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Once thought impossible, nervous system re-
pair is now entering the realm of feasibility. Three
important concepts are shortening the path to
successful restoration: (1) it is not necessary to
cure a nervous system injury; (2) a disproportion-
ate return of function can result from a small
degree of regeneration; and (3) substantial loss of
spinal cord tissue, particularly gray matter, does
not preclude near-normal long-tract function.

This article summarizes the importance of
continuous cross-talk between the laboratory
and clinic, which is pragmatically possible only
with one focused management for reaching read-
ily achievable goals that improve quality of life.
The authors also advocate attention to the
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logistics of potential therapies, because no one
benefits from treatments that medical insurers or
consumers reject because of fiscal or time con-
straints. The spectrum of regenerative strategies
that scientists are studying, when ranked by
feasibility, range from the currently impossible,
such as long-tract reconnection, to the more
feasible, such as optimizing spontaneous regener-
ation by modulating patterned neural activity.
The authors contrast two similar regenerative
approaches that seem to be quite divergent:
transplanting stem cells to repair the spinal cord
and optimizing spontaneous regeneration to re-
store function. Both approaches have common
cellular mechanisms of regeneration; currently,
however, better evidence exists for maximizing
regeneration with activity-based restoration ther-
apies than with direct application of stem cells or
growth factors. The authors note that strategies
once holding great excitement now seem limited
and complex, whereas others that once were
considered unimportant may be more practical.
Rehabilitation traditionally focused on social re-
integration is now giving way to inclusion of
restoration of function by means of regeneration.

Neurosurgery is at the front line of care and
treatment of catastrophic neurologic injuries, in-
cluding spinal cord trauma. Advances in acute
trauma care, interventional surgery, instrumenta-
tion for advanced spine stabilization, and rehabil-
itation have vastly reduced morbidity and
mortality after spinal trauma [1-5]. Neurosurgical
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care is also entering the realm of restoration of
neural function through optimization of
regeneration.

Although neural regeneration is an active
research field today, no current treatments can
aid regeneration after spinal cord injury (SCI).
This article reviews the feasibility of spinal cord
repair and provides an overview of the range of
strategies scientists are taking toward regenera-
tion. The major focus of this article is the future
role of stem cell transplantation and simpler
rehabilitative restorative approaches designed to
optimize spontaneous regeneration by mobilizing
endogenous stem cells and facilitating other cel-
lular mechanisms of regeneration, such as axonal
growth and myelination.

The five phases of spinal cord injury

SCI is a debilitating condition. Approximately
1 million individuals in the United States are
living with SCI, and approximately 12,000 new
cases occur every year. According to the Centers
for Diseases Control and Prevention (CDC),
traumatic SCI costs the nation an estimated $9.7
billion each year [3].

The description of the mechanisms of SCI has
conventionally been divided into acute and
chronic phases, based on timing of relevant
mechanisms of injury. It is useful to evaluate
such mechanisms in terms of five phases, however:

1. Development

2. Acute injury (primary and secondary phases)
3. Subchronic injury

4. Chronic injury

5. Aging

For example, the response and recovery of the
central nervous system (CNS) to injury is different
depending on age at the time of injury, with the
best potential for recovery expected with injuries
occurring in the developing nervous system and
the worst when injury occurs in the aged CNS.
These differences are substantial, ranging from the
expectation of near full recovery when the injury
occurs at birth to that of little recovery occurring
in the aged CNS [6-8]. As part of this concept, it is
important to understand that maintenance of the
CNS is an important function of the normal
CNS. This is important, because the chronic con-
sequences of CNS injury are predicted to impair
simple CNS maintenance and not just plasticity
and regeneration. For pragmatic reasons of this

discussion, the authors include maintenance of
the CNS within the chronic phase of injury. An
understanding of the events within the five phases
of SCI is relevant to understanding the limitations
and advantages of potential treatments when ad-
ministered during the different phases of injury.
For example, progenitor cells transplanted during
the acute injury phase are vulnerable to the same
set of cell death mechanisms predominant during
the secondary phase of acute injury.

The pathophysiology of the acute phase of
traumatic SCI begins when a mechanical force
fractures or dislocates the vertebrae and ligaments
of the spinal column that normally protect the
spinal cord. The authors briefly outline relevant
mechanisms of acute SCI, and interested readers
are referred to several in-depth reviews [1,3,9].
Damage to blood vessels results in microhemor-
rhage in the central gray matter, which spreads ra-
dially and axially. The resulting hypoxic and
ischemic events deprive gray and white matter of
oxygen and nutrients necessary for neural cell sur-
vival and function. Swelling rapidly occurs at the
injury level, and because the bony spinal canal has
a fixed diameter, pressure on the cord climbs
higher than venous blood pressure. This leads to
a venous stroke, deregulation of blood flow, and
imbalance of extracellular electrolytes. The imme-
diate effect of trauma and these events is spinal
shock, which typically resolves in the first 72
hours after SCI but, in rare cases, can last for
weeks [10]. After spinal shock resolves, reflexes re-
turn, but there remains variable loss of motor and
sensory function. This loss is caused by interrup-
tion of the motor and sensory circuits that cross
the lesion in surrounding white matter. Preserved
function below the injury level is attributable pri-
marily to residual axons, with preserved func-
tional myelination, crossing the injury level in
the remaining but damaged outer white matter
tissue.

The events involved in primary injury trigger
a series of pathophysiologic changes, collectively
known as secondary injury, that progressively
destroy spinal cord tissue [11,12]. The release of
glutamate, an excitatory neurotransmitter, from
damaged cells of the CNS is a primary cause of
the excitotoxic component of secondary injury
[13]. Overactivation of glutamate receptors on
neurons results in increased calcium influx and
dyshomeostasis, which, in turn, leads to increased
protease activity, loss of mitochondrial function,
and increased oxidative stress. A high vulnerabil-
ity to excitotoxicity has long been restricted to



RESTORING FUNCTION AFTER SPINAL CORD INJURY 145

neurons, but recent discoveries that oligodendro-
cytes, the myelinating cells in the CNS, share
a high vulnerability to glutamate toxicity has her-
alded a large series of studies extending this obser-
vation and demonstrating the importance of this
mechanism to white matter injury [14,15]. Unlike
neuronal excitotoxicity, which is mediated pre-
dominantly by N-methyl-p-aspartate (NMDA) re-
ceptors, mature oligodendrocytes are sensitive to
excitotoxicity mediated by non-NMDA receptors,
primarily a-amino-3-hydroxy-5-methyl-4-isoxazo-
lepropionic acid (AMPA) and kainate receptors,
particularly under the conditions of acidosis that
are achieved with hypoxia-ischemia associated
with the venous stroke of SCI [16]. Oxidative stress
(eg, free radicals) triggers damage to DNA, lipid
membranes, and cytoplasmic proteins, resulting
in necrotic and apoptotic cell death in the more nor-
mal tissue surrounding the damaged spinal cord tis-
sue [17]. Concurrently, neutrophils [18] and, later,
lymphocytes and macrophages [19] invade the le-
sion site by way of the disrupted blood-brain bar-
rier as part of the inflammatory response.
Increased levels of inflammatory cytokines and
chemokines accompany this invasion. Microglial
cells are also recruited and activated to become
part of the immune reaction [20-22]. In addition,
activated astrocytes become hypertrophic and ex-
press glial fibrillary acidic protein (GFAP) and sev-
eral extracellular surface molecules and cytokines.
Collectively, the events that occur during second-
ary injury result in continued and selective cell
death and demyelination in the previously intact
tissue immediately adjacent to the injury epicenter,
which leads to increased lesion size and the start of
scar formation. Despite these scientific advances,
there still only exists one treatment for primary
and secondary injury, methylprednisolone, and
this has been challenged recently (for a detailed re-
view, see the article by McDonald and Sadowsky
[3]). Pharmacologic companies have targeted sev-
eral promising candidates within the secondary in-
jury phase, including prevention of white matter
injury by means of antagonists of non-NMDA re-
ceptors as well as amelioration of the cascade of in-
flammatory factors. Interested readers are referred
to more detailed descriptions of the acute and sec-
ondary injury mechanisms and the active develop-
ment of drugs to prevent the cascade of accelerating
injury characteristic of secondary injury [3].

The subchronic stage of SCI, which follows
primary and secondary injury, is characterized by
delayed apoptosis of white matter oligodendro-
cytes extending in a time-dependent longitudinal

manner from the injury epicenter. In rodents, this
stage peaks 1 week after injury, but in human
beings, it may last for months [17]. Because oligo-
dendrocytes myelinate multiple axon segments
(1-60), loss of one oligodendrocyte leads to addi-
tional demyelination and loss of function even in
axons spared by the initial traumatic injury [23].
Loss of a single segment of myelin renders an
axon dysfunctional; therefore, a large subset of
axons crossing the lesion eventually become non-
functional despite the axon remaining physically
intact. In addition to the progression of dysfunc-
tion, another prominent feature of subchronic
SCI is the maturation of a scar around the lesion.
This scar tissue forms a cellular and molecular
barrier to axonal regeneration [20].

Compared with the acute and subchronic
injury phases, there has been relatively little
work on the next stage of injury, chronic SCI.
By the chronic injury phase, the scar is well
formed and consists of several cell types, such as
the reactive astrocytes, meningeal fibroblasts,
Schwann cells, microglia, and macrophages that
have invaded the scar, as well as accumulating
cellular debris [20,24]. As well as acting as a phys-
ical barrier, scar tissue expresses growth-inhibiting
molecules that limit axonal regeneration, includ-
ing chondroitin sulfate proteoglycans (CSPGs)
expressed by reactive astrocytes [25-27], myelin-
associated molecules (myelin-associated glycopro-
tein [MAG], myelin oligodendrocyte glycoprotein
[MOG], and Nogo-A) [26,28], tenascins (menin-
geal cells) [26,29], semaphorins (meningeal cells)
[26,30], and ephrins (astrocytes) [26,31]. Damaged
myelin and myelin debris at and near the scar also
contain growth inhibitors, such as the neurite
growth inhibitor Nogo-A [26,32], MAG [26,33],
oligodendrocyte myelin glycoprotein (OMgp),
semaphorin SEMA4D [26,34], and ephrin B3
[26,31]. During development of the nervous sys-
tem, these inhibitors are used to guide growing
connections to their correct location. After injury,
however, these roadmap signs are rearranged in
a nonsense manner, leading to misguided and ab-
errant regeneration. Not all is bad, however, be-
cause recent work suggests that scar tissue may
also have beneficial effects. For example, it may
protect the cord by establishing a barrier between
the lesion and the adjacent, healthier tissue. Like-
wise, cellular components of the scar, such as
reactive astrocytes, may also have a neuroprotec-
tive role [35].

The end result of SCI is evident by the chronic
phase of injury and it is important to understand
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the injury characteristics typical of chronic SCI.
Typically, the loss of central gray matter is
confined to one to one and one-half segmental
levels of the spinal cord, leading to central
cavitation. The end result is a fluid-filled cyst
with imaging characteristics compatible with ce-
rebrospinal fluid (CSF) contents, or the cord
collapses around the loss of tissue, resulting in
an hourglass-type shape with the minimal di-
ameter located at the spinal segment of maximal
injury. Despite the cavitations, almost all injuries
are characterized by a preserved donut-like rim of
white matter at the injury epicenter. This is an
important concept to understand, because the
degree of functional recovery depends on the
functional axons crossing the lesion in this re-
maining donut-like rim of white matter. A factor
relevant to understanding residual function is an
additional element of scar formation, namely, the
dural scarring that leads to a permanent connec-
tion of the cord to the overlying dura. Because the
cord is normally freely mobile within the spinal
canal, restricted motion attributable to dural
scarring produces unusual forces on the cord,
such as when the neck is bent or associated with
the normal multimillimetric movement of the cord
with breathing and with the cardiac cycle. These
types of dynamic forces can produce microscopic
injury, which may limit optimal regeneration and
recovery.

An underappreciated factor in chronic SCI is
the relative lack of neural activity below the injury
site. Because the cord does not have spontaneous
activity like the brain, neural activity below the
injury level is primarily determined by limb
movements and sensory stimuli transduced by
the moving limbs. Based on developmental stud-
ies, this deficit in neural activity is predicted to
hinder most of the cellular mechanisms important
for regeneration. For example, reduction of
growth factor expression hinders regeneration.
Furthermore, given the overlap of the cellular
and molecular mechanisms governing plasticity
and regeneration, substantial reduction of neural
activity is predicted to limit the body’s ability to
maintain the functionality of the spinal cord
circuitry as well as to offset the accelerated aging
associated with catastrophic CNS injury [1,12].

The presence of progenitor cells in the spinal
cord capable of division and differentiation into
neurons, astrocytes, and oligodendrocytes has
been known for longer than half a century. It
has only been recently, however, that the field has
begun to understand the importance of progenitor

cells and the idea that they participate in the
normal maintenance of the CNS. These mecha-
nisms include production and replacement of cells
lost to normal aging and cell turnover; production
of growth factors and cytokines; and gene regu-
lation important for daily plasticity, learning, and
maintenance of voltage-gated and ligand-gated
channels as well as myelination. Therefore, to
maximize the benefits of any potential curative
treatment, the day-to-day cellular mechanisms
maintaining the system must be optimized (see
the section on activity-based restoration therapies).
In addition to loss of motor and sensory
function, other important impairments complicate
the chronic phase of SCI. They include pain,
bladder and bowl dysfunction, sexual dysfunc-
tion, and autonomic dysreflexia (blood pressure,
heart rate, temperature regulation, and neuroen-
docrine dysfunction) [36]. Chronic dysfunction of
these systems contributes to the progressive wors-
ening of overall health. Autonomic nervous system
dysfunction can cause bradycardia and hypoten-
sion and can contribute to neuroendocrine dys-
function and thermoregulatory problems. For
example, mismatching of microvascular blood
flow in such organs as the liver, spleen, and muscle
leads to end-organ dysfunction and failure [37]. In-
terested readers are referred to in-depth reviews of
the complications of SCI [38,39]. To determine the
full impact of potential regenerative treatments,
future research should include these problems as
outcome measures in addition to the typical mea-
sures of sensory, motor, and gait function.
Functional impairment after SCI depends on
the level and severity of the injury (ie, is the injury
in gray matter or extending into white matter, and
what descending and ascending white matter
axonal pathways are damaged?). In human be-
ings, injury severity and prediction of functional
recovery, based on initial neurologic examination
between 72 hours and 1 week after SCI, is best
described by the American Spinal Injury Associ-
ation (ASIA) impairment scale (Table 1; Box 1).
When an injury damages mostly gray matter at
one segment, for example, sensorimotor distur-
bances are confined to the tissues and organs
that send or receive impulses at that level of the
cord. White matter damage at the same level dis-
rupts descending and ascending axonal pathways,
however, preventing motor commands from the
brain from reaching levels below the injury and
stopping sensory signals from below the level of
injury from traveling upward to the brain. There-
fore, identifying noninvasive imaging parameters
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Table 1
American Spinal Injury Association impairment scale

Scale Grade

ASIA impairment scale

No motor
or sensory function
is preserved in the sacral
segments S4-5
B Sensory incomplete Sensory but not motor
function is preserved
below the neurologic
level and includes
sacral segments S4-5
Motor function
is preserved below
the neurologic level,
and more than
half of the key muscles
below the neurologic
level have a muscle
strength grade of <3
Motor function
is preserved below
the neurologic level,
and at least
half of the key muscles
below the neurologic
level have a grade
of 3 or greater
Motor and sensory
functions are normal

A Complete

C Motor incomplete

D Motor incomplete

E Normal

that accurately quantify the extent of gray and
white matter damage and determine which tracts
are still functional is an essential step to predicting
outcomes and tailoring rehabilitative and future
curative therapies. The poor prognosis in SCI is
beginning to give way to hope for substantial re-
covery of function, even in the chronic phase of
injury. Potential for recovery (see Box 1) was com-
monly held to be limited to the first 6 months to 1
year after injury. Recent discoveries indicate that
substantial delayed recovery is possible, however,
even long after injury. Actor and activist Christo-
pher Reeve heralded a series of research studies
after publication of his widely viewed delayed re-
covery [40,41]. Despite no recovery in the first 5
years after his C1/C2 ASIA A complete SCI, he
recovered to 70% of normal sensory function
and 20% of normal motor function (function
based on ASIA standards in the first 5 years was
less than 5% sensory function and 0% motor
function). Most importantly, this recovery dra-
matically changed his quality of life [41]. Later
work more clearly associates his recovery with
participation in a home-and activity-based

Box 1. Summary of recovery in ASIA
A through D patients

ASIA A

1. Most (60%-90%) regain one motor
level [44].

2. From 0% to 11% improve by one or
more ASIA grades [45-50].

3. From 4% to 10% may undergo late
conversion (after 30 days) to ASIA B
or better [51,52]. This can occur
up to 2.5 years after injury.

4. Most motor recovery occurs during
the first 6 months after injury, with the
greatest rate of change during the
initial 3 months. Motor strength can
continue to improve during the
second year.

5. Muscles graded 1 through 3 in the
zone of partial preservation (ZPP)
recover useful motor function.

ASIA B through D

6. Of ASIA B patients, sacral
preservation of pinprick denotes
a better prognosis for some recovery
of functional ambulation than the
ability to sense light touch: 66% to
89% for pinprick versus 11% to 14%
for light touch [52-56].

7. Of ASIA C patients, 52% to 76%
recover to ASIA D or E compared with
20% to 28.3% of all ASIA B patients
[44,46,47].

8. Central cord syndromes (CCSs)
generally have a favorable prognosis
[6,57-59], but age is a key
determinant, with patients younger
than 50 years of age having a better
prognosis for ambulation than
patients older than 50 years of age
(97% versus 41%) [56,58,601.

9. Brown-Sequard syndrome (BSS)
lesions recover more than CCSs,
which recover more than anterior
cord syndromes [44].

restoration therapy program [1,12,41-43]. The
functional benefits were also accompanied by sub-
stantial physical benefits, including a 10-fold re-
duction in infections and use of antibiotics,
reversal of severe osteoporosis, reversal of muscle
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wasting, and reduction of fat volume [41]. This
observation led to development and completion
of a formal clinical trial to evaluate the efficacy
of functional electrical stimulation (FES) cycling
and activity-based restoration therapy (ABRT).
with functional and physical outcomes similar in
magnitude to those illustrated for Reeve (Table
2) [43].

Aging is an important underrepresented phase
in SCI. It is generally known by clinicians that
slow progressive loss of function is normal in the
setting of chronic SCI. The underlying mecha-
nisms are not understood, however. One concept
is that the injured CNS undergoes accelerated
aging much like the body, representing a shifting
balance of cell production versus cell loss to favor
net loss as well as impairments in mechanisms of
cellular repair. Understanding the mechanisms
contributing to this decline should aid in de-
veloping regenerative treatments and offsetting
such accelerated aging.

Imaging the injured spinal cord

The lack of noninvasive methods for quanti-
fying and characterizing the severity of injury has
hampered SCI research and the development of
human therapies. Currently, conventional MRI

Table 2
Clinical benefits of Functional Electrical Stimulation in
Subjects with spinal cord injury

Neurologic Benefits of FES therapy

ASIA motor score 1
ASIA light touch score il
ASIA pin, prick score T

Reduction of Neurologic Complications after
FES Therapy
Spasticity l
Antispasmodic Medications
Physical integrity benefits of FES therapy
Muscle mass
Fat content
Glucose intolerance
HDL
Lipid metabolism
Functional benefits of FES therapy
FIM 1
Strength i

«—

— o — — >

Abbreviations: ASTA, American Spinal Injury Asso-
ciation; FES, functional electrical stimulation; FIM,
functional independence measure; HDL, high-density li-
poprotein; T, increase or enhancement; |, decrease or
degradation.

(T; weighted [T;w] and T, weighted [T>w]) is lim-
ited (Fig. 1) because MRI data do not correlate
well with patients’ potential for regeneration and
recovery. This is perhaps not surprising, because
conventional imaging does not distinguish be-
tween functional and nonfunctional tissue or nor-
mal and scar tissue. The realization that most
individuals with SCI have substantial connections
in the outer donut-like rim of white matter at the
injury center was more widely accepted after the
observation of delayed recovery in Christopher
Reeve [40,43]. The development and optimization
of noninvasive MRI-based methods capable of
differentiating between functional tissue and scar
tissue are important to quantify severity and
provide better recovery prognostication. Such
MRI tools should improve the design of clinical
trials and help to establish regenerative treatment
plans.

MRI in acute spinal cord injury

Many studies have attempted to correlate
imaging results with neurologic and functional
outcomes in acute SCI but with little success.
With conventional MRI (7;w and T,w), only evi-
dence of cord transection [61] or substantial intra-
medullary hemorrhage during acute SCI has
predictive value for irreversible neurologic injury
[62-67]. Although the location of the hemorrhage
within the acutely injured spinal cord matches the
clinical level of injury [62], the size of the hemor-
rhage does not predict the extent of functional
loss or disability [63,68]. In acute SCI, cord swell-
ing (focal widening) and cord edema are also
roughly proportional to injury severity [63,69,70].
A high degree of cord compression and abnormal
intensity on 7';w images (cord contusion) correlate
positively with a poor neurologic outcome,
whereas hyperintensity on 7,w images is useful
for clinical follow-up, with early resolution of the
Tow changes associated with a more favorable
prognosis [71]. A normal MRI scan predicts the
best prognosis [62]. Similarly, such imaging char-
acteristics in acute SCI (hemorrhage and edema)
relate to broad classifications of disability, such
as those determined by the Functional Indepen-
dence Measure (FIM) [72]. Only complete spinal
cord transection has close to 100% positive predic-
tive value and high specificity on conventional
MRI. The sensitivity is relatively low, however,
and false-negative rates for all other changes are
excessive [61]. Some authors have reported a lack
of association between signal intensity changes



RESTORING FUNCTION AFTER SPINAL CORD INJURY 149

E
Lateral

Left WERN Right

Lateral

Fig. 1. Conventional and advanced structural diffusion tension imaging (DTI) MRI of injured cord and DTI imaging of
normal cord. A C4/CS5 spinal cord injury sustained 20 years ago can now be imaged with conventional 7>w MRI (4, C)
and advanced structural DTI MRI (B, D). (4) Sagittal view shows a fluid-filled cyst at the level of the injury. (C) Cross
section of the damaged spinal cord at C4 is shown. Cell death occurs from the inside out, leaving a doughnut-shaped
injury on cross-sectional imaging. (B) Sagittal view (as in 4) but demonstrating DTI to reveal vertical axons (blue).
(D) Cross section of same view (as in B) demonstrates DTI at the injury level epicenter. (E) Three-dimensional view il-
lustrates clinically relevant tracts in the normal cervical spinal cord. Blue and green represent the left and right dorsal
columns, respectively. Yellow and red represent the left and right lateral columns, respectively. By magnetization trans-
fer—weighted imaging normalized by cerebrospinal fluid (MTCSF), a high-resolution image is used for region-of-interest
(ROI) seeding, allowing us to quantify the integrity of specific white matter tracts in the human spinal cord. (Adapted
from McDonald JW. Repairing the damaged spinal cord: from stem cells to activity-based restoration therapies. Clin
Neurosurg 2004;51:209; with permission.) (DTI images courtesy of Michael V. Johnston, MD, Kennedy Krieger Insti-

tute, Baltimore, MD.)

on spinal cord MRI and an individual’s recovery
[73].

MRI in chronic spinal cord injury

Imaging in chronic SCI is in its infancy [74],
and additional studies are needed. One problem
is that MRI is insensitive to signals in the chroni-
cally injured cord because of lack of inflamma-
tion, hemorrhage, and swelling. The recent
development of advanced structural imaging tech-
niques, such as diffusion tensor imaging (DTI)
and magnetization transfer (MT), is beginning to
overcome these problems. In fact, lack of inflam-
mation is advantageous for these types of imaging
profiles. Therefore, advanced MRI techniques are
preferable to conventional MRI for visualizing
chronic SCI. The development and application
of functional MRI (fMRI), currently useful in
the brain, to the spinal cord should revolutionize
the field of regeneration. To date, translation of

brain fMRI to the spinal cord has been hampered
by the spinal cord’s small size, mobility, and arti-
facts induced by pulsatile CSF flow. Understand-
ing recent advances in MRI technology and
imaging is important to the discussion of
regeneration.

DTI provides a unique image contrast called
diffusion anisotropy [75-80]. This reveals tissue
organization at the microscopic level based on
the average motion of water molecules (see
Fig. 1B, D, E). Previous studies have assessed
the feasibility of using DTI to quantify white mat-
ter lesions in human patients with SCI [8§1-86]. A
confounding factor is the poor resolution result-
ing from the field strength of 1.5 T. In human
studies, mean diffusivity (MD), a DTI-metric,
has been shown to be more sensitive than T,w
MRI in detecting cervical lesions of the spinal
cord [87]. MD has also been reported to improve
diagnostic sensitivity in chronic SCI [87,88]. Fac-
tional anisotropy (FA), another DTI-metric, can
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be used to track nerve fibers in the spinal cord and
brain stem and is also more sensitive than T,w
MRI in detecting cervical spinal lesions. FA was
shown to be a potential prognostic imaging metric
for patients’ clinical outcomes after treatment, but
the authors of that study noted that larger studies
are needed [83].

MT-based imaging of the brain and spinal cord
has shown great potential for clinical assessment
in chronic demyelinating diseases, such as chronic
SCI, multiple sclerosis, and genetic leukodystro-
phies. A recent development in MT imaging—use
of CSF as a tract-specific motion-insensitive in-
ternal standard—has enabled this modality to
distinguish gray and white matter regions in the
spinal cord better and to be a more sensitive
indicator of myelin integrity [89,90]. In contrast to
cord atrophy, as measured by 7;w and Tow im-
ages, MT-weighted imaging normalized by CSF
(MTCSF), an MT-metric, correlates well with
neurologic function as measured by the Expanded
Disability Status Scale (EDSS) and great toe
vibration threshold [89,90] in patients with nonin-
flammatory demyelination conditions. Further-
more, MTCSF, unlike current clinical MRI, is
sensitive enough to identify white matter abnor-
malities in the dorsal column of patients with ab-
normal vibratory sense [89,90].

The use of MTCSF high-resolution images for
region-of-interest (ROI) seeding is allowing us to
quantify the integrity of specific white matter
tracts in the human spinal cord more precisely.
Ongoing studies are determining whether DTI-
and MT-metrics (FA, MD, eigenvalues, and
MTCSF, respectively) can classify the severity of
chronic SCI.

“N of 1’ examples provide useful information
for regeneration. For example, application of
advanced structural imaging, such as DTI and
MT imaging, to the spinal cord of individuals who
have recovered from severe SCI to ASIA D (near-
normal function) and only have a white matter
rim remaining at the injury epicenter is useful in
understanding that a cure does not require com-
plete repair of the CNS and demonstrates just
what elements are required for curative recovery.
In animal models of SCI, estimates suggest that
10% to 15% of axons surviving injury in the
donut-like rim of white matter crossing the lesion
are sufficient to allow walking. Preliminary data
from such MRI studies in human patients with
SCI and cure-like recoveries indicate that the
conclusions from animal studies provide an accu-
rate indication in human beings; specifically, less

than 15% of functional connections (ie, loss of
three quarters of the cord at the injury epicenter)
are sufficient for walking (see Fig. 1). Larger scale
studies across the ASIA impairment scale are im-
portant for developing structural criteria for grad-
ing injury.

Repairing the injured spinal cord

The spontaneous regenerative events that fol-
low SCI suggest that the CNS has the potential to
repair itself. Perhaps the difference in regenerative
abilities between reptiles and mammals is not that
mammalian evolution produced a limited capacity
for regeneration but, rather, that the advanced
mammalian CNS has a regeneration equation that
is more heavily weighted by nonoptimized de-
terminants of regeneration. Assuming the latter,
identification of the key variables requiring opti-
mization is of paramount importance, because
optimizing such factors would predictably aid
spontaneous regeneration and recovery (Fig. 2).
Such strategies are important to maximize future
curative treatments.

Growing evidence indicates substantial but
limited cellular and molecular mechanisms for
self-repair. In animal models of SCI, genesis of
new neurons has not been observed but pro-
liferation in the ependymal and periependymal
canal gives rise to precursor cells that differentiate
toward glial lineages [91-93]. New neurons are
born and added in at least two CNS areas: the ol-
factory bulb and the hippocampal dentate gyrus.
In addition, the response of existing neurons to in-
jury is compatible with limited self-repair mecha-
nisms. Neurons upregulate their expression of
regeneration-associated proteins, such as growth-
associated protein-43 (GAP-43 [94,95]; B1-tubulin
and BlII-tubulin [96,97]; and cell adhesion mole-
cules, including L1 [98]. Several growth-promot-
ing molecules, such as fibroblast growth factor-2
(FGF-2) [99], ciliary neurotrophic factor
(CNTF) [99], glial growth factor-2 (GGF-2) [99],
glial-derived neurotrophic factor (GDNF), and
vascular endothelium growth factor (VEGF), are
released into the injury environment. These events
could positively influence axon regeneration at the
site of injury. In fact, axons sprout spontaneously,
and these sprouts can persist for long periods
[100-102]. Moreover, remyelination by surviving
oligodendrocytes, maturing oligodendrocyte pre-
cursors [23], or invading Schwann cells [103] also
occurs after injury. At present, the degree to
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GLIAL SCAR

INTACT MYELIN
NORMAL CONDUCTANCE

SEVERED
AXONS

DEMYELINATED AXON
CONDUCTION BLOCK

Fig. 2. Barriers to regeneration and common strategies of spinal cord repair. (4) Prevention of progression of secondary
injury: necrotic and apoptotic cell death would be prevented by antiexcitotoxic drugs and antiapoptotic treatments. (B)
Compensation for demyelination: chemicals that prevent conduction block in demyelinated areas and agents that en-
courage surviving oligodendrocytes to remyelinate axons would be provided. Lost oligodendrocytes would be replen-
ished. (C) Removal of inhibition: agents that block the actions of natural inhibitors of regeneration or drugs that
downregulate expression of inhibitory proteins would be provided. (D) Promotion of axonal regeneration: growth fac-
tors that promote regeneration (sprouting) of new axons would be provided. (E) Direction of axons to proper targets:
guidance molecules would be provided, or their expression would be increased in host cells. (F) Creation of bridges:
bridges would be implanted into the cyst, which would provide directional scaffolding that encourages axon growth.
(G) Replacement of lost cells: cells capable of generation of all cell types (progenitor cells or ES cells) would be im-
planted. Substances that induce undifferentiated cells to replace dead cells would be provided. Transplanted cells to de-
liver regenerative molecules would also be used. (Reproduced with permission of Edmond Alexander. Alexander and

Turner Studio, Grayton Beach, FL; 2002.)

which these cellular and molecular events contrib-
ute to endogenous restoration of function after
SCI is unclear. It is apparent, however, that they
are not sufficient for substantial recovery of func-
tion. Exciting research is beginning to demon-
strate that the mechanisms of spontaneous
regeneration are malleable to optimization. Re-
cent work suggests that many of the mechanisms
of spontaneous regeneration may share common
approaches to optimization, such as neural
activity.

This raises the question of how much of the
cord has to be restored to achieve significant
recovery of function. In the feline model of SCI,
rough estimates of retention of 10% of white
matter axons seem to be sufficient for recovery of
spontaneous walking without external support
[104,105]. In the Macaque monkey (Macaca fasci-
cularis), 25% of spinal tissue spared allows the an-
imal to regain functional use of its hind limbs
[106]. Additional human observations further sup-
port the concept that only a fraction of the ner-
vous system is required to retain function. Good

examples of this include (1) postmortem analysis
of spinal cord partial transections completed for
pain relief; (2) hemispherectomies for tumor resec-
tion or intractable epilepsy; and (3) recent analysis
of damaged but fully recovered individuals despite
substantial SCI, as evidenced by a central cyst at
the injury epicenter. The clinical practice of neuro-
surgeons illustrates multiple N of 1 examples sup-
porting these concepts, and it is useful to discuss
several key examples. Postmortem histologic ex-
amination of cancer patients whose spinal cords
had been transected for pain relief showed that
greater than 50% transection affected locomotion
only weakly or temporarily [107], indicating that
more than half of the cord is not required for nor-
mal function. This is understandable when one
considers the gait central pattern generator
(CPQG), a minicomputer governing leg patterning
control. Additionally, complete loss of central
gray matter, including partial damage to the outer
rim of white matter at the injury level, can be as-
sociated in human patients with an ASIA D clas-
sification, which includes the ability to walk (see
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Fig. 1) [3,43]. Furthermore, other studies of brain
function indicate that near-normal function can
occur even after a hemispherectomy. A hemi-
spherectomy is completed under conditions in
which function is progressively lost because of
pathologic findings that can be eliminated by re-
moval of the affected cortex. Recovery from
a hemispherectomy is extremely good in the
young nervous system in keeping with SCI data
in newborns. More recent work demonstrates
that hemispherectomies can be performed in
a much older nervous system (including the mid-
teens in human patients) with recoveries similar
to those of the newborn CNS [108]. Therefore,
an important concept in regenerative medicine is
that a disproportionate return of function can oc-
cur with limited regenerative repair. The reasons
accounting for this include the presence of pattern
generators governing complex function, redun-
dancy in major projection pathways to the cord,
and the ability of the CNS to undergo marked
plasticity by transferring functional control of
systems that have lost their control centers. Per-
haps the best understood is the concept of
CPGs, particularly in the spinal cord. For exam-
ple, a CPG governing aspects of functional con-
trol of walking exists in the distal lumbar cord
[109-111]. The CPGs are evolutionarily conserved
across the spectrum of animals to human beings.
Obviously, walking on two small feet is more
complex than quadripedal locomotion; yet, the
human CPG for gait exists and has been shown
to be automatable by sensory stimuli or epidural
or intraparenchymal single-point electrophysio-
logic stimulation. The CPG is localized diffusely
in the lumbar cord. A similar pattern generator
exists for arm and hand motion with walking as
well as for breathing, both of which are located
in the cervical spinal cord. Because most SCIs
occur in the cervical and thoracic areas of the
cord, they leave the lumbar gait CPG intact. Mul-
tiple groups have pioneered harnessing the poten-
tial of the gait CPG for retraining walking in
those recovering from SCI or other disorders
causing gait difficulties [109-114]. Considerable
progress has been made, enabling most individ-
uals classified as ASIA C to recover to open-
ground walking. Although a recent multicenter
trial evaluating partial body weight—supported
walking (PBWSW) failed to reach its primary
end points [115,116], considerable interest exists
in the field. The Christopher Reeve Foundation
has created a NeuroRecovery Network designed
to utilize and test the usefulness of PBWSW

[117]. The authors’ group has recently discovered
a robust example of communication from the
lumbar gait CPG to the arm and hand CPG. Indi-
viduals with C1 to C5 SCI exhibit upper arm
movements that are in correct gait-like phase
with the legs when the legs are actively cycled us-
ing an FES bicycle. This suggests that the arm and
hand CPG is located in the distal cervical spine or
upper thoracic cord. A key characteristic of this
observation is that this link of CPGs only occurs
with active FES-induced cycling but not with pas-
sive cycling. Understand the underpinnings of this
cross-talk is important in aiding understanding
of repair strategies. CPGs can respond and adapt
to different sensory inputs, akin to the observation
that a decapitated chicken is able to run upright
and adapt to stabilization sensory input appropri-
ately. Therefore, many of the complexities of
function are governed by CPGs, and regenerative
strategies need to take advantage of these
minicomputers for design of optimal repair
strategies.

Repair strategies aimed at functional repair
after spinal cord injury

The pathophysiology of SCI indicates that
repair of lost function requires a multifaceted
approach (see Fig. 2; Table 3). Thus, investigators
have transplanted various cellular substrates in ef-
forts to repair the injured spinal cord. Substantial
experience has been obtained with fetal-derived
CNS cells, embryonic-derived CNS cells, and
immature CNS-derived cells as well as a host of
progenitor cells from various organs. Trans-
formed cell lines, to enable limited replication,
were a major source of tools used for transplanta-
tion, but superior tools, primarily adult-derived
progenitors and particularly embryonic stem
(ES) cell-derived progenitors, have now replaced
transformed cell lines. This large body of work
is well reviewed and is outside the focus of this re-
view; however, interested readers are encouraged
to read two excellent reviews in this area
[118,119]. The authors concentrate on transplan-
tation of ES cells, although they include several
proof-of-principle experiments involving other
sources of stem cells. The reasons are multifold.
First, ES cells offer one of the greatest tools for
understanding regeneration. ES cells were the ba-
sis of the transgenic mouse era that revolutionized
neuroscience, having been discovered in 1981. A
similar revolution is occurring today at the tissue
culture level because of these incredible tools. ES
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Table 3

Barriers to regeneration and strategies to overcome

Barriers Mechanisms Strategies
Tissue lost (injury epicenter, Cell replacement Transplantation

typically cystic)
Bridging the gap

Endogenous cell replacement

Appropriate cell differentiation

Demyelination Cell replacement

Stimulation of endogenous

Peripheral nerve transposition

ABRT to stimulate endogenous cell
birth and survival

Deliver growth factors or ABRT to
induce neuronal differentiation

Transplantation

ABRT or growth factor delivery

oligodendrocyte precursors to

myelinate

Overcome conduction block

Scar and inhibitory molecules Antibody therapy

Infusion of enzymes

Lack of growth molecules

Guidance molecules Cell transplantation

Induction of endogenous expression

Restoration of key molecules

Delivery drugs that enhance
conduction (ie, 4-AP, HP-184)

IN-1 antibody

Chondroitinase ABC, sialidase,
hyaluronidase

ABRT to inhibit expression of
inhibitory effects

Overexpression of growth factors by
genetically altered transplanted cells

ABRT to stimulate cellular release

Overexpression of growth factors by
transplanted cells

Deliver of agents to induce signaling

ABRT to induce molecular expression

Abbreviations: ABRT, activity-based restoration therapy; 4-AP, 4-aminopyridine.

cells are the only cells capable of double-allele de-
letion and insertion, offering unprecedented tools
for scientific discovery. ES cells can also make ev-
ery other stem cell and progenitor cell.

The authors contrast the regenerative use of
ES cells with a noncellular approach to optimizing
spontaneous regeneration, ABRTs. Although, on
the surface, these approaches seem to be diver-
gent, they share many similar cellular and molec-
ular mechanisms, and curative treatments, such as
ES cell transplantation, are expected to have
synergistic benefits with other strategies that
optimize spontaneous regeneration and recovery,
such as ABRT rehabilitation.

Transplanting embryonic stem cells as therapy
for spinal cord injury

Several unique features make ES cells primary
candidates for transplantation-based therapies to
repair or treat SCI. First, ES cells can replicate
indefinitely while maintaining genetic stability
(Fig. 3), although it is essential to examine the
karyotypes of cultured cells before transplanting

them, because genetic instability may occur, as
with all dividing cells that undergo multiple pas-
sage times in the artificial conditions of culture.
Second, ES cells, being pluripotent, can differenti-
ate into every cell type in the mammalian body
(see Fig. 3; Figs. 4 and 5). Third, ES cells can be
genetically manipulated in unprecedented ways
not possible in any other later staged stem or pro-
genitor cell or somatic cell. They can be engi-
neered to express functional markers or other
genes of therapeutic value in a controlled or con-
ditional manner. Fourth, they have low immuno-
genicity (propensity to induce an immune
response), which may render them less susceptible
to rejection by the host’s immune system [120].
These features position ES cells as an indispens-
able tool in biomedical research and suggest ES
cell transplantation as a potential treatment for
SCI and other diseases. Once the general safety is-
sue of avoiding the transmission of animal patho-
gens through transplantation has been overcome,
the successful use of ES cells for treating SCI in
a clinical setting depends on the cells’ ability to
avoid graft rejection. ES cells offer additional
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Fig. 3. Murine ES cells in culture. (4-C) Undifferentiated mouse ES cells dividing in a culture dish. (4, C) Immunoflu-
orescence images demonstrate antiftubulin (green) and anti-DNA (Hoechst; red). The phase image (B) of an identical
field corresponding to the immunofluorescence image (C) is shown. (D) Scanning electron microscope (SEM) image
shows a 4—/44- embryoid body derived from ES cells, characterized as floating clusters of undifferentiated cells. (E) Early
notochord-like structure from thin plastic section electron microscopy (EM) from a cross section through an embryoid
body derived from mouse ES cells. (Adapted from McDonald JW, Becker D, Holekamp TF, et al. Repair of the injured
spinal cord and the potential of embryonic stem cell transplantation. J Neurotrauma 2004;21(4):387; with permission.)

genetic advantages for the problem of immunoge-
nicity and rejection.

In previous experiments involving murine neu-
ronal progenitors (derived from ES cells) that
were transplanted into a contusion rat model of
SCI 9 days after the injury, the authors demon-
strated that ES cells (1) survive for weeks after
transplantation, (2) do not form teratomas in the
spinal cord, (3) differentiate into the three cell
types of the neuronal lineage (neurons, oligoden-
drocytes, and astrocytes), and (4) induce func-
tional improvements [15]. Such improvements
could occur by means of several mechanisms
other than simply replacing lost neural elements.
First, ES cells can secrete neurotrophic factors at
the injury site, and neurotrophic factors, such as
neurotrophin-3 (NT-3) and brain-derived neuro-
trophic factor (BDNF), promote cell survival

and induce proliferation of oligodendrocytes and
myelination of regenerating axons in animal
models of SCI [118]. Second, differentiated deriv-
atives of ES cells can remyelinate surviving axons
as well as regenerating axons (Fig. 6) [23]. More
specifically, oligodendrocyte precursors derived
from human embryonic stem (hES) cells survive
transplantation in the contused rat spinal cord
[121]. Transplantation of oligodendrocytes de-
rived from hES cells 7 days (but not 10 months)
after injury leads to axonal remyelination and par-
tially restores locomotion in the injured animals.
In a proof-of-principle experiment to demonstrate
that remyelination by transplanted cells correlates
with functional improvements in a mouse model
of contusion SCI in an immune-compromised
mouse, human fetal-derived neuronal progenitors
were shown to differentiate into oligodendrocytes
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Fig. 4. ES cells differentiate into the principal types of neural cells, and neurons spontaneously create complex neural
circuits. Neurons (anti—B-tubulin) (A4), astrocytes (anti-GFAP) (B), and oligodendrocytes (anti-O1) (C) are shown. ES
cells that have been induced to become neural precursors spontaneously form thousands of synaptic contacts with
each other, creating functional neural networks. ES cells induced with retinoic acid were cultured in defined medium
for 9 days and then immunolabeled for receptive dendrites (mitogen-activated protein-2; green) and presynaptic markers
(synaptophysin; red). (D) ES cell-derived neurons (green) covered with multiple synapses (red) are depicted. Synapses
formed not only at cell bodies but at dendrites. (E£) High-power image of a dendrite with presynaptic markers is shown.
Scale bars = 10 um. (Adapted from Liu S, Qu 'Y, Stewart TJ, et al. Embryonic stem cells differentiate into oligodendro-
cytes and myelinate in culture and after spinal cord transplantation. Proc Natl Acad Sci USA 2000;97(11):6128; with

permission.)

and remyelinate. In this study, transplantation
was associated with functional recovery [122].
The functional recovery was reversed when the
transplanted cells were ablated, indicating that
the transplanted cells were responsible for recov-
ery. Which of the transplanted cell-derived cells
was responsible for recovery remains unknown.
Murine ES cell-derived neuroprogenitor cells
also survive after transplantation in a rat spinal
cord contusion injury model and differentiate
into terminally mature oligodendrocytes that re-
myelinate axons (see Fig. 6). These cells can also
remyelinate CNS axons in the shiverer mouse
[123], suggesting that remyelination after injury
can occur without additional signals beyond those
supplied by the transplanted cells and those asso-
ciated with the injured cord (see Fig. 6). Third,

transplanted ES cells and their differentiated de-
rivatives can improve function after SCI by inte-
grating themselves into a host’s motor and
sensory circuits. Although not performed in the
spinal cord, a proof-of-principle experiment
showed that hES cells implanted in the brain ven-
tricles of embryonic mice differentiated into func-
tional neural lineages and generated mature active
human neurons that seem to integrate into the
host adult mouse forebrain [124]. Thus, signals
for neuronal differentiation may be highly con-
served. Moreover, cholinergic motor neurons dif-
ferentiate from mouse ES cells and hES cells [125]
when transplanted into embryonic chick CNS, in-
jured rodent spinal cord, and an animal model of
chronic motor neuron deficiency (newborn sciatic
nerve axotomy). These studies further indicate
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Fig. 5. ES cells produced mature oligodendrocytes with normal anatomic features of myelination and physiologic re-
sponse to neurotransmitters. (4) Cultured ES cell-derived progenitors differentiate into the three principal types of neu-
ral cells, and ES cell-derived oligodendrocytes myelinate individual segments of multiple passing axons, just as
oligodendrocytes normally do in vivo. White arrows point to axons. Red arrows point to Ol immunoreactive axon seg-
ments. (B) After 7 days in vitro, normal early patterns of myelination are already present by electron microscopy (EM)
analysis. (C) ES cell-derived oligodendrocytes demonstrate the presence and absence of agonist gated currents, as as-
sessed by patch-clamp electrophysiology, similar to oligodendrocytes cultured from the neonatal or adult CNS. (Adapted
from Liu S, Qu Y, Stewart TJ, et al. Embryonic stem cells differentiate into oligodendrocytes and myelinate in culture
and after spinal cord transplantation. Proc Natl Acad Sci USA 2000;97(11):6128; with permission.)

that the ES cell-derived motor neurons were capa-
ble of sending out axons through ventral roots
and sciatic nerves to form neuromuscular junc-
tions with their peripheral muscle targets. The
new cholinergic innervations correlated only par-
tially with improvement of motor function, how-
ever [126]. In another experiment, murine ES
cell-derived motor neurons were treated with di-
butyryl cyclic adenosine monophosphate and
transplanted into the sciatic nerve of rats, and
the rats were treated with subcutaneously injec-
tions of rolipram, a phosphodiesterase type 4 in-
hibitor. This combination of treatments aimed to
improve cell survival and axonal extension and
to neutralize the inhibitory effects of myelin. The
transplanted cells secreted elevated levels of
GDNF at the sciatic nerve to attract axons of
the transplanted motor neurons toward distal tar-
get organs. As a result, the transplanted motor
neurons extended axons that reached host muscle,
wherein they formed physiologically and function-
ally active neuromuscular junctions mediating
functional improvements [127]. These experiments
point to the need for more research on combinato-
rial approaches to facilitate the regenerative

effects of transplanted cells derived from ES cells.
Pragmatically, however, combinatorial drug and
cell strategies have major barriers at the US
Food and Drug Administration (FDA) approval
level and are unlikely to move to human treatment
quickly.

Additional work has shown promise in trans-
planting ES cell-derived progenitors into the
injured brain, including stroke, traumatic brain
injury, and neurotoxin-induced injury [128] (see
the articles elsewhere in this issue by Dempsey
and Kalluri and Richardson and colleagues).
This field is also at an important phase in trying
to delineate the cellular mechanisms responsible
for recovery. Today, the best that has been done
is to correlate anatomic regenerative findings
with behavioral recovery, but critical ablation
and functional blocking studies are required to
identify regenerative mechanisms definitively. Suf-
fice it to say that ES cell transplantation has mul-
tiple functions beyond simply replacing cells lost.
These include production of growth factors to fos-
ter differentiation and prevent cell death, release
of metalloproteases to overcome inhibitory effects
of scar tissue, and contribution to chimeric blood
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Fig. 6. Cells derived from ES oligospheres can migrate and myelinate axons when transplanted into dysmyelinated spi-
nal cords of adult shiverer mice. Such mice lack the gene for myelin basic protein (MBP). Transplanted cells were iden-
tified by cell tracker orange (CTO), epifluorescence, or immunoreactivity for MBP. (4, B) CTO-labeled cells aligned with
native intrafascicular oligodendrocytes in white matter. (C, D) ES cell-derived (MBP+) oligodendrocyte (asterisk) with
longitudinally oriented processes (white arrows) is shown. (C) Arrows mark probable myelination around an adjacent
axon. (E) Little MBP immunoreactivity is seen in white matter in a longitudinal section of spinal cord from a mouse
that received sham transplantation. (F) Gradient of MBP immunoreactivity centers on the site of ES cell transplantation.
(G) High magnification of intrafascicular oligodendrocyte nuclei and MBP immunoreactivity, which are two indications
of axonal myelination (white arrows), in white matter from a mouse transplanted with ES cells. The spatial distribution
of MBP immunoreactivity 1 month after ES cell transplantation is shown at low magnification (H), with corresponding
Hoechst 33,342 counterstaining (/). White arrows indicate the center of the transplant site. (J) Transmission electron
microscopy (EM) shows four loose wraps of myelin, the maximal number of layers typically seen around axons in con-
trol animals (arrow). (K) Transmission EM shows nine or more compact wraps around axons from the transplanted area
(arrow). Shiverer mutant mice lack a functional M BP gene required to form mature compact myelin; therefore, the pres-
ence of mature compact myelin is a standard for transplant oligodendrocyte-associated myelin. Scale bars = 10 um (4-1)
and 0.3 pm (J, K). (From McDonald JW, Liu XZ, Qu Y, et al. Transplanted embryonic stem cells survive, differentiate
and promote recovery in injured rat spinal cord. Proc Natl Acad Sci USA 2000;97(11):6130; with permission.)

vessel formation. The latter is an important obser- Immunogenicity of embryonic stem cells
vation, because organogenesis and tissue forma-
tion have been linked to vasculogenesis [129].
Blood vessels are the conduit that progenitor cells
migrate along, and they give rise to key develop-
mental signals for proliferation, migration, and
differentiation. Therefore, the scientific path for
the next decade is clear, and going beyond corre-
lation is important to understand cellular mecha-
nisms of regeneration definitively. The tools of
the ES cell should allow the field to unravel these
queries. Much progress is anticipated.

Transplantation of cells, tissue, and solid
organs between genetically nonidentical individ-
uals causes the immune system to reject the graft
and can also create a problem of graft-versus-host
disease. The proteins responsible for tissue in-
compatibility, the histocompatibility antigens or
alloantigens, fall into at least three distinct classes:
the major histocompatibility complex (MHC)
class I and class II antigens, the minor histocom-
patibility complex (mHC) antigens, and the ABO
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blood group antigens [130]. The most prominent
causes of graft rejection are mismatches between
graft and host MHC antigens, which are recog-
nized by host T lymphocytes [131]. T lymphocytes
do not engage in graft rejection unless costimula-
tory events help them to mature, however. After
MHC-mismatched transplantation, antigen-pre-
senting cells (APCs) migrate to the regional lymph
nodes, wherein they encounter and stimulate na-
ive or memory-allospecific T lymphocytes to pro-
liferate and then differentiate into effector T
Iymphocytes through clonal expansion. Essential
to this process are the costimulatory molecules
CD80 and CD86 [132].

Weak expression of MHC class I alloantigens
in human blastocysts (the source of hES cells)
indicates that the ES cells constituting the inner
cell mass have low immunogenicity [133]. Recent
work has more directly tested and demonstrated
a lower than expected immunogenicity for hES
cells [120,134]. Fluorescence-activated cell sorting
(FACS) has shown that cultured hES cells express
low levels of MHC class I alloantigens, no MHC
class II alloantigens, and no CD80 and CD86 cos-
timulatory molecules [135,136]. Expression of
MHC class I alloantigen increases up to fourfold
when the cells differentiate into embryoid bodies,
which represent primarily neural progenitor cells.
Even when hES cells differentiate in teratomas,
however, their levels of MHC class I alloantigens
are at least 10-fold lower than those on somatic
cells [136]. Undifferentiated ES cells do not express
MHC class I alloantigens, and they express only
low levels after prolonged differentiation [137].

Interestingly, exposure of teratomas derived
from hES cells to interferon (IFN)-a, -B, and -y (a
cytokine family that is released during an immune
response) induces expression of MHC class 1
alloantigens to levels seen in somatic cells [136].
Only IFN-y induces MHC class I alloantigen ex-
pression in undifferentiated hES cells, however
[136]. Clinically, this is an important distinction
because it suggests that therapeutic ES cell trans-
plantation should be deferred until inflammation
has subsided at the injury site and the blood-brain
barrier has recovered from the breach of injury,
which typically takes longer than 1 week after
injury.

Current experiments involving ES cell
transplantation into animal models of SCI (xen-
otransplantations or MHC-mismatched trans-
plantations) use immunosuppression to avoid
rejection, such as cyclosporine or FK-506 [138].
Under these conditions, it is impractical to study

the reactions of the host immune system to the
graft. This reaction has been studied in various
strains of immunocompetent mice that received
transplants of hES cells, however. Intramuscular
injection of hES cells did not elicit a host immune
response in the first 48 hours after transplantation
[120]. The mice rejected the hES cell-derived cells
1 month after transplantation, however. Trans-
plantations into immune-deficient mice have
shown that T lymphocytes play a key role in the
xenorejection of undifferentiated hES cells and
their derivatives. In the humanized (chimera)
mouse model, which enables evaluation of direct
immune rejection pathways, undifferentiated hES
cells and their differentiated derivatives escaped
rejection [134]. Thus, hES cells and their differen-
tiated derivatives do not elicit direct allorejection,
and they seem to have low immunogenicity com-
pared with somatic cells [134].

The CNS is considered to be immunologically
privileged, which would help to prevent cell
rejection [139]. Many injury conditions, particu-
larly SCI, are associated with breach of the
blood-brain barrier. Thus, fetal-derived dopami-
nergic neurons transplanted into brains of pa-
tients with Parkinson’s disease escape immune
rejection and provide functional recovery for sev-
eral years [140]. Nevertheless, evidence exists for
graft rejection in these studies, with limited long-
term transplant viability. To date, the factors
that account for this variability in transplant ac-
ceptance or rejection are not well understood.
Consequently, MHC-mismatched hES cells trans-
planted into the injured spinal cord after the
blood-brain barrier has been reconstituted may
be protected from rejection [130]. The data taken
together clearly indicate that issues of rejection of
hES cell-derived cells are a primary barrier to op-
timizing regeneration and recovery. Before hES
cells can be used for treating SCI in a clinical set-
ting, more careful evaluation of these rejection is-
sues is required in animal models of SCI
transplanted with fully differentiated derivatives
of ES cells, such as oligodendrocytes, neurons,
and astrocytes. Careful evaluation is necessary,
because “absence of evidence is not evidence of
absence.” Decades of solid organ, bone marrow,
and umbilical cord blood transplantation as well
as trials of xenotransplantation in human patients
clearly indicate that immunologic responses are
present and that they are predicted to be a major
limitation to successful transplantation for opti-
mizing regeneration and recovery. An additional
advantage of ES cells is that, theoretically, it is
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possible to minimize the immunogenic response
by making the alleles for the three major classes

Activity-based restoration therapy rehabilitative
strategies in subjects with spinal cord injury

of immune determinants homozygous instead of
heterozygous. The reduced genetic variability
would limit the immune response. Using this strat-
egy and an analogy to blood type groups, it is pos-
sible to develop a set of universal donor ES cells
(eg, 10 lines), with each representing a spectrum
or class of the immunogenic continuum and
each able to be transplanted into individuals
whose genetic group closely resembles that of
the individual ES cell (Fig. 7). The major advan-
tage of this concept is that such hES cells could
be used for all types of transplantation (not just
CNS) as well as for other organ repair. An inter-
national group (International Neural Transplan-
tation Team [INTT]) has been assembled to
tackle the universal donor concept as a proof of
principle in nonhuman primates (see Fig. 7;
Fig. 8).

The neural cellular mechanisms of mammalian
CNS development are highly activity dependent.
The spinal cord below the level of injury experi-
ences the consequences of reduced neural activity
after SCI (Fig. 9). This is attributable to altered
and reduced input from descending brain centers
as well as to reduced sensory input from the pe-
riphery because of the consequences of reduced
mobility. The dramatic reduction in neuronal ac-
tivity in the circuitry below the level of SCI injury
causes physiologic deficiencies leading to long-
term problems stemming from deteriorated car-
diovascular conditioning, altered lipid ratios
with primary reduction in high-density lipopro-
teins (HDLs), accelerated osteoporosis and criti-
cal loss of bone density, and muscle wasting (see
Table 2). This leads to complications, including

Fig. 7. Universal donor primate ES cells for transplantation repair: from bench to clinic. The Universal Donor ES Cell
Project of the INTT is to be completed in new world nonhuman primates and their ES cells. The project is divided into in
vitro and in vivo components. The ultimate goal of this project is to move from nonhuman primate ES cells to hES cells
and to develop curative therapies for human patients with the disorder of paralysis. Therefore, in the big picture, this
project represents the laboratory phase of the study, whereas the end goal is the clinical phase. The primate project is
divisible into four phases: phase I through phase III in vitro and phase IV in vivo. In phase I, 10 ES cell lines are to
be created by in vitro fertilization (IVF), with each representative of one of the 10 immunologic classes based on human
leukocyte antigen (HLA) genomics. In phase II, additional ES cell lines are to be created by subdividing a single genomic
class (ie, group 2 primate genomic class). In phase 111, primate ES cells are to be differentiated into neural progenitors
and reacted with immune blood cells obtained from primates representing each of the 10 HLA genomic classes, with the
prediction that within-class reactions are not likely to cause rejection, whereas across-class reactions are likely to produce
immune rejection when assayed in vitro. Based on results from phase III in vitro immunologic studies, proof-of-principle
parallel examination of rejection potential is to be completed in vivo by transplanting primate ES cell-derived progen-
itors into the SCI site. Successful project completion would produce a sufficient world reaction to create a ground swell
similar to that of the Human Genome Project, which represents the clinical phase of the big picture.
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Phase |: Establish 10 ES cell lines (10 major immunological groups)
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Fig. 8. Testing the concept of universal donor ES cells. Genomic depiction of the MHC groups divisible into 10 groups
defined by human leukocyte antigen (HLA) and immunologic genomics (project phase I); each major group (1-10) is
divisible into 10 subgroups (ie, 2.1-2.10; project phase II). ES cells from primates are to be created for each of these
genetic groups, and primates are to be identified for each of these subgroups based on immunologic factors identified
in phase I. Similarly, ES cells from group 2 (G2) are to be exposed to blood-derived immunologic cells from group 8
(G8), with the expectation of there being rejection when ES cells are exposed to blood from primates outside G2, whereas
similar exposure of a G2.1 ES cell to blood from the G2.3 primate is expected to elicit minimal response (project phase
III). In keeping with these culture data, similar experiments in vivo involving transplantation predict long-term cell sur-
vival of transplanted ES cells occurring only in within group transplantation but not outside group transplantation (pro-

ject phase IV).

enhanced cardiovascular stroke risks, develop-
ment of glucose intolerance and diabetes, patho-
logic bone fractures, and skin breakdown.
Physical rehabilitation and the known benefits of
exercise can theoretically ameliorate these prob-
lems [115,141,142]. So why do state-of-the-art re-
habilitation facilities not offer exercise and its
known and substantial benefits to those who
would benefit most—those completely paralyzed?
Clinicians have been unaware of how to effectively
exercise individuals with complete paralysis. It is
true that the benefits of passive movements or
weight bearing are limited in completely paralyzed
individuals, because passive movements offer no
substantial resistance training and force genera-
tion is a major determinant of physical recondi-
tioning. Although studies show some physical
benefit of passive movements, they are limited
and time-inefficient (ie, locomotor training in
SCI) [110,114,143]. Additional studies have begun
to use resistance training with FES-induced move-
ments against resistance in single limbs, with

promising physical muscle rebuilding [144]. It is
possible to develop more efficient and effective ap-
proaches to allow physical reconditioning in the
home, however (Fig. 10). For those with disabil-
ities, time is the greatest obstacle to participation.
The International Center for Spinal Cord Injury
(ICSCI) has pioneered a novel neurorestoration
program that is home based and accomplishable
in less than 6 hours per week. The principal goals
of the program are to optimize spontaneous re-
generation based on ABRT methods while simul-
taneously maximizing the physical integrity
benefits of exercise (see Table 2). Clinical studies
have demonstrated predictable and substantial re-
versal of physical deterioration and reduced med-
ical complications by participation in the ABRT
home-based program [1,41,43,142]. Individuals
with chronic SCI spend 1 to 6 weeks at the ICSCI
center for the following reasons: (1) medical and
rehabilitative review and development of a treat-
ment plan for optimization, (2) training in
ABRT methods, (3) development of an
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Modulating Neural Activity
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Fig. 9. ABRT hypothesis for optimizing spontaneous
regeneration. The hypothesis is that optimal neural ac-
tivity is required to maximize spontaneous recovery of
function after nervous system injury. Data from normal
development of the nervous system demonstrate that too
little or too much neural activity disrupts important pro-
cesses of development, including those expected to occur
with regeneration, such as cell birth, cell survival, fate
and phenotype choices, migration, axonal elongation,
guidance and path finding, synapse elimination, and
myelination. The red graph demonstrates the hypothe-
sized level of regeneration with increasing activity. In-
creased neural activity in the cord (eg, mediated by
FES) would likely increase regeneration. Decreased neu-
ral activity (eg, mediated by baclofen) in the spinal cord
may decrease regeneration. The curve is bell shaped, re-
flecting the idea that excessive activity might be deleteri-
ous to regeneration. (From McDonald JW. Repairing
the damaged spinal cord: from stem cells to activity-
based restoration therapies. Am J Phy Med Rehabil
2003;82(10 Suppl):S44; with permission.)

individualized lifelong neurorestoration therapy
program for a home-based program, (4) imple-
mentation of an ABRT home-based program,
and (5) rapid advancement of physical condition-
ing and functional recovery by means of an inten-
sive day-treatment ABRT program (typically 4
hours per day for 3-5 days per week, with a dura-
tion of 1-6 weeks). Multiple studies in animals
and human beings are compatible with the idea
that optimizing patterned neural activity is able
to promote recovery of function. In stroke, con-
straint-induced force use studies have demon-
strated recovery in rodents with stroke as well as
in human beings [145,146]. Studies using “‘enriched
environment” paradigms have shown promise in
functional recovery in rodent models of stroke
and SCI [147-151]. Additionally, experimental ro-
dent studies using running wheels have shown that
availability of exercise (ie, activity) is associated
with better recovery [110,147,149]. For example,

functional gait is improved with PBWSW
[110,114,143] and is further enhanced when loco-
motor training (PBWSW) is combined with FES
through epidural spinal cord stimulation [152]. In
the authors’ clinical experience at the ICSCI,
FES bicycle ergometry allows those who are para-
lyzed to exercise adequately for the first time. Stim-
ulation of the hamstring, quadriceps, and gluteus
muscles through superficial electrodes induces sub-
stantial plasticity and recovery, even in chronic
SCI [1,41,43]. In addition, resistance FES ergome-
try provides the predicted benefits of exercise in
terms of the physical integrity of the body (see Ta-
ble 2) [3,43]. Therefore, rehabilitative therapy
needs to precede any molecular or cellular thera-
peutic intervention to recover function after SCI
to optimize curative efforts. The molecular mecha-
nisms through which FES induces neuronal plas-
ticity are an active area of investigation.
Developmental data suggest that cell birth, cell
survival, differentiation, myelination, and axonal
outgrowth are activity-dependent and key mecha-
nisms malleable by activity-based approaches. To
investigate the effects of ABRT and optimizing
neural activity further, the authors have pioneered
a powerful animal model using FES to stimulate
the peroneal nerves to induce a gait-like pattern
in the paralyzed hind limbs of animals paralyzed
by SCI (Fig. 11) [155]. These studies demonstrate
that in chronic SCI rats, FES induces a regionally
selective and robust enhancement of progenitor
proliferation, survival, and incorporation of new
oligodendrocytes [1]. This represents the first dem-
onstration that patterned activity can cause regen-
eration. The authors have performed similar
studies evaluating axonal regeneration, graft sur-
vival, and myelination; activity optimized each
process.

Multiple studies in rodents are compatible with
the interpretation that optimizing neural activity
can stimulate regeneration. For example, running
wheel activity is associated with enhanced pro-
liferation and incorporation of new neurons in the
dentate gyrus of the hippocampus [153]. In addi-
tional studies, similar running wheel activity has
shown that this activity elevates BDNF levels in
the brain and spinal cord [154]. These results are
predictable, because BDNF is released from neu-
rons in an activity-dependent manner. Using ac-
tivity in the endogenous remaining circuitry after
injury to elevate BDNF levels is an advanced
idea. BDNF is important for cell proliferation,
survival, and differentiation as well as for oligo-
dendrocyte myelination.
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FES Motorized Ergometer

Fig. 10. FES-motorized cycle ergometry for ABRT. Computer-controlled surface stimulation of three muscle groups in
each leg (quadriceps, hamstrings, and gluteal muscles) allows paralyzed patients to rotate the wheels of a bicycle under
their own muscle power despite lack of volitional control of muscles. FES ergometry is the only method by which par-
alyzed individuals are able to obtain the benefits of exercise. An hour of FES ergometry is the equivalent of 6000 steps.
Such patterned stimulation activates the lumbar gait CPG, sending a normal pattern of neural activity up the cord. In
addition to the benefits of physical reconditioning, FES ergometry is done to replicate normal levels of patterned neural
activity in the spinal cord below the lesion level in an effort to optimize spontaneous regeneration.

This discussion raises important queries in the
current treatment of SCI. Three quarters of
individuals with SCI are treated chronically
with antispasmodic drugs like baclofen, diaze-
pam, and related drugs [1-3,41]. Baclofen is a y-

Complete Transection

v (removal T8/9 cord)
) »
)/ D Implantable
4  Chip
Ground
Wire
FES . Peroneal
Electrode Nerve

Recipricol hindlimb “gait-like” movement
al nerve stimulation

produced by FES pel

Fig. 11. Experimental FES paradigm. A two-channel
FES system can be implanted in rats with SCI to create
patterned neural activity that results in leg movements.
When connected to the peroneal nerves, 1 second of al-
ternating activation produces a stepping-like movement
in the legs. (From McDonald JW, Becker D. Spinal
cord injury: promising interventions and realistic goals.
Am J Phys Med Rehabil 2003;82(10 Suppl):S44; with
permission.)

aminobutyric acid (GABA) agonist and is known
to reduce patterned neural activity in the brain
and spinal cord dramatically [1-3,41,43]. Based
on this reduction in activity, the authors’ hy-
pothesis would suggest that reduced activity
would inhibit spontaneous regeneration and re-
covery (see Fig. 9). Recent studies from our lab-
oratory confirm this hypothesis (unpublished
data). Baclofen profoundly inhibits cell prolifera-
tion, survival, and differentiation, particularly
myelination. Furthermore, baclofen produces an
irreversible loss of function. Therefore, consider-
able thought should now go into treating spastic-
ity. Baclofen is not an extremely effective oral
agent, and there is now evidence that it can
harm by inhibiting regeneration and recovery.
Furthermore, the authors have shown that pat-
terned activity, such as FES bicycling (three times
per week for 1 hour each time) is a better way to
control spasticity than medications (see Fig. 10).
A growing number of groups are now putting
their shoulders to this wheel to determine the
mechanisms and to optimize ABRT approaches.

Summary

SCI is a debilitating injury of the CNS that
evolves in several stages: development, acute
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injury (primary and secondary injury), subchronic
injury, chronic injury, and aging. Individuals with
chronic SCI are known to lose motor and sensory
function below the injury level over a matter of
years, and they frequently experience pain, blad-
der and bowel dysfunction, sexual dysfunction,
and autonomic dysreflexia. Several molecular and
cellular therapeutic approaches are showing great
promise for restoring meaningful function after
SCI, however. Additionally, the development of
important assessment tools, such as high-resolu-
tion advanced MRI, promises to offer superior
methods for injury characterization, assessment,
classification, prognostication, and treatment tai-
loring. Advanced structural MRI should enable
us to measure the extent of SCI and to tailor
treatments according to the microscopic anatomy
of an injury. Such treatments might include
transplantation of neuronal or oligodendrocyte
progenitors derived from hES cells. ES cells are
much less likely than somatic cells to be rejected
by the host’s immune system because of their low
alloantigen expression. Also, the CNS offers the
benefit of transplantation into an immunologi-
cally privileged site. Animal experiments have
already shown that transplanted ES cells can
remyelinate damaged axons, integrate themselves
into the host’s motor and sensory circuits, and
induce functional improvements. Although cell
transplantation alone is unlikely to be sufficient, it
could be combined with new approaches to
optimize spontaneous regeneration, such as
ABRT therapies, including FES cycling and
PBWSW therapy, which simulate the electrical
stimuli that are absent below the injury level,
inducing spontaneous plasticity and regeneration.
Thus, a combination of treatments is likely to
offer the best chance of ameliorating symptoms
and restoring useful function to patients with SCI.
The next decade promises great excitement in the
field of regenerative medicine and probably effec-
tive treatments for optimizing spontaneous re-
generation and recovery of function in chronic
SCI.
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