as a chronic, pro-
gressive disease involving the delayed
death of neurons,24 and the focus of re-
search has shifted concomitantly. Recent-
ly, stimulation of latent neural progenitor
cells and the introduction of exogenous
precursor cells have been topics of inves-
tigation (Fig. 1).21 Dead and damaged
neural tissues have been replaced both in
vitro and in vivo in rodents and nonhuman
primates, but an effective and repro-
ducible treatment for humans has yet to
be developed.  This article reviews current

TBI poses unique difficulties in terms of developing effective therapeutic mo-
dalities.  The inflammatory cascade that results from TBI is distinct from that which
follows other forms of injury to the CNS.  This difference poses unique challenges
to developing potential mechanisms of treatment based on the concepts of neu-
ral regeneration and repair.

Key Words: neural transplantation, neuroregeneration, trauma, traumatic
brain injury 
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concepts in the utilization of stem cell
populations and their potential therapeu-
tic role in the treatment of TBI.

Endogenous Stem Cells
Cellular replacement strategies have

involved both endogenous and exoge-
nous sources of progenitor cells.  En-
dogenous neurogenesis has been a long-
standing goal to minimize further trauma
to the brain from transplantation and to
avoid the subsequent need for immune
suppressive therapies.  Efforts to stimulate
endogenous precursor cells to migrate to
areas of injury have allowed the regions
where these cells are found to be charac-
terized.  Adult mammals have neural stem
cells that can be activated and that cause
remodeling in the event of injury.10 After
TBI these proliferating stem cells contin-
ue this remodeling process.5

Remodeling occurs at two specific
areas.  The area of cortical injury nearest
the site of impact involves glial remodel-
ing.  GFAP staining has shown that reac-
tive astrocytes are upregulated and form a
glial scar 3 weeks after injury.  Second,
staining with NeuN, a neuronal marker,
has shown hypertrophy of neurons in the
ipsilateral granular cell layer.23

Stem cells that supply the astrocytes
originate in the subventricular zone.  An
intraventricular injection of the lipophilic
tracer DiO reliably demonstrates labeling
of this zone.  These labeled cells migrate
from the subventricular zone into the
damaged area of cortex.23 These cells co-
localize with nestin, an intermediate fila-
ment specific to neuronal precursors.
DiO labeling in the area of injured cortex
persists 3 weeks, indicating that these cells
survive.  GFAP co-localizes with the DiO
in this region.  Morphologically, these

cells appear to be the same reactive astro-
cytes that form the glial scar.  Under nor-
mal circumstances, these cells supply re-
placement cells to the olfactory bulb,
where they become glomerular neurons.4

Therefore, these cells have the potential to
differentiate along neuronal or glial cell
lines.  Recent studies have focused on de-
livering growth factors to this cell popu-
lation to influence them to become new
neurons in the presence of brain injury.

The adult nervous system hosts mul-
tiple regions of stem cells.  Neural crest
stem cells can be found in the peripheral
nervous system.  In the CNS, the retina,
olfactory bulb, forebrain, hippocampus,
and spinal cord contain stem cells (Fig.
2).3,8,9,14 The largest repositories of neural
stem cells are found in the subventricular
zone and dentate gyrus of the hip-
pocampus.19
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Figure 2. Photomicrograph of BrdU-
stained cells dividing around the central
canal in the spinal cord of an adult rodent
exposed to recombinant Shh after sustain-
ing a demyelinating lesion.  These cells rep-
resent endogenous neural progenitors
stimulated by the combination of demyeli-
nation and Shh.  Fluorescent stain for BrdU
(200x).  From Bambakidis NC, Theodore N,
Nakaji P, Harvey A, Sonntag VK, Preul MC,
Miller RH: Endogenous stem cell prolifera-
tion after central nervous system injury: Al-
ternative therapeutic options. Neurosurg
Focus 19(3):E1, 2005.  Used with permis-
sion from Journal of Neurosurgery.

Figure 1. Graphic representation of BrdU positive cells per section in the SGZ (sub-
granular zone) and SEZ (subventricular zone) of animals injected with BrdU 18 and 20
hours after traumatic brain injury, then sacrificed at various times.  The cells have a peak
of proliferation at 2 and 8 days after injury. They then degrade or migrate away over 2
weeks or so.  Most cells go on to form glial cells.  These cells arise from the subgranular
zone of the hippocampus and subependymal zones of the lateral ventricles.  It is con-
sidered to be a normal response of the brain to injury.  Modulation in the development of
these cells away from an astrocytic (and therefore scar-forming) lineage is a potential
key therapeutic target in ameliorating the damage following TBI.  Data are presented as
the number of cells per section ± standard deviation (SD).  Injured animals in each group
(3 to 6 animals) are compared with their respective shams using a t test.  *Significant at
p < 0.05.  From Rice AC, Khaldi A, Harvey HB, Salman NJ, White F, Fillmore H, Bullock MR:
Proliferation and neuronal differentiation of mitotically active cells following traumatic brain
injury.  Exp Neurol 183(2):406-417, 2003. Used with permission from Elsevier Science.
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Progenitor Cells versus
Stem Cells

As an embryo develops, the pluripo-
tent cells that compose the differentiat-
ing tissue gradually lose their ability to
transdifferentiate.  Embryonic stem cells
are derived from the inner cell mass.29

Adult stem cells are present in many dif-
ferent organ systems in the body.  Tis-
sue restriction limits the possible fates of
these cells more than in their embryon-
ic counterparts.  This factor may explain
the differences seen in experimental
models that have tested the fates of cells
in in vitro animal models.  Some studies
have shown that even these cells may
cross fate lines and generate other tis-
sues.  For example, adult neural stem
cells can become hematopoietic cells
when transplanted into the marrow of
irradiated mice.  Whether this process
represents actual transdifferentiation or
cell-cell fusion is debated.  The ideal
population of adult stem cells would ex-
hibit no in vitro or in vivo difference in
their fate lines.

Stated simply, stem cells can differ-
entiate into many different types of cells
(Fig. 3).  They have an unlimited ca-
pacity for self-renewal and are found in
many different kinds of tissue.  Progen-
itor cells also have multiple potential
destinies.  However, they have far fewer
potential fates than stem cells.  Although
much greater than that of differentiated
cells, the capacity of progenitor cells for
renewal is more limited than that of stem
cells.  Stem cells are the best candidates
for treating TBI because they are robust
and more flexible than progenitor lines.
Furthermore, neural progenitor cells
must be isolated from embryos, a process
with controversial ethical and sociolog-
ical implications.

Exogenous Delivery of
Cells

Regeneration in the CNS requires
one or more of the following processes
to occur: neurotrophic factor elabora-
tion, cell replacement, axonal guidance,
removal of growth inhibition (charac-
teristic of damage in the CNS), modu-
lation of the immune response, a sub-

strate for bridging, and cell signaling ma-
nipulation.10 Injections into the blood-
stream and intraparenchymal delivery
have been used to transplant cells in an
attempt to rebuild a damaged nervous
system.  To be effective, the transplant-
ed cells must be self-renewing and
pluripotent.  They must exhibit tropism
for the damaged area and form func-
tional connections.  The survival and
integration of these cells depend on
both the location of the transplant and
the local environment.27

Fetal Tissue Transplantation
The direct implantation of fetal cells

into damaged cortex was first evaluated

more than 20 years ago.  Recent studies
based on the fluid percussion model of
TBI found that the optimal window for
transplantation is within 2 weeks of in-
jury.26 Transplanted fetal tissue is able to
integrate into damaged tissue and there-
by restore function.  This capability may
hold particular promise after an injured
brain is exposed to retraining activities.
In this case transplanted cells may help
re-establish injured neuronal connec-
tions.

Keyvani et al. performed DNA mi-
croarray analysis of intact and injured
brains.13 They examined the non-
necrotic ipsilateral cortex and homo-
tropic contralateral cortex in brain-
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Figure 3. Diagram demonstrating the pluripotent nature of embryonic stem cells as well
as their potential therapeutic roles in traumatic brain injury.  Pluripotent stem cells de-
velop under the influence of various growth factors into multipotent progenitors which can
then form either neuronal, oligodendroglial, or astrocytic cells.  This process can be mod-
ulated in vitro and subsequently can result in cells which can be transplanted at the site
of injury with a resultant potential for therapy. 

Pluripotent
embryonic
stem cell

Neural 
stem cell

Glial 
precursor

Neuronal
precursor

Oligodendrocytes

Astrocytes

Glial cells Neurons

Cultured with
growth factors

Genetically
modified and
tested

Transplanted into
injured brain



injured rats exposed to environmental
enrichment after injury.  In the brain-in-
jured rats, 59 genes were differentially
regulated compared to 17 genes regu-
lated in analogous areas in the brains of
intact rats.  This finding suggests an in-
creased propensity for enrichment-in-
duced plasticity after injury.  Such re-
search is promising, but significant
ethical and immunological dilemmas re-
main.

Infusional Delivery
In a hemorrhagic brain injury model,

injection of blood from human umbili-
cal cords has been found to reduce the
effects of neurological damage.18 Rats in-
jected with human umbilical cord blood
24 hours after intracerebral hemorrhage
were evaluated immediately before re-
ceiving the injection, 1 day after injury,
and then 7 and 14 days after injury.  On
Days 7 and 14, the neurological severity
test scores of these experimental rats were
better than those of saline-treated rats.
Umbilical cord blood has been used suc-
cessfully to repopulate depleted immune
systems.  Therefore, it is thought that
hematopoietic stem cells are able to trans-
differentiate and to perform a similar
function in the nervous system.18

Mahmood et al.17 used MSCs as a
source of neural growth factors to facil-
itate intrinsic stem cells to grow and dif-
ferentiate.  MSCs can differentiate into
endodermal, mesodermal, and ecto-
dermal derivatives.12 MSCs were deliv-
ered by an intravenous injection of mar-
row cells.  Long bones from normal rats
were obtained and cleaned, and the cells
were cultured and labeled with BrdU.
One day after the rats received a pneu-
matic injury intended to simulate a con-
cussive impact, the cell mixture was in-
jected.  Rats were assessed via standard
neurological function tests at various
endpoints.  Histological analysis was
performed when the rats were sacrificed
15 days after injury.  Levels of three dif-
ferent growth factors were measured on
Days 2, 5, and 8: nerve growth factor,
brain-derived nerve growth factor, and
basic fibroblast growth factor.

Compared to untreated control ani-
mals, the animal receiving intravenous

MSC had significantly better scores on
the Rotarod motor test and neurologi-
cal severity test.  Furthermore, MSCs
migrated into the injured hemisphere
where they formed oligodendrocytes
and some neurons.  The levels of nerve
growth factor peaked on Days 5 and 8.
Brain-derived nerve growth factor
peaked on Day 8 after injury.  Levels of
basic fibroblast growth factor were not
statistically different at any of the time
points.  In this model, the cells provid-
ed useful growth factors and eventually
became functional cells in the damaged
hemisphere.  The increased level of
these factors alone may partially explain
the functional recovery seen in experi-
mental models of TBI.15

Intraparenchymal Injection
Direct injection of stem cells has

been the focus of recent research. In
2002 Riess et al.22 concluded that the
injection of neural stem cells attenuates
motor dysfunction but not cognitive
dysfunction after TBI.  In 2004 Shear
at al.25 directly injected neural progeni-
tor cells into the ipsilateral caudate of in-
jured cortex of rats 1 week after injury.
Motor abilities improved as early as 1
week after transplantation and were still
present at 1 year.  The transplanted cells
persisted as long as 14 months and re-
mained in areas of the hippocampus and
adjacent cortex.  Interestingly, the trans-
planted cells labeled with NG2, a mark-
er of oligodendrocytic precursors.
Neural stem cells and progenitor cells
still need to be harvested from embry-
onic, adult, or dead donors.  However,
nonneural sources of progenitor cells
have also been injected.

MSCs have been used successfully to
attenuate the effects of neural injury via
intraparenchymal injury.  Chen et al.7

found that MSCs actually elaborate
neurotrophic factors that were measured
in the study by Mahmood et al.17 MSC-
derived neurotrophins had a protective
effect on the native neurons.  Again,
nerve growth factor was the most sig-
nificantly elevated factor and was re-
sponsible for the maintenance of cholin-
ergic neurons.  Thus, not only do the
transplanted cells integrate into the

CNS, they also synthesize diffusible sub-
stances that protect uninjured tissue.
Cholinergic neurons are partially re-
sponsible for memory formation and
may play a large role in recall.

MSCs may fuse with neurons rather
than undergo transdifferentiation.2 Tis-
sue replacement may play a role in this
particular model although the mainte-
nance of native cells via the elaboration
of neurotrophins is becoming a more
central focus in research.

Other nonmurine sources of stem
cells have also been studied.  Embryon-
ic stem cells from cynomolgus monkeys
have also been transplanted successfully
into mice after brain injury.11 Embry-
onic stem cells were preinduced by in
vitro treatment with retinoic acid and
differentiated into neurons.  The cells
were transplanted 1 week after injury.
Mice were evaluated by the Rotarod test
and the beam walking test.  The scores
of the mice receiving the transplants
were significantly better than those of
the mice without transplants.  This study
was the first to use nonhuman primates
as a source of stem cells.  Although the
mechanism of injury was cryogenic, the
idea of using a genetically similar but
nonhuman donor might solve certain
ethical problems.  Nonetheless, other is-
sues, such as the danger of transplant re-
jection, persist.

Mechanisms of Action
In the context of cellular transdiffer-

entiation, stem cells act as a source of
new neurons.  Native stem cells in the
subventricular zone contribute to brain
remodeling, resulting in the familiar glial
scar.  Neurotrophins such as nerve
growth factor are protective of cholin-
ergic neurons and other neuronal pop-
ulations.  Phillips et al.20 used immortal-
ized embryonic rat hippocampus cells
(HiB5) and transfected HiB5 cells that
produced mouse nerve growth factor.
The performance of both transplant
groups on motor and cognitive tests im-
proved significantly compared to control
animals.  However, the nerve growth
factor-secreting transplants were associ-
ated with the least cell death in the hip-
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pocampal CA3 region.  Nerve growth
factor may contribute to neuronal plas-
ticity and regeneration and also may act
as a suppressor of free radicals.

Conclusion
Although TBI remains a challenging

clinical problem, therapeutic interven-
tions based on the concepts of neural
regeneration and repair hold promise.
Further work is needed to translate such
concepts from the bench to the bedside
to ameliorate the effects of and to pro-
mote recovery from TBI.
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Multimodality Treatment of Spinal
Cord Injury:  Endogenous Stem
Cells and Other Magic Bullets

Each year in the United States, SCI
affects 10,000 to 14,000 persons.

The mean age at injury is 30 years.  Con-
sequently, at any given time, 150,000 to
300,000 people are living with signifi-
cant disabilities related to SCI.  Estimates
of the lifetime costs to care for an indi-
vidual with a SCI range from $325,000
to $1.35 million, and the annual cost to
society reaches $8 billion.  As long-term
care technologies improve, these costs
are expected to continue to increase.
There have been significant advances in
accessibility for persons with disabilities.
Nonetheless, the goal of medical science
is to overcome the physiological barriers
imposed by the injury itself to allow
these individuals to regain their prein-
jury level of neurological function.

The severity of these injuries ranges
from complete paralysis to mild myelopa-
thy, depending on the mechanism.  In-
juries from acute trauma such as auto-
mobile accidents tend to garner the most
attention, but insidious injuries from de-
generative spinal disease are far more
prevalent.  When treatment of these var-
ious types of injuries is considered, it is
important to consider the mechanism of
injury.

In severe traumatic injuries associated
with significant physical force at the time
of injury, the initial trauma causes most
of the destruction, which is related to
shearing and to laceration and disruption
of neurons, axons, and supporting tissue
(e.g., vascular, connective).  After the ini-
tial injury, significant scar tissue forms and
acts as a barrier to the repair of injured tis-
sue.  For such injuries, the ideal treatment
should include realignment of the spinal
column to minimize further physical trau-
ma to the spinal cord, prevention of sub-

Acute traumatic SCI initiates a complex cascade of inflammation and ischemia
that leads to scar formation.  After injury this scar formation provides a strong in-
hibition to regeneration. Because the overall injury occurs on multiple levels,
both spatially and temporally, a multimodality approach to treatment is needed.
Only by combining neuroprotective and neuroregenerative treatments can sig-
nificant advances be made to overcome SCI.  Furthermore, new techniques of
manipulating endogenous stem cells show great promise in promoting neu-
roregeneration.

Key Words: neuroprotection, neuroregeneration, spinal cord injury, trau-
ma

Abbreviations Used: 4-AP, 4-aminopyridine; bFGF, fibroblast growth fac-
tor beta; EGF, epidermal growth factor; FGF2, fibroblast growth factor 2;
NMDA, N-methyl-D-aspartate; SCI, spinal cord injury; Shh, sonic hedge-
hog
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sequent ischemia from the secondary in-
jury cascade, and promotion of neural re-
generation.

The same principles apply to lower-
impact SCIs (e.g., from degeneration, spi-
nal tumors), but there are significant and
important differences in treatment.  The
first step in treating this type of SCI is to
decompress the offending pathology.  Be-
cause the long-standing compression has
led to chronic ischemia, the next step is to
prevent further ischemia by promoting
adequate tissue perfusion of the spinal
cord.  Finally, promoting either regener-
ation or remyelination of the damaged
neural elements is needed for further re-
covery of function.

Until 25 years ago, the prevailing wis-
dom was that SCIs were irreversible.
Consequently, the focus was on helping
patients with disabilities to become inte-
grated into society.  However, in 1980 one
of the first demonstrations of the regen-
erative ability of injured spinal cord tissue
was published.36 Thereafter, such research
expanded exponentially.  Although vari-
ous treatment schemes have been suc-
cessful in rodent models of SCI, no treat-
ment has yet been effective in humans.

A potential reason for this lack of suc-
cess has been the focus on finding the
‘magic bullet’ treatment that will allow an
injured spinal cord to recover.  The mech-
anism of SCI is as complex as it is varied,
especially the temporal sequence of events
after injury.  Most likely, a multimodality
approach to SCI is needed to make mean-
ingful gains in the clinical treatment of
humans.  Most research on treatment of
SCI falls into two broad categories, which
serve as natural starting points for at-
tempting multimodality treatment regi-
mens.  The first treatment strategy is to
attenuate the secondary injury cascade
(neuroprotection); the second strategy is
to promote remyelination and regenera-
tion of axons (neuroregeneration).

The secondary injury cascade, which
begins soon after the primary injury has
occurred, can be influenced by many fac-
tors such as hypoxia, hypotension, and the
extent of the primary injury (Fig. 1).  The
initial insult disrupts the microvasculature,
which leads to tissue hypoperfusion.11

The hypoperfusion can be severely ac-

centuated by systemic variables such as
pulmonary and cardiovascular dysfunc-
tion related to the inability of the spinal
cord tissue to autoregulate perfusion after
traumatic injury.40 The resulting pro-
found tissue ischemia persists hours to
days after injury.  In addition to the initial
injury, the ischemia initiates a cascade of
cellular destruction due to the breakdown
of cellular membranes and to the release
of multiple factors such as calcium and
glutamate.1 These factors further poten-
tiate the breakdown of cellular mem-
branes by activating proteases and phos-
pholipases in a positive-feedback loop.

The role ischemia plays in the sec-
ondary injury cascade is well studied in
animal models.11 To date, the most effec-
tive way to limit the extent of spinal cord
ischemia after injury is to limit systemic
hypoxia and hypotension.  In various ex-
perimental animal models of SCI, neu-
roprotective agents that limit excitotoxi-
city and membrane breakdown caused
by ischemia have been studied extensive-

ly. Significant neurological improvement
has followed treatment with sodium-
channel modulators, glutamate-receptor
blockers, glucocorticoids, and ganglio-
sides.5,13,20,27 Only a handful of treatments,
however, has been tested in human trials
of acute SCI.  Moreover, the primary
issue with spinal cord ischemia is disrup-
tion of the vasculature itself.  This dis-
ruption creates a physical barrier to tissue
perfusion.  In turn, the barrier limits the
ability to deliver pharmacological agents
to the site of injury. This limitation is one
possible reason why many of these agents
are unsuccessful in treating SCI.

Neuroprotection
A controversial treatment for SCI is

the use of high-dose methylprednisolone.
Glucocorticoids such as methylpred-
nisolone stabilize cellular membranes, re-
duce vasogenic edema, enhance spinal
cord blood flow, alter the concentration of
electrolytes at the site of injury, inhibit en-
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Figure 1. Outline of the primary and secondary injury cascades after acute traumatic SCI. 



dorphin release, scavenge damaging free
radicals, and limit the inflammatory re-
sponse after injury.21 Based on these basic
properties of methylprednisolone and on
the promising results from animal trials,
the first randomized trial in humans was
reported in 1984.6 One year after injury,
however, this study showed no differences
in the neurologic outcomes of patients
receiving low or high doses of methyl-
prednisolone.  Subsequent animal stud-
ies, however, indicated that the dose used
in the trial was too low to produce signif-
icant differences in long-term functional
outcomes.9

To address the issue of underdosing
with methylprednisolone in the first trial,
a second trial was undertaken with a high
dose of methylprednisolone to assess neu-
rological improvement after acute SCI.7

This trial demonstrated a small but signif-
icant improvement in motor scores 1 year
after injury compared to a placebo group.
However, several aspects of the study have
been criticized strongly.  The primary
complaints were the lack of a standard-
ized assessment of functional outcome (as
opposed to basic motor scores) and the
use of post hoc analysis to determine sta-
tistical significance.23 A third trial then
found that methylprednisolone had a
greater benefit if administered within 3
hours rather than within 8 hours of in-
jury.8 Because of the significant problems
associated with these studies, methyl-
prednisolone for the treatment of acute
SCI is only considered an option.18,19

Methylprednisolone has also been asso-
ciated with medical complications, pri-
marily an increased incidence of infec-
tions, gastrointestinal problems, and
pulmonary issues.28 Evidence concerning
its long-term effects is mixed.16

Other agents tested in human clinical
trials include tirilazad, naloxone, and
GM-1 ganglioside.  The opiate antagonist
naloxone was included in the second
methylprednisolone trial, but its use was
associated with no significant clinical ben-
efit.7 In the third trial, the 21-aminos-
teroid tirilazad was compared to methyl-
prednisolone.  No benefit was found, but
the trial lacked a true placebo group.8

Two randomized clinical trials have ana-
lyzed the effectiveness of the ganglioside

GM-1 on neurological improvement
after SCI.  The first, smaller study showed
a marked improvement in functional
neurological outcomes in the GM-1
group compared to the control patients.15

The larger study failed to detect this im-
provement. Consequently, ganglioside
GM-1 is only considered an option for
acute SCI.14

Other promising neuroprotective
agents are thyrotropin-releasing hor-
mone, the NMDA-receptor antagonist
gacyclidine, and the calcium-channel an-
tagonist nimodipine.26,33,34 These agents
were tested in clinical trials to determine
their effect on outcomes when used to
treat SCI in humans.  Unfortunately,
none showed any benefit compared to
the placebo and all have been abandoned.
One agent that has shown promise in
human trials is the potassium-channel an-
tagonist, 4-AP.  Although 4-AP failed to
benefit patients with chronic SCI, this
agent may have the potential to stabilize
damaged axonal membranes during the
acute period of injury.17

Several treatments are being devel-
oped to provide neuroprotection after
SCI.  Although these agents have only
been tested in animal models of SCI,
they represent the next wave for clinical
trials in humans.  The sodium-channel
antagonist riluzole has significantly im-
proved the outcome of SCI in rats.  The
Food and Drug Administration recent-
ly approved its use as a treatment for
amyotrophic lateral sclerosis.37 Atten-
uation of the inflammatory response
after acute SCI has also shown great
promise in animal models.  When used
to treat animals with SCIs, COX-2 in-
hibitors, ibuprofen, tetracycline, and
erythropoietin have all improved func-
tional recovery.10,22,35,38

Neuroregeneration
Once the secondary injury has

evolved, the process of neuroregeneration
begins.  Unfortunately, the central ner-
vous system is not a permissive site for
neuroregeneration because inhibitors of
axonal growth are derived from the for-
mation of scar tissue.  The goal for re-
generation is to attenuate or overcome

this inhibition to allow repair and regen-
eration at the site of injury.  Several strate-
gies have been used to help the spinal cord
to allow regeneration.

One such strategy is to inject activat-
ed macrophages into the site of injury to
reduce the concentration of inhibitory
factors after injury.  The macrophages, ac-
tivated with autologous peripheral nerve
tissue, help clean up the cellular debris
and damaged myelin that contribute to
the strong inhibition to regeneration after
injury.  Using this therapy in patients with
a complete SCI in a Phase I safety trial,
three of eight patients improved without
significant side effects.25 This treatment is
now being evaluated in Phase II clinical
trials at multiple sites worldwide.

Another regenerative treatment being
used in clinical trials modifies the cellular
cascade that leads to the inhibition of re-
generating axons.  The activity of the sec-
ond-messenger pathway that uses the
Rho protein in injured axons increases
after injury and is partially responsible for
the inability of these axons to grow
through the glial scar.  A Rho antagonist
(C3 transferase) that has been developed
has a robust ability to allow axonal regen-
eration and functional recovery in animal
models of SCI.39 This agent (Cethrin,
BioAxone, Therapeutic, Inc.; Montreal,
Quebec, Canada) is undergoing Phase
I/IIa safety and efficacy trials in patients
with complete SCIs.  As long as 2 weeks
after injury, the drug is applied at sur-
gery.  It then diffuses across the dura to
deliver a high concentration locally at
the site of injury.

An exciting treatment potential for
promoting neuroregeneration after SCI
is stem cell transplantation or stimula-
tion.  Although transplantation of stem
cells into the injured spinal cord has
shown great promise in animal models,
work in humans has been limited.12 One
reason for this slow progress is the ethi-
cal dilemma inherent when working
with embryonic stem cells.  Conse-
quently, other solutions, including stem
cells derived from bone marrow and
stimulation of endogenous stem cells,
have been investigated.

Activation and promotion of endoge-
nous stem cells are particularly attractive
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because 500,000 and 2 million new cells
are produced at the site of injury during
the first month after injury.31 After a con-
tusion injury in animal models, endoge-
nous neural progenitor cells are up-regu-
lated.24,29,30 Most of these cells originate
near the ependyma of the central canal.
The greatest level of induction occurs 3 to
7 days after injury.  However, most of
these cells develop into non-neuronal cells
and actually contribute to the inhibition
of neuroregeneration.  Therefore, this line
of research focuses on how to promote
endogenous stem cells to develop into cell

types that help injured axons to survive
and regain function.

The process of differentiation of en-
dogenous stem cells in the adult spinal
cord after injury is yet to be determined.
Several agents, however, have been used
to control the differentiation of these stem
cells.  Based on existing knowledge, the
goal of this treatment is to steer the en-
dogenous stem cells away from the astro-
cytic pathway and toward a neuronal or
oligodendrocytic pathway.  By studying
the genetic profile of early spinal cord de-
velopment, proteins such as sonic hedge-

hog (Shh) and fibroblast growth factor
beta (bFGF) have shown promise in con-
trolling this differentiation.  The Shh pro-
tein, which is involved in early neuronal
differentiation, dramatically increases the
number of neuronal progenitor cells in
the spinal cord after a demyelination in-
jury.3,4 In rats with a contusion injury to
the spinal cord, the neuronal progenitor
cells increase after Shh is administered.3

The combination of Shh with oligo-
dendrocyte precursors also reduces the
amount of cellular damage and improves
functional recovery in rodents after SCI
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Figure 2.  (A) Bar graph demonstrates elevation in the cell counts of actively dividing cells in the spinal cord sections of adult rats.  Rats
with a spinal cord lesion were treated with a low dose (3.0 µL) or high dose (6.0µL) of Shh.  Rats without a lesion were given a high dose
of Shh.    The number of proliferating cells significantly increased after rats with a lesion were exposed to Shh. Data were analyzed with
repeated-measures analysis of variance, followed by the Student-Newman-Keuls post hoc t-test (*p < 0.01). (B) Photomicrograph
shows diffuse positivity for nestin in dorsal regions of hyperproliferation.  Nestin is an intermediate filament protein found in central ner-
vous system precursors (original magnification, 100x; nestin).  (C) Low-power (original magnification, 50x, nestin) and (D) high-power
(original magnification, 200x, nestin) photomicrographs of nestin-positive neural precursors from dorsal explant cultures from the spi-
nal cords of rats that received a contusive spinal cord lesion and were treated with Shh.  These primitive-appearing cells characteristi-
cally demonstrate bipolar morphologies and are highly motile and proliferative. [From Bambakidis NC et al: Endogenous stem cell pro-
liferation after central nervous system injury: alternative therapeutic options. Neurosurg Focus 19 (3):E1, 2005]. Used with permission
from Neurosurgical Focus.
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(Fig. 2).2 Likewise in rodents, the ex-
pression of bFGF in spinal cord cells in-
creases after traumatic injury.  In cell cul-
tures, the bFGF derived from these cells
caused them to differentiate into neuronal
phenotypes.41 After a contusion is in-
duced in genetically engineered mice,
other growth factors such as EGF, FGF2,
neurogenin2 and Mash1 promote neu-
ronal differentiation of endogenous stem
cells at the site of injury.32

Conclusions
The complexity of the cellular de-

struction after SCI belies a multimodali-
ty approach to treatment.  Temporally, the
three hallmarks of this treatment are seg-
regated into (1) the acute period during
which the best clinical treatment is need-
ed, (2) the subacute period during which
neuroprotective treatment is needed, and
the (3) delayed period during which neu-
roregenerative treatment is needed (Fig.
3).  The burgeoning field of neuroregen-
eration, especially the manipulation of
endogenous stem cells, may promote sig-
nificant advances in the treatment of this
devastating clinical condition.
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Management of a Cervical
Spine Infection: Case Report

Spinal infections can have devastating
consequences, including paralysis and

death.  Administration of antibiotics is a
mainstay of treatment.  When neural el-
ements are compressed or deformed, sur-
gery may be required.  We report a pa-
tient who developed a neurologic deficit
related to a cervical spine infection and
his subsequent treatment.

Illustrative Case
A 47-year-old man with a complicat-

ed medical history sought treatment at
an outside hospital complaining of pro-
gressive paraparesis.  Three months ear-
lier his right arm had been amputated to
treat necrotizing fasciitis, and he had been
discharged to a skilled nursing facility on
oral antibiotics.  His medical history was
significant for hepatitis C, liver cirrhosis,
hypertension, bipolar disorder, and
chronic pain syndrome.  His paraparesis
rapidly progressed to complete paralysis of
the lower extremities with involvement
of his left, and only remaining, upper ex-
tremity.  The patient was placed in a halo
brace at the outside hospital, and he was
transferred to our institution for further
treatment.  

On arrival, the patient was awake and
alert.  Bilaterally, his lower extremity
motor function was graded 0/5.  His left
upper extremity function was graded as
follows: deltoid 2/5, biceps 4/5, triceps
2/5, and grip 1/5.  He had no sensation
in his lower extremities.  CT of the cer-
vical spine showed cervical kyphosis and
osteolytic changes in the vertebral bod-
ies of C3 to C6 (Fig. 1).  MR imaging
showed osteomyelitis, diskitis, and an epi-
dural abscess posterior to the C5 and C6
vertebral bodies (Fig. 2).  Because the pa-

Increasingly, neurosurgeons are treating patients with spinal infections.  Man-
agement of these patients requires antibiotic therapy and often surgical inter-
vention.  We report a patient with a severe infection who was initially treated with
an external orthosis and antibiotics due to his multiple medical comorbidities.
After a surprising neurologic improvement, he underwent surgical fixation and
made an excellent recovery.
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tient had no motor function for 3 days
before his arrival and because he had
multiple medical comorbidities, we
elected to treat him conservatively.  The
patient’s blood cultures grew oxacillin-
resistant Staphylococcus aureus.  He was
treated with linezolid and rifampin, as
recommended by our infectious disease
service.  He was maintained in halo fix-
ation.  He experienced respiratory failure
due to pneumonia and required a tra-
cheostomy for long-term ventilation.
He was discharged to a skilled nursing fa-
cility.

Over the next 3 months, the patient’s
physical examination improved. Sensa-
tion returned to his lower extremities.
His motor function also improved.
With the exception of the deltoid mus-
cle, which was graded 4/5, strength in
his upper left extremity returned to nor-
mal.  His lower extremity function im-
proved to 3/5 on the right and to 1 to
2/5 on the left.  By this time the patient
had stabilized medically, his infection was
thought to be treated.  Reimaging of the

patient’s cervical spine showed no
changes, and he continued to wear the
halo brace.

Because the bony destruction caused
by the infection was extensive, we rec-
ommended cervical fusion.  The patient
underwent a C2 to T1 posterior fusion.
We performed a C2 to C7 laminectomy
and placed C2 pars interarticularis, C3
to C6 lateral mass, and T1 pedicle screws.
Bone morphogenic protein and locally
harvested autograft were used for a later-
al fusion (Fig. 3A and B).  After surgery
the halo brace was removed, and the pa-
tient was placed in a Miami-J collar
(Jerome Medical, Moorestown, NJ).  He
was discharged to a rehabilitation facility
1 week later.

At his 3-month follow-up examina-
tion, the patient’s motor function had
improved and was graded 5/5 in his left
upper extremity and 4/5 in both lower
extremities.  He had a spastic gait and hy-
pertonia but was ambulatory with a
walker.  A follow-up CT scan showed
bony fusion, and the collar was removed.

Discussion
Spinal infections are often classified

by anatomic location as diskitis, os-
teomyelitis, or epidural abscess.  As in our
patient, an infection commonly involves
more than one location.  Although spi-
nal infections are relatively rare, their in-
cidence, which is about 1/100,000, is in-
creasing.5 This increase reflects the
growing number of patients affected by
AIDS, those using intravenous drugs, and
those with medical conditions like dia-
betes and renal disease.  Mortality rates as
high as 20% have been reported.4

Diagnosis
Prompt diagnosis of a spinal infection

is important to minimize neurologic
complications.  Patients typically become
symptomatic with back pain and are
often febrile.  An elevated erythrocyte
sedimentation rate and C-reactive pro-
tein level can also help make the diagno-
sis.  Diagnosis may be easier in patients
with a predisposing condition like AIDS
or other immunosuppressive states.
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Figure 1. Sagittal CT reconstruction of the cervical spine shows
extensive infection involving the anterior vertebral bodies and the
resulting kyphotic deformity.

Figure 2. Sagittal T1-weighted MR image with gadolinium shows
infection involving the vertebral bodies, disc spaces, prevertebral
tissues, and epidural space.



However, the index of suspicion must be
high when patients present with this con-
stellation of signs and symptoms.

MR imaging has proven to be the
most sensitive modality for the diagnosis
of spinal infections.3 On T1-weighted
MR images, infection tends to appear
as low to intermediate signal intensity
while on T2-weighted MR images it
appears as high to intermediate signal in-
tensity.  Gadolinium enhancement of in-
fection is usually diffuse.  CT can help
determine bone involvement and de-
formity.  If MR imaging is unavailable,
the extent of soft tissue involvement may
be visualized with contrast CT.

Microbiology
Gram-positive organisms are the

most common cause of spinal infec-
tions, and Staphylococcus aureus is the
most common organism involved.1

Gram-negative organisms are less com-
mon but are likely to be associated with
genitourinary or gastrointestinal sources
of infection.  Every attempt should be
made to isolate a causative organism be-
fore antibiotic treatment is initiated.  Di-
rect culture, CT-guided biopsy, or blood
cultures can be used to obtain the diag-

nosis.  In septic or deteriorating patients,
awaiting the results of cultures should
not delay treatment.  In such cases,
broad-spectrum antibiotics should be
started immediately.

Treatment
Once a spinal infection has been di-

agnosed, appropriate antibiotic thera-
py must be instituted.  Some patients
require surgical intervention for de-
compression, debridement, or fixation.
Most patients with acute or progressive
neurologic deficits should undergo
emergent decompression and debride-
ment of their infection.  When spinal
instability is obvious, internal fixation
may be performed during the initial
surgery.2 Some patients require delayed
fixation, especially those who develop
progressive deformity despite appro-
priate medical treatment.  Because our
patient had suffered a fixed neurologi-
cal deficit for 3 days and because he had
multiple medical comorbidities, we
elected to treat him with an external
orthosis and antibiotics.  Despite his
poor medical and neurologic condition
at presentation, he made an excellent
recovery.

Conclusions
The severity and presentation of spi-

nal infections vary.  Appropriate treat-
ment requires an individualized ap-
proach that includes antibiotic therapy.
Surgical intervention may be required
for immediate decompression or may
be delayed for spinal stabilization.
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Figure 3. Postoperative (A) anteroposterior and (B) lateral radiographs show posterior fixation from C2 to T1.
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