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Can cell therapy heal a spinal cord injury?
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Study design: Literature survey.
Objectives: To summarize and discuss current possibilities and success rates for the treatment of
spinal cord injury in animal models.
Settings: University of Antwerp, Belgium.
Methods: We searched Pubmed for publications from 1997 onwards. Seven older papers were used
for completion of data.
Results: Despite major progress in pharmacological and surgical approaches, a spinal cord injury still
remains a very complex medical and psychological challenge, both for the patients and their relatives,
as well as for the involved physicians, with currently no existing curative therapy. For a future efficient
treatment, one has to consider and combine four main approaches: (1) tissue or cell transplantation, (2)
providing growth-stimulating factors (neurotrophic factors), (3) blocking factors which inhibit neural
regeneration and (4) modulation of inflammatory response following spinal cord injury.
Conclusions: Although different treatment options have proven to be successful in animal models,
they also provide a realistic view on a complex therapeutical approach, which needs to be further
investigated in many carefully designed animal studies before human applications can be considered.
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Introduction

Despite major progress in pharmacological and surgical

approaches, a spinal cord injury still remains a very complex

medical and psychological challenge, both for patients and

their relatives, as well as for involved physicians, with

currently no curative therapy. The enormous impact, both

in an individual–familial context, as well as on a broader

socio–economical scale, is partly due to the young mean age

(33 years) of the predominantly male (4:1 male/female ratio)

patient population.1 Moreover, the life-long supportive care

to prevent several complications (for example, decubitus,

respiratory tract and urinary infections) means a substantial

financial burden for both the patients and for the society.

The pathophysiological mechanism of a spinal cord injury

is more than a simple mechanical disruption or contusion of

certain nerve tracts. It must be considered as a multi-step

cascade in which the primary lesion, causing the direct

disruption of nerve tracts (due to contusion, laceration,

penetration, etc.), is progressively extended during the

following hours, days and weeks by a massive inflammatory

reaction, mainly consisting of influx of peripheral inflam-

matory cells (macrophages, T-cells) and activation of resident

microglia. This secondary damage, accompanied by ische-

mia, edema, hemorrhage and cytotoxicity, will finally result

in the formation of glial scar tissue surrounding a central

cavitation on the site of the initial trauma in the spinal

cord. The latter is known to act as an important physical and

chemical barrier for endogenous regeneration of ascending

and descending nerve tracts, thereby compromising

functional outcome (Figure 1). In this context, the

final functional outcome will depend on the extent of

remaining myelinated nerve tracts, which is associated with

the magnitude of both the primary and the secondary

damage.

Taking into account, the abovementioned multi-step

process, with the importance of secondary damage and the

old dogma of the absence of neural regeneration in the
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central nerve system, the current therapeutic intervention

in the acute setting is, since long, mainly focussed on

prevention and restriction of secondary inflammatory

responses. This is currently achieved by: (i) decompression

of the spinal cord by laminectomy to limit ischemia, and/or

orthopaedic fixation of the involved vertebrae to limit extra

damage by bone pieces and (ii) administration of high doses

of steroids (methylprednisolone; National Acute Spinal Cord

Injury (NASCI)-scheme) in the acute post-injury phase to

limit edema formation.2 The latter therapy is, however, not

considered as evidence based by a large part of the medical

and scientific world.

Currently, the existence of endogenous mechanisms for

neural regeneration in the central nerve system is on the way

of becoming more and more generally accepted. The latter is

demonstrated in multiple animal studies showing the

presence of neural stem cells in different areas of the brain.

In addition, in vitro and in vivo differentiation capacity of

these neural stem cells into neural cells types (neurons,

oligodendrocytes and astrocytes) has been shown exten-

sively. This finding has recently been confirmed in humans

by Uchida et al.,3 who documented the existence of adult

neural stem cells in the subventricular zones of the brain,

opening the way toward possible curative therapies for spinal

cord injury in humans.

During the last decade, multiple attempts in animal

models of spinal cord injury have investigated different

underlying pathophysiological mechanisms to develop

therapies able to prevent secondary damage and to enhance

endogenous regeneration. Briefly, these approaches are

focussed on (i) replacement of damaged neural tissue, (ii)

enhancement of endogenous neural regeneration (by pro-

viding neurotrophic factors or by blocking growth-inhibiting

signals) and (iii) modulation of the inflammatory response

after spinal cord injury (Figure 1). The aim of this review is to

give a brief overview of present successful therapeutic

approaches described in animal models of spinal cord injury.

Cell and tissue transplantation

A key element in restoring function after a spinal cord injury

through cell transplantation will be the replacement

of damaged neural tissue (neurons, oligodendrocytes) to

re-establish connections between central and peripheral

nervous system. In this context, successful results were

Figure 1 Schematic presentation of the pathophysiological process of a spinal cord injury in the acute and the chronic stage with the different
treatments options indicated.
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obtained with different cell types: embryonic stem cells,

adult neural stem cells, fetal tissue, myelin-producing cells

and mesenchymal stem cells (MSCs).

McDonald et al.4 differentiated murine embryonic stem

cells into neural progenitor cells and transplanted these cells

in a rat model of spinal cord injury. Their results showed in

vivo survival, migration and neural differentiation of these

cell transplants. Moreover, cell-treated animals had signifi-

cant better motor recovery as compared to a control group.

However, in another study, tumor formation was seen in a

part of the animals transplanted with embryonic stem cells

despite the obtained neurological improvement.5

Transplantation of adult neural stem cells isolated post

mortem out of human brains was associated with extensive

remyelination, morphologically comparable with the myeli-

nation pattern of Schwann’s cells in the peripheral nervous

system, when transplanted in demyelinated rat spinal cords.6

These experiments by Akiyama et al. also showed, besides the

above described morphological resemblance, almost normal

conduction velocities by electrophysiological analysis, in-

dicating the functionality of the newly produced myelin. In

addition, others7 reported improved weight support after

transplantation of murine neural stem cells, embedded in a

polymer scaffold, in a hemisection model in rat. However,

this functional benefit was not believed to be due to cell

differentiation, but was linked to a decrease in glial scar

tissue and significantly less tissue loss by secondary damage,

hereby sparing nerve tracts.

Axonal growth was seen in transplants of fetal tissue

combined with neurotrophic factors, emphasising the

possible role of these growth factors (see below). This

histologically demonstrable neural regeneration resulted in

improved motor recovery. Surprisingly, postponing the

transplantation up to 2–4 weeks post-injury resulted in a

significantly better outcome, suggesting an important influ-

ence of post-injury inflammatory responses on survival and

integration of transplanted cells/tissue.8

Novel axonal growth toward a cell transplant could also be

achieved by transplanting polymer-guiding channels with

Schwann’s cells (myelin-producing cells from the peripheral

nerve tissue) into a spinal cord injury model. Again,

electrophysiological analysis suggested proper electrophy-

siological function of newly grown axons.9

Despite all above-described successful cell-therapy experi-

ments, it should be noted that under physiological condi-

tions, allogeneic cell transplantation, independently of cell

type, will be associated with immunological rejection unless

proper immune suppression is provided. Therefore, to

circumvent this problem of immunological rejection, MSCs,

non-hematopoeitic stem cells residing in the bone marrow,

have received much attention nowadays. Indeed, such MSCs

can be cultured relatively easily out of a bone marrow

aspirate and have shown in vitro trans-differentiation

potential into neural cells.10 After transplantation into brain

and spinal cord, differentiation of MSCs into cells with

neuronal and astrocyte characteristics was reported.11 Trans-

plantation in demyelinated spinal cord resulted in proper

remyelination, associated with enhanced conduction velo-

city,12 suggesting that cell transplantation might cause an

influence through integration and/or differentiation of

transplanted cells, but also by a possible paracrine effect,

which can alter the local environment allowing for endo-

genous regeneration. However, caution is needed as some

recent reports describe in vivo tumor formation after MSC

transplantation.13,14 Indeed, we also observed intraspinal

tumor formation upon transplantation of genetically mod-

ified bone marrow-derived stromal cells in rat spinal cord

(unpublished results).

Next to MSCs, olfactory ensheating cells (OEC), a glial cell

type, which plays an important role in the lifelong neural

regeneration capacity of olfactory neurons, hold great

promise for potential clinical application. OECs can be

extracted in a simple and reliable manner from olfactory

mucosa. OEC transplantation following spinal cord injury

resulted in significantly improved recovery, both motor and

sensory, and was shown to result in neo-angiogenesis by

production of vascular endothelial growth factor (VEGF) (see

below).15 These results are encouraging regarding future

clinical application, not only due to the relative ease with

which they can be obtained by a minimally invasive manner

(extraction by a swab from the olfactory mucosa), but also in

view of their autologous nature, which makes them at least

as good for therapeutic cell transplantations as MSCs.

In conclusion, multiple studies provide evidence for the

use of cell transplants (embryonic stem cells, adult stem cells

and adult myelinating cell types) in an approach to heal

spinal cord injury. However, in most of these studies, the

mechanisms leading to functional improvement following

cell transplantation still remain to be elucidated. The fact

that the use of different cell types results in similar

improvement in functional outcome indicates that the

underlying mechanism does not solely depend on the cell

type itself, but could possibly rely on a broader mechanism,

in which paracrine influences on the local environment

cannot be excluded. This understanding led to the concept

that cell transplantation cannot be fully successful without

the application of other factors to modulate the injury site to

create a more permissive environment for neural regenera-

tion. Of major importance are the above-described results

using MSCs and olfactory ensheating cells bringing cell

transplantation, as part of a new therapeutic approach for

spinal cord injury, to a more realistic level, given the

importance of autologous cell transplantation to avoid

immune-mediated rejection.

Neurotrophic factors

Key proteins in neurogenesis are the different members of

the family of neurotrophic factors, which are mainly

produced by glial cells residing in the central and peripheral

nervous system. Brain-derived neurotrophic factor, neuro-

trophin-3 (NT-3), nerve growth factor and glial cell-derived

neurotrophic factor are shown to be significantly elevated

(up to 10 times) in day 10 postnatal murine brain as

compared to the adult brain. This can easily be explained

by ongoing axonal outgrowth, an extremely active process

during this early postnatal period. The decrease in mRNA
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expression afterwards, associated with significant lower

protein levels, results in a substantial fall in axonal

regenerative capacity. In a therapeutic context, application

(either direct by pumps or indirect by modulated cells) of

brain-derived neurotrophic factor or NT-3 following a spinal

cord injury resulted in in vivo enhancement of neural

regeneration, often associated with improved functional

outcome.

Implantation of a NT-3-secreting collagen matrix 16 on the

site of a spinal cord injury resulted in a substantial increase

in the number of regrowing corticospinal axons as compared

to implantation of a vehicle-loaded collagen matrix. An

important observation, however, was the absence of any

regenerated axon distally from the implantation site,

indicating that axonal regrowth was limited towards the

direction of an NT-3 source. Similar experimental outcomes

were obtained by implanting NT-3-releasing guidance chan-

nels after trans-section of the dorsal root17 or by the local

application of brain-derived neurotrophic factor by the use

of viral vectors.18 In addition, the positive effects of fetal

tissue transplantation, described in the abovementioned

study of Coumans et al.,8 was also thought to be mainly due

to secretion of neurotrophic factors by the transplanted cells

and not to the cells themselves. The same mechanism seems

to be a key player in the positive outcome of neural stem cell

transplantation following a spinal cord injury, namely their

physiological secretion of neurotrophic factors (nerve

growth factor, brain-derived neurotrophic factor and glial

cell-derived neurotrophic factor), which can be significantly

augmented by additional genetic modification of these cells

with NT-3, again stressing the regenerative potential of these

growth factors.19

Although guidance channels, osmotic pumps, collagens,

hydrogels and so on are all possible delivery methods to

administer neurotrophic factors, in vivo clinical application is

far from realistic due to the possible side-effects associated

with implantation of foreign bodies, which can indeed result

in extra stimulation of inflammatory responses in an already

compromised spinal cord. Therefore, much attention is now

given to the use of autologous cell transplants (for example,

fibroblasts and MSCs) as carriers of neurotrophic factors. The

therapeutic potential of this approach has been demon-

strated in multiple studies using genetically modified cell

transplants.20 However, stable long-term gene expression in

vivo is still an important issue and needs to be further

optimalized.21

Regarding all above-described studies, the exact contribu-

tion to the observed functional and histological improve-

ments of a spinal cord injury by, on the one hand, the ‘cells’

and, on the other hand, the ‘neurotrophic factors’ is still not

completely clear. However, the results are encouraging

enough to further develop this research strategy.

Next to the above-described neurotrophic factors, VEGF, a

potent angiogenic factor, has also been shown to have

neuroregenerative capacities both in the central and in

the peripheral nervous system.15,22 Special interest for

VEGF originates in the proven strong association between

low VEGF levels and the presence of amyotrophic

lateral sclerosis, both in human and in rodents.23 A few

publications report positive effects of VEGF after spinal cord

contusion and trans-section with an enhanced functional

outcome, a decline in apoptosis, a tissue-sparing effect and

a decrease in retrogradual degeneration of corticospinal

axons.22 However, prudence is warranted in view of reports

of increased secondary damage following spinal cord injury

when giving VEGF therapy. The latter can be explained by

increased neoangiogenesis followed by an increase in influx

of inflammatory cells.24

Altogether, it becomes more and more clear that the key

elements in future treatment for spinal cord injury will not

only be to provide new cells or tissue, but also to modulate

the environment to make it more supportive and permissive

for endogenous neural regeneration. Neurotrophic factors, as

shown in multiple animal studies, can play a key role in this

modulation.

Blocking inhibitors of neural regeneration

For years, it was believed that neural regeneration did not

occur in the central nervous system of mammals. Currently,

this dogma is more and more left behind due to well-

documented observations describing the possibility of neural

regeneration under in vitro conditions and in in vivo settings.

However, despite the existence of neural regeneration, in an

injured spinal cord, this regeneration is effectively blocked

by myelin and glial scar tissue.25,26 It has indeed been

demonstrated that myelin contains multiple growth-inhibit-

ing factors, among which Nogo-A is one of the most potent

ones. Administration of antibodies directed against Nogo-A

to spinal cord-injured rats resulted in improved functional

outcome.27 In addition, Nogo-A could also be demonstrated

in human spinal cord and similar promising results on

functional recovery were found in a trial where spinal cord-

injured marmoset monkeys were treated with anti-Nogo-A

antibodies, making human therapeutic application more

realistic.28,29 Another possibility for therapeutic intervention

can be concluded from the analysis of the physiological

working mechanism of myelin-associated proteins in young-

er and older postnatal neurons. Younger neurons, which are

stimulated for axonal growth, show higher levels of cyclic

adenosine monophosphate (cAMP) as compared to the same

type of neurons of an older postnatal age, which show

inhibition of axonal (re)growth.30 In this context, cAMP has

inhibiting properties on myelin-associated glycoproteins and

hereby possibly enhances neural regeneration. Increasing

the level of cAMP in injured spinal cord by local application

of cAMP or by inhibiting phosphodiesterase (which degrades

cAMP) resulted in functionally and histologically demon-

strable neural regeneration in rats.31 Next to the above-

described direct inhibitory signals, a negative influence on

neural regeneration is also ascribed to rho-GTPase, an

intracellular regulator of the cytoskeleton. Inhibition of

rho or rho-associated kinase resulted both in in vitro and in

vivo enhancement of neural regeneration, although, in vivo,

mainly corticospinal axons were sensitive to this therapeutic

approach. In addition, analysis of the motor cortex of mice

following treatment with a rho inhibitor or a rho-kinase
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inhibitor showed an increase in mRNA of growth-associated

protein-43, an indication of neural regeneration.32

Next to inhibition of neural regeneration by myelin-

associated proteins, a second major inhibitor is glial scar

tissue by itself. Activation of astrocytes is an important phase

during secondary inflammatory responses in injured spinal

cord and is associated with changes in the extracellular

matrix. Chondroitin sulfate proteoglycans are an important

component of this extracellular matrix and have a substan-

tial inhibitory effect on endogenous regeneration.33 Degra-

dation by chondroitinase resulted in significant decrease of

cavity formation, decline in gliosis and increase in regenera-

tion of ascending and descending pathways resulting in

significant improvement of motor recovery.34

Although cell therapy and neurotrophic factors have been

shown to be major therapeutic candidates for restoring the

injured spinal cord, outgrowth of new axons is likely to be

less successful without also acting against inhibitory glial

scar formation and extracellular matrix proteins.

Modulation of inflammatory responses

Next to direct loss of neuronal cells and inhibition of axonal

outgrowth, inflammatory responses are the third main

component of the complex pathophysiology of a spinal

cord injury, leading to its dysfunctional outcome. As

mentioned above, inflammatory reactions start immediately

following injury and play a crucial role in the pathophysiol-

ogy of a spinal cord injury and, hereby, also determine the

final functional outcome. However, it must be seen as a dual-

edged sword, where destructive and constructive effects are

brought about by the same cells, with enhancement and

blocking of axonal regeneration simultaneously. Immedi-

ately after a central nervous system injury, a temporary

damage of the blood–brain/blood–spinal cord barrier occurs,

leading to an active influx of peripheral immune cells. These

cells further worsen the initial damage by demyelination of

remaining intact axons, which is followed by loss of

conduction capacity due to necrosis and apoptosis of

oligodendrocytes. In a next phase, residual glial cells become

activated and migrate towards the site of injury. Initially,

they will promote endogenous regeneration by producing

neurotrophic factors. However, outgrowing axons will be

chemically and physically blocked by the formation of a glial

scar (formed mainly by astroglial cells), which surrounds the

injured area. The importance of these inflammatory pro-

cesses is also demonstrated by the fact that the only

pharmacological approach nowadays to treat spinal cord

injuries is the use of methylprednisolone to reduce edema

and inflammation and thereby reducing secondary inflam-

matory damage.

Several research strategies in animal models are currently

focussing on how to exploit the constructive effects of

inflammation and at the same time to avoid the destructive

effects. In this context, animal studies demonstrated

that systemic administration of interleukin-10, a potent

anti-inflammatory cytokine capable of inhibiting the

inflammatory reactions of monocytes and macrophages in

the peripheral nervous system and capable of inhibiting the

production of tumor necrosis factor-a by astrocytes in the

central nervous system, significantly enhanced functional

recovery after spinal cord injury and resulted in a 50%-

reduction in lesion volume, 2 months post-injury.35 Also,

depletion of peripheral macrophages following spinal cord

injury resulted in an increase in motor function post-injury

and a decrease in cavity formation. The latter again

demonstrates the negative role of macrophages on the

outcome of a spinal cord injury, probably due to (in)direct

destruction of intact nerve tissue and regrowing axons.36

In addition to direct inhibition of inflammatory responses,

influencing downstream processes was also demonstrated to

have impact on histological and functional outcome.

Apoptotic cell death of glial cells results in an important

demyelination following a spinal cord injury.37 Key element

in this apoptotic process is the interaction between tumor-

necrosis factor receptor complex and CD95-ligand. Blockage

of this apoptotic pathway by cycloheximide (a protein

synthesis inhibitor) or by neutralization of CD95-ligand

resulted both in significant tissue sparing and was associated

with improved functional outcome.38 Also, blockage of a

non-N-methyl-D-aspartate-receptor (receptor of excitatory

amino acids) resulted in improved outcome. The latter

demonstrates the importance of cell necrosis induced by

exo-cytotoxicity (due to elevated concentrations of excita-

tory amino acids, for example, glutamate) in addition to

apoptotic processes.39

In conclusion, despite the above-described successful

results, much more research will be needed to fully under-

stand ongoing inflammatory processes, both site- and time-

dependent. In this way, an approach should be developed,

which allows to support the positive elements of post-injury

inflammatory reactions, and at the same time to decrease the

detrimental effects, and this in combination with cell

transplantation, neurotrophic factors and inhibition of scar

tissue formation.

Lessons from and for human clinical trials

Today, the only accepted, although more and more ques-

tioned, therapy for spinal cord injury in humans is the use of

high doses of methylpredisolone. This therapy was intro-

duced after positive results of the NASCI-II-trial,2 which

demonstrated a significantly improved motoric and sensoric

outcome when given in the first 8 h after injury.

Despite multiple successful animal experiments, where

potential therapies interfere on different levels of the

pathophysiology of spinal cord injury, only few human

trials have been initiated, with in general disappointing

results. Due to these negative results, almost no published

literature exists on the outcome data of these trials. Recently,

recommendations were brought forward by the Interna-

tional Campaign for Cures of Spinal Cord Injury Paralysis

(ICCP) to propose standards for the conduct of clinical trials

in spinal cord injury.40,41 A clear review of ongoing clinical

trials and experimental case reports in humans is nicely

presented by Schwab et al.42
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Today, one of the largest bench-to-bedside advances is

happening in the field of regenerative medicine, where

human cell therapy clinical trials are set up in multiple

medical fields, such as spinal cord injury, amyotrophic

lateral sclerosis, Parkinson’s disease, myocardial infarction,

heart failure, diabetes mellitus, orthopedics and so on

Although almost all these studies are phase I trials, exploring

safety and feasibility, too much stress is put on a ‘yes or no’

answer regarding clinical outcome. By pursuing this point of

view, one should not neglect the most important message of

these trials, namely the absence in humans of acute or

chronic side effects after autologous cell transplantation. The

most advanced and the best designed cell therapy studies are

the ones examining intracoronary and intramyocardial bone

marrow-derived stem cell infusion in the acute and chronic

setting of myocardial infarction as an additive therapy next

to reperfusion techniques (coronary artery bypass surgery

and percutaneous transluminal coronary angioplasty).43–45

However, the observed significant improvement in heart

function (an increase in left ventricular ejection fraction and

a decrease in left end-systolic volume) and the decrease in

infarcted area, thus far has not been linked to trans-

differentiation of the stem cells into cardiomyocytes, but is

most likely due to improved angiogenesis, which is probably

the result of transplanted endothelial cells and/or of the

production of angiogenic factors. This raises the hope that a

similar therapeutic strategy (paracrine effect by secretion of

certain growth factors and/or increased angiogenesis) might

become a useful approach to treat spinal cord injuries.

A very recent study, although not in humans, is note-

worthy because of the possible application in the nearby

future. Iwanami et al.46 transplanted human neural stem

cells, derived from embryos, in the spinal cord of non-

human primates after cervical spinal cord contusion. The

transplanted human cells survived for at least 8 weeks

(the end of the observation period), differentiated into

neurons, astrocytes and oligodendrocytes and resulted in a

significant enhancement of functional recovery, without any

signs of tumor formation. These results clearly demonstrate

beneficial possibilities of human stem cells in a primate

study, which opens the door to possible human applications.

Toward human clinical applications

Although current therapeutic approaches for spinal cord

injury are mainly focused on prevention and treatment of

secondary complications, animal research has provided

multiple successful strategies to follow to cure and not just

to care for spinal cord injury. However, application of these

promising therapeutic approaches will need much more

research, both on the basic level to clear out the exact

pathophysiological mechanism of secondary damage and

endogenous regeneration, as well as on a more applied level

of animal experimentation and translation into human

clinical trials. A general approach to follow will consist of

two major pathways: on the one hand, protecting the

remaining intact nerve tissue against destructive effects of

post-injury secondary responses and on the other hand,

enhancement of existing endogenous neural regeneration.

The only way to achieve this challenging goal will be

through a combination of several strategies described in this

review. For example, stem cell transplantation, without

modulation of the aggressive post-injury environment, will

have no sense regarding the detrimental influence of

secondary inflammatory responses on regeneration. Another

main issue will be the route of (stem) cell transplantation.

Invasive procedures on a compromised spinal cord may

worsen already existing inflammatory responses, especially if

it is carried out in the acute post-injury setting. Therefore,

future therapies should not only be focused on intraspinal

cell transplantation, but also on an intrathecal and intrave-

nous cell administration, which might avoid further aggra-

vation of the injured spinal cord. In this context,

encouraging results were presented in a study by Bakshi

et al.,47 who showed migration of intrathecally and intrave-

nously injected bone marrow-derived stromal cells towards

the site of injury. This observation, combined with the

results found in the myocardial infarction trials43–45 raises

the hope that transplantation by minimal invasive delivery

(for example, intravenous or intrathecal) of autologous bone

marrow-derived stromal cells can be tested in the nearby

future in human clinical trials for spinal cord injury.

However, both patients and clinicians must agree that a

perfect restoration of the original anatomy of the spinal cord

may not be the ultimate aim at the moment. Indeed,

restoration of a limited amount of nerve tracts can already

have a dramatic impact on quality of life of a spinal cord

patient.48 Walking again should not be the main objective,

rather a normal bladder and bowel function and restored

sexual function must be pursued.49 In addition, the only

modest improvement of physical activity will be enough to

have dramatic impact on general cardiovascular health of

the patient and to prevent complications, such as decreased

bone mineral content, decubitus and urological complica-

tions.50
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