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Abstract

Summary: Due to the varied and numerous changes in spinal cord tissue following injury, successful
treatment for repair may involve strategies combining neuroprotection (pharmacological prevention of
some of the damaging intracellular cascades that lead to secondary tissue loss), axonal regeneration
promotion (cell transplantation, genetic engineering to increase growth factors, neutralization of inhibitory
factors, reduction in scar formation), and rehabilitation. Our goal has been to find effective combination
strategies to improve outcome after injury to the adult rat thoracic spinal cord. Combination interventions
tested have been implantation of Schwann cells (SCs) plus neuroprotective agents and growth factors
administered in various ways, olfactory ensheathing cell (OEC) implantation, chondroitinase addition, or
elevation of cyclic AMP. The most efficacious strategy in our hands for the acute complete transection/SC
bridge model, including improvement in locomotion [Basso, Beattie, Bresnahan Scale (BBB)], is the
combination of SCs, OECs, and chondroitinase administration (BBB 2.1 vs 6.6, 3 times more myelinated
axons in the SC bridge, increased serotonergic axons in the bridge and beyond, and significant correlation
between the number of bridge myelinated axons and functional improvement). We found the most
successful combination strategy for a subacute spinal cord contusion injury (12.5-mm, 10-g weight,
MASCIS impactor) to be SCs and elevation of cyclic AMP (BBB 10.4 vs 15, significant increases in white
matter sparing, in myelinated axons in the implant, and in responding reticular formation and red and raphe
nuclei, and a significant correlation between the number of serotonergic fibers and improvement in
locomotion). Thus, in two injury paradigms, these combination strategies as well as others studied in our
laboratory have been found to be more effective than SCs alone and suggest ways in which clinical

application may be developed.
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INTRODUCTION

After spinal cord injury (SCI), many damaging tissue
processes are initiated that lead to secondary tissue loss.
Just a few of these changes are the release of excessive
excitatory amino acids and activation of their receptors,
excessive Ca”" entry into cells, Ca®"-stimulated activation
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of proteolytic and other degradative enzymes, cytoskel-
etal protein breakdown, oxygen free-radical release
leading to membrane damage and generation of a
number of cytokines and chemokines (1). In addition to
these changes that cause secondary tissue damage,
substances inhibitory to repair appear, inflammation
begins, a barrier to axon growth (a scar) forms,
sustenance for surviving nerve cells is diminished, and
particularly in contusion injury, large cysts form due to
tissue deterioration. Thus, to repair the cord we must
consider halting the spread of secondary tissue damage
in order to save as many neurons as possible, curb
inflammation, reduce scar formation, neutralize inhibito-
ry factors, awaken nerve cells to regrow fibers, provide
sustenance to surviving nerve cells, promote fiber growth
across the area of injury, guide growth to appropriate
areas, and enable the formation of connections. It is clear,
then, at least at this point in time, that a combination
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Table 1. Schwann Cell Transplantation Strategies De-
scribed in This Article

Authors

Transplantation Strategies (Reference Number)

Complete transection/
SC bridge model
SCs alone
SCs + OECs on either side
SCs + OECs on either side
-+ Chondroitinase
SC bridge + MEK or ERK
Genes into the reticular
formation
Contusion injury
SCs alone
SCs + D15A (neurotrophin)
SCs + rolipram + db-cAMP

Xu et al (18)
Ramon-Cueto et al (24)
Fouad et al (25)

Pearse et al (34)

Takami et al (35)
Golden et al (17)
Pearse et al (36)

strategy will be needed to address this panoply of
requirements for repair.

In the early 1900s, one of Santiago Ramén y Cajal’s
students by the name of Jorge Francisco Tello y Muiéz
placed pieces of degenerating peripheral nerve into a
lesioned rabbit cerebral cortex (2). When the tissue was
examined, they found that newly grown nerve fibers in
the cortex converged onto the pieces of peripheral nerve.
This led Ramén y Cajal to speculate that if the
environment is suitable, then central neurons will
regenerate axons. This speculation was substantiated later
by the experiments of the Aguayo team (3,4). This team
showed that, following the removal of a segment of spinal
cord and the placement of a piece of peripheral nerve into
the resulting gap, neurons in the stumps bordering the
peripheral nerve extended axons into the nerve (3).
Because by this time reliable neuroanatomical tracing
methods had been developed, this growth was shown
clearly to have occurred from the nearby central neurons.

Besides peripheral nerve, other tissues, cell types, and
matrices have been placed into sites of injury in the spinal
cord. Fetal central nervous tissue, olfactory ensheathing
cells (OECs), activated macrophages, fibroblasts that
have been engineered to generate growth factors,
embryonic stem cells, bone marrow stromal cells
sometimes transduced by viruses to secrete growth
factors, progenitor cells, and collagen have been used
(for examples, see references 5-8). Schwann cells (SCs)
taken from peripheral nerve also have been used
following SCI, and it is primarily our SC studies that will
be described in this article (for review, see references 9—
12) (Table 1).

Everywhere in the peripheral nervous system, SCs
surround axons, either by forming myelin around single
axons or ensheathing thinner axons with their cytoplasm.
When a peripheral nerve is cut or damaged, each nerve
fiber degenerates quickly beyond the damage but the
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SCs remain within their tunnels of basal lamina and
matrix. These tunnels, named bands of Blingner, survive
and are the areas into which regenerating axons grow. It
has been known for sometime that it is the SCs that
promote the regeneration of axons in peripheral nerve.
They produce growth factors and extracellular matrix
components that aid in fostering this regeneration, they
myelinate (13) and ensheathe axons in the central
nervous system (CNS), and following demyelination,
they are able to restore axonal conduction (10). They are
readily accessible in that they can be obtained from a
piece of peripheral nerve from rats or humans and then
generated in very large numbers in tissue culture, and
they can be genetically engineered to produce larger
amounts of growth factors than they ordinarily do (14—
17). An appealing aspect of SCs is the possibility of
autologous transplantation; they can be obtained from a
piece of peripheral nerve from a person with SCI,
generated in very large numbers in culture, and then
be available for transplantation into that person’s area of
SCI. The SCs to be transplanted can be added to fibrin or
Matrigel (BD Biosciences, San Jose, CA) that then gels
into a solid cable to be placed between the stumps of a
transected spinal cord. We have placed these SC cables
into polyvinylchloride/polyacrylonitrile polymer channels
that hold the severed stumps of the spinal cord and the
intervening cable in place (18).

The Complete Transection/SC Bridge Model

The first injury model that we studied was placement of
an SC cable at the rostral stump or between the
completely severed stumps of thoracic spinal cord from
female Fischer rats (18,19). The advantage of complete
transection is that the question of spared and sprouted
fibers is eliminated, allowing identification of regenerated
axons with certainty. Two million SCs or more, depend-
ing upon the length of the transection gap, were drawn
into a polymer tube with Matrigel and kept in culture
medium overnight while the Matrigel gelled. A gap was
created by completely transecting the spinal cord at T8,
stumps were inserted into each end of the channel, and
the rats were maintained for at least 1 to 2 months. Upon
removal of the cord with the SC bridge and polymer
channel from the animal, it was seen that there was
excellent union of the ends of the SC bridge with the
stumps of the spinal cord (18). When sectioned and
immunostained for axons, many axons were observed to
extend from the spinal cord stump into the SC bridge.
Those axons appeared thicker because they had been
fasciculated by the SCs. In cross sections of the SC bridge,
the appearance was that of peripheral nerve because the
SCs had myelinated the axons that had grown into the
bridge and also ensheathed nonmyelinated axons
(18,19). In this thoracic transection model utilizing
implanted SCs, axons grew onto the SC bridge from
both stumps, with a mean of 2,000 myelinated axons and
8 times more nonmyelinated, ensheathed axons (18).
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This regenerative response, while promising, was
deficient in that there was scar formation at the interface
with the spinal cord including accumulation of chon-
droitin sulfate proteoglycans (20), the response of brain
stem neurons was minimal, and the regenerated axons
did not leave the bridge to enter spinal cord territory.
These observations led us in the 1990s to realize that a
combination strategy will be required. It is worthy of note
that Ramon y Cajal (2) speculated that to repair the CNS,
adequate alimentation (growth factors) and specific
orienting substances (guidance molecules) must be
provided. This was undoubtedly the first suggestion of
a combination strategy. Not only should a combination
strategy be considered because of the multifarious
interventions needed to counteract so many of the
damaging processes initiated after SCI, but also, if SCs
are to be used, additional interventions are needed for
efficacious repair.

Combinatorial Strategies: A number of combination
strategies have been tested in this complete transection
model: (a) SCs with methylprednisolone (21), (b) SCs
plus brain-derived neurotrophic factor (BDNF) and
neurotrophin-3 (NT-3) infused around the SC bridge
(22), (c) SCs transduced to secrete BDNF implanted into
the lesion site and in a trail caudal to transection (14), (d)
BDNF- and NT-3-AAV injected into the cord beyond the
bridge (23), and implantation of SCs plus OECs (24) and
SCs plus OECs plus chondroitinase (25). All these
combination strategies led to improved outcomes
compared with the implantation of SCs alone: more
myelinated axons were present on the bridge, there was
an increase in regenerated axons from brain stem
neurons onto the bridge, and some regenerated axons
exited the bridge to grow back into the cord. Also, an
improvement in locomotion was seen in some studies. An
increase in regenerated axons from the brain stem
neurons onto the bridge indicated that a distance factor
had been overcome to some extent. For example, in
work from the Aguayo laboratory (26), a piece of
peripheral nerve inserted into the lower cord induced
only a few brain stem neurons to extend axons into the
nerve. There was a significantly improved response,
however, if the piece of nerve was inserted into the cord
at low and, particularly, at high cervical levels.

We have used OECs in some of the combination
therapies. These cells have sparked the interest of CNS
regeneration investigators because of their location in the
body. These cells are found in the olfactory mucosa in the
nose, in olfactory nerves spanning the area between the
periphery and the CNS, and in the olfactory bulb. It is in
these areas that neurite growth continues throughout life
because of the death and birth of sensory neurons in the
olfactory mucosa, necessitating continuing axonal
growth from the mucosa to the olfactory bulb. There
have been numerous studies using these cells for
implantation into the CNS (for reviews, see references
10,12,27-31). They have been found to reduce scar
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formation, diminish cavitation following contusion injury,
promote SC migration into the area of injury, support
axon regeneration, and in some cases, myelinate axons.
In our work, we found that they enabled axons to leave
the SC bridge to grow into the spinal cord (24). They also
have been found to improve function (for reviews, see
references 10,12,27-31). From the SC standpoint, these
cells are not as readily accessible, large numbers are not
as able to be generated in culture, and in our hands, they
do not survive well in the contusion lesion milieu (32).

A number of the combination intervention studies
that we have performed involved implanting OECs on
either side of an SC implant (24,25,32). In the study by
Ramon-Cueto and colleagues (24), findings included the
following:

1. 5HT-positive fibers severed at the rostral stump were
present beyond the complete spinal cord transaction/
SC bridge in the spinal cord. These fibers appeared to
prefer the OEC-fibroblast environment on the outside
of the polymer channel over the OEC-SC environment
inside the channel.

2. Following an injection of the tracer HRP-WGA (Vector
Labs, Burlingame, CA) rostral to the SC bridge, labeled
fibers extended through the bridge and into the cord
caudal to the SC bridge. It was striking that none of
these were seen in the transected SC-bridged animals
lacking OEC implantation.

3. There were labeled neurons in the lumbar cord
suggestive of regrowth of fibers at the caudal
interface, through the SC bridge, and across the
rostral interface to pick up the tracer at level C7. If this
was the case, then there was axonal regeneration of at
least 2.5 cm.

Another combination strategy, built upon the tran-
sected cord/SC bridge/OEC implantation study (24),
included administering an enzyme, chondroitinase ABC
(cABC), at the rostral and caudal interfaces (25). The goal
was to provide a permissive substratum for axonal growth
(SC bridge), enable exit of regenerated axons from the
bridge into the cord (OEC implantation at either end of
the bridge), and reduce the chondroitin sulfate proteo-
glycans at the SC bridge/cord interfaces. Two microliters
of 10 ng/mL enzyme were delivered every other day to
both interfaces for 4 weeks (Figure 1). Appropriate
immunostaining showed that chondroitin sulfate proteo-
glycan was indeed reduced. Locomotion was improved,
and the BBB test revealed significant improvement both
between the grafted and the control (Matrigel only)
animals and also between the grafted and the grafted-
plus-enzyme-treated animals (2.1 = 0.7 vs 6.6 = 0.7;
revealing extensive movement of an additional joint in the
hind limb). The significant difference began at 7 weeks. A
significant improvement also was seen in forelimb/hind
limb movement coupling. Serotonergic fibers on the
bridge and caudal to it were significantly increased with
the grafting and enzyme treatment. The number of
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Figure 1. Combination strategy of SC implantation as a bridge spanning a complete gap in the spinal cord, injection of
OECs into the spinal cord stumps on either side of the bridge, and administration of cABC at both rostral and caudal bridge/
cord interfaces. (A) The order in which the experimental steps were performed. (B) lllustration of the significant increase in the
BBB scores between the control animals (Matrigel only) and the grafted and grafted-and-enzyme-treated groups. The dots
represent scores of single animals. **The double asterisk indicates significance at P < 0.01. (C) The BBB scores of control and
cABC-treated animals start to differ significantly at 8 weeks after injury. *The asterisk indicates significance at P < 0.05. (D)
lllustration of the greater density in the bridge tissue due to a greater number of SC-myelinated axons after digestion of
chondroitin sulfate proteoglycans with cABC; the number of SC-myelinated axons is tripled in the grafted-and-enzyme-
treated group compared with the control group (E) (scale bar, 150 um; 12 weeks postinjury). **The double asterisk indicates
significance at P < 0.01. (F) There was a significant correlation (r? = 0.63) between functional recovery and the number of
myelinated axons. *The asterisk indicates significance at P < 0.05. **The double asterisk indicates significance at P < 0.01.
From Fouad et al (25).

myelinated axons in the bridge was tripled in the grafted- A new paradigm that was investigated in the rat
plus-enzyme-treated animals compared with control  thoracic complete transection/SC bridge model is inter-
animals. A significant correlation was found between the ~ Vention at the neuronal soma as well as at the injury site
number of myelinated axons in the bridge and functional (34). Our novgl objective was to ‘stimulate th‘e .grov‘vth
recovery. A follow-up study (33) demonstrated that not factor MAP kinase pathway without administering

. i . growth factors. Constitutively activated MEK and ERK
only are raphespinal fibers found caudal to the SC bridge, genes were introduced into the reticular formation by

but also that axons from additional brain stem areas  means of adeno-associated (AAV) viral vectors. Viruses
(vestibular nuclei and reticular formation) reach regions carrying GFP genes were injected with and without
caudal to the bridge. constitutively activated MEK and ERK. The GFP label and
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myc tag enabled detection of a high transduction rate.
Viruses were injected into both sides of the brain 2 weeks
before transection and the placement of the SC bridge.
By 7 weeks, the BBB scores of the MEK- and ERK-treated
animals began to diverge from those of the GFP-only
animals, ending with a difference of 6.5 = 0.3 or
7.0 = 0.3 vs 4.8 £ 0.5 by 9 weeks after implantation.
Green axons were counted at the rostral cord/bridge
interface, in the bridge, near the caudal interface, and
beyond. A mean of more than 250 green axons was
found in the center of the bridge and a smaller number
was found beyond the bridge when the animals received
AAV/GFP plus AAV/MEK or AAV/ERK viruses; no green
axons were observed in the bridge in the AAV/GFP-
injected rats.

The Contusion/SC Implantation Model

SCs also have been transplanted into contusion injuries
induced in adult thoracic rat spinal cord. The rat
contusion injury model is highly relevant to injury in
the human spinal cord; large cavities are found in both
species following contusion. Following moderate/severe
contusion injury (12.5 mm, 10 g weight, MACSIS
impactor) and SC injection into the contusion site at 7
days, the expected large cavities are not visible or are
substantially reduced weeks later (32,35-37). SCs signif-
icantly improve tissue sparing compared with injection of
culture medium only into the contusion site and lead to
higher numbers of myelinated axons in the implant (35).
With the injection of medium, there is a mean of more
than 2,000 myelinated axons in the implant, undoubt-
edly due to the migration of endogenous SCs into the
lesion site. With the injection of SCs, the mean is
increased to more than 5,000 myelinated axons. When
retrograde labeling is performed by injecting tracer
beyond the caudal interface of the graft with the cord,
neuronal somata of the fibers that reach the tracer can be
counted to detect the numbers of fibers present caudal to
the lesion. There is a significant increase in labeled
neuronal somata in both the spinal cord and brain stem,
indicating that there are more fibers below the lesion site
after SC implantation compared with injection of
medium. Because there may be some spinal cord tissue
retained around the cord periphery after contusion
injury, a clear distinction between spared, sprouted,
and regenerated fibers cannot be made. Thus, the
increase in fibers that we observed caudal to the lesion
may be due to sparing, sprouting from spared fibers, or
regrowth through or around the implantation site into
the caudal spinal cord. There is a modest improvement in
the BBB score. In sum, in this thoracic contusion model
following SC injection, there is a significant obliteration of
or reduction in cyst formation, increased tissue sparing,
support of axonal growth into the graft, significant
improvement in axon sparing and/or growth of spinal
and supraspinal axons beyond the graft, and modest
improvement in locomotor function (35).
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Combinatorial Strategies: Combination strategies also
have been tested in this contusion model, one of them
being the transduction of SCs ex vivo with the DT5A
gene introduced by either lentiviral (LV) or adenoviral
(AdV) vectors (17). D15A is a modified NT-3 molecule
that activates both trk B and C receptors, thus leading to
both BDNF and NT-3 activity (38); some SCs were
infected with GFP gene-containing viral vectors as
controls. The D15A secreted from the transduced SCs
was found to be bioactive in culture, and DT5A was
detected in the spinal cord after transplantation. The
extent of the implant, clearly seen due to the GFP label in
the SCs, was increased fivefold compared with the GFP-
only SCs, and the SCs were increased fivefold as well.
There was a significant increase in myelinated axon
number when D75A SCs were implanted compared with
GFP SCs; for AdV/GFP/D15A SCs, the mean exceeded
18,000, whereas the LV/GFP/D15A SCs resulted in more
than 26,000 myelinated axons in the graft. The
myelinated axon counts for nontransduced SCs or the
control AdV/GFP SCs or LV/GFP SCs were similar to the
earlier study (35), with means ranging from 4,700 to
5,100 myelinated axons. Using a method we devised to
estimate total numbers of axons, that is, myelinated and
nonmyelinated axons, we found that with the AdV/GFP/
D15A SCs, the estimated total number was 45,000, and
with the LV/GFP/D15A SCs, it was 75,000 axons. In
summary, D15A present in the SC graft led to a
significant increase in myelinated axons and total axons
and also a significant increase in serotonergic, DBH, and
CGRP fiber growth in the implant. Locomotion was not
improved, as assessed by BBB (Basso, Beattie, Bresnahan)
scoring, probably because few fibers left the implant.
Thus, the goal of the experiment, to increase fiber growth
into the implant, was accomplished, but an additional
strategy is needed to promote this growth out of the
implant.

Cyclic AMP (cAMP) levels are key for the ability of a
nerve cell to extend processes on inhibitory substances
such as myelin in culture. Neurons removed from
perinatal animals extend neurites on myelin, unlike
neurons from older animals; this switch to inhibition of
neurite regeneration coincides with a dramatic drop in
endogenous levels of cCAMP (39). This inhibition in older
neurons can be prevented by increasing cAMP levels. This
information led us to study a strategy combining a
contusion injury with SC implantation and elevation of
cAMP levels. At the time of contusion, a simultaneous (or
1-week delayed) subcutaneous infusion of a phosphodi-
esterase-4 inhibitor, rolipram, was initiated for 2 weeks
and, 1 week later, SCs were implanted and an analog of
cAMP, dibutyryl cAMP (db-cAMP), was injected in 4
places above and below the SC implant (36) (Figure 2).
The experimental groups were (1) contusion only, (2)
contusion plus rolipram immediately initiated, (3) SCs,
(4) SCs plus db-cAMP, (5) SCs plus rolipram immediately
initiated, (6) SCs plus rolipram immediately initiated plus
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Figure 2. Combination approach of SC implantation in a contusion site with elevation of cAMP. (A) Indicates the steps in the
experimental protocol. (B) The left column presents photomicrographs of injured control spinal cord (injected with culture
medium only) from which counts of spared oligodendrocyte-myelinated axons were obtained as an indicator of white matter
sparing. The column on the right shows images of implants from the acute rolipram/SC implant/db-cAMP group; the typical
cavitation is no longer seen, and more central myelinated axons are visible than on the left (scale bars, 250um, 50 um). The
grafts at the bottom show that there were significantly more central myelinated axons in rolipram groups and that the
estimated highest total number of axons was observed in the acute rolipram/SC implant/db-cAMP group. *The asterisk
indicates significance at P < 0.05, **The double asterisk indicates significance at P < 0.01. (C) llustration of
immunostaining for SCs (red) and for 5HT-positive fibers (green); the fibers are prominent in the implant from an acute
rolipram/SC implant/ db-cAMP-treated animal (right) but are absent in the SC-implanted-only animal (left). (D) The highest
BBB scores were observed for the acute rolipram/SC implant/db-cAMP group. *The asterisk indicates significance at P < 0.05,
**The double asterisk indicates significance at P < 0.01. (E) Significantly fewer footfall errors on a gridwalk were found in the
rolipram groups. Uninjured control (gray), injured-only control (white); acute rolipram (black); SC-only implant (green); SC
implant/db-cAMP (tan), acute rolipram/SC implant (yellow); acute rolipram/SC implant/db-cAMP (blue); and delayed
rolipram/SC implant/db-cAMP (violet). Eleven weeks post injury. *The asterisk indicates significance at P < 0.05. **The
double asterisk indicates significance at P < 0.01. From Pearse et al. (36).
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db-cAMP, and (7) SCs plus rolipram initiated at 1 week
plus db-cAMP. Levels of cAMP fall after injury, but if
rolipram is initiated immediately, that drop is prevented
and the db-cAMP injection increases levels to above those
found normally. Thus, we were assured that levels of
cAMP were raised by the administration of rolipram and
injection of db-cAMP.

Tissue sparing was assessed by counting central
myelinated fibers in areas that had remained intact in
the periphery of the cord after the injury (36). In the
groups that received rolipram (group 2), rolipram plus
SCs (group 5), or rolipram immediately plus SCs and db-
cAMP (group 6), sparing was improved significantly
(doubling of central myelinated axon number). SC-
myelinated axons in the implants were increased 2.5-
fold (groups 3 vs 6); the estimated total number of axons
was 40,000 in group 6 compared with 10,000 in group
3. Retrograde tracer introduced caudal to the lesion/
implant labeled the neuronal somata of those fibers that
reached that level. Counting the labeled neuronal somata
in the reticular formation, raphe nuclei and red nuclei
revealed a significant increase in fibers from those areas
beyond the lesion/implant in all groups receiving
rolipram. Thus, there were increased numbers of fibers
present below the area of the lesion/implant from at least
these 3 brain stem nuclei. In the case of raphe nuclei,
there was an additional significant increase in labeled
neuronal somata in the acute rolipram/SC/db-cAMP
group compared with animals receiving rolipram/SCs.
The implants in the acute rolipram/SC/db-cAMP animals
also contained a significantly higher number of seroto-
nergic fibers, and serotonergic fibers extended beyond
the implant as well. BBB testing revealed a significant
improvement from 10.4 plus or minus 1.2 in the control
animals to 15.0 plus or minus 0.9 (indicative of fore limb/
hind limb coordination) in the animals receiving the
acute triple treatment. A significant correlation was found
between the BBB score and the number of serotonergic
fibers in the graft and also caudal to the graft. Footprint
analysis revealed less foot exo-rotation and improved
base of support in the animals receiving rolipram. The
gridwalk analysis showed significantly fewer foot mis-
steps, particularly in the rolipram/SC and the acute triple
treatment groups. In conclusion, we were able to raise
the levels of cCAMP in the spinal cord (as well as in the
brain stem) after injury. There was significant improve-
ment in lateral white matter sparing, number of
myelinated axons in the grafts, serotonergic fiber growth
into SC grafts and beyond, number of axons (including
from supraspinal neurons) beyond the lesion/implant,
and functional hind limb recovery (estimated to be up to
70% improvement). The best results were observed with
the full triple treatment started acutely.

In sum, in our work with SCs, there is no doubt that a
combinatorial approach improves outcome following
SCI. Studies in other laboratories are reaching similar
conclusions. To cite one example, Lu et al (40) observed
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that the combined preconditioning stimulus of injecting
db-cAMP into sensory neuronal ganglia before lesioning
sensory axons in the cervical spinal cord and then
injecting NT-3 into a graft of bone marrow stromal cells
and into the spinal cord beyond the lesion/graft site
resulted in axonal regeneration not only into, but also
beyond, the lesion; growth beyond the lesion did not
occur with cAMP or NT-3 administration alone. Because
there has been substantial progress in testing promising
strategies for spinal cord repair, the question is what
combination therapy will be most efficacious. An initial
intervention to curb the secondary loss of tissue will be
key. In addition, subsequent interventions may be cellular
bridges to span cavities in the spinal cord, with possible
genetic engineering of the cells to generate additional
growth factors, modification of the inflammatory re-
sponse and scarring, and neutralization of factors
inhibitory to axonal growth. The third, and equally
important therapeutic strategy, will be rehabilitation to
maximize the effect of the earlier regimens.
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