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Abstract Axonal regeneration is inhibited by a plethora of
different mechanisms in the adult central nervous system
(CNS). While neurotrophic factors have been shown to
stimulate axonal growth in numerous animal models of
nervous system injury, a lack of suitable growth substrates,
an insufficient activation of neuron-intrinsic regenerative
programs, and extracellular inhibitors of regeneration limit
the efficacy of neurotrophic factor delivery for anatomical
and functional recovery after spinal cord injury. Thus,
growth-stimulating factors will likely have to be combined
with other treatment approaches to tap into the full potential
of growth factor therapy for axonal regeneration. In addition, the temporal and spatial distribution of growth factors
have to be tightly controlled to achieve biologically active
concentrations, to allow for the chemotropic guidance of
axons, and to prevent adverse effects related to the widespread distribution of neurotrophic factors. Here, we will
review the rationale for combinatorial treatments in axonal
regeneration and summarize some recent progress in promoting axonal regeneration in the injured CNS using such
approaches.
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Introduction
In vitro and in vivo studies conducted over the last 30 years
have identified several key issues that need to be considered
to improve axonal regeneration in the adult mammalian
central nervous system (CNS) (Table 1). There is ample
evidence that axon growth-inhibitory molecules present in
the adult injured CNS contribute to an unfavorable environment for axonal regeneration (Silver and Miller 2004; Xie
and Zheng 2008). Glial and inflammatory reactions after
injury further add to the adverse milieu of the injured spinal
cord and diminish the prospects for axonal regeneration
(Bethea and Dietrich 2002; Fitch and Silver 2008;
Popovich and McTigue 2009). Molecules and guidance cues
present in the developing nervous system are not preserved
throughout adulthood or have different functions, resulting
in an insufficient stimulation of axonal growth and limited
means to direct axons towards appropriate targets (Giger et
al. 2010). Neuronal and glial cell death at a site of injury
cannot be easily replenished from the intrinsic neural stem
cell pool, and cystic degeneration resulting in the formation
of fluid-filled cavities at sites of spinal cord injury (SCI)
requires the provision of a substrate for axons to bridge
across a lesion site. Finally, differentiated neurons in the
adult CNS do not activate transcriptional programs that are
adequate and sufficiently sustained to allow for regeneration
to occur.
No single experimental treatment can tackle all of these
factors and will therefore be limited in its efficacy to augment axonal regeneration. During development and axon
regeneration in the injured peripheral nervous system
(PNS), multiple mechanisms interact to contribute to efficient and controlled axonal growth. Physical guidance by
appropriate cellular orientation and provision of a growthpermissive extracellular matrix clearly contribute to directed
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Table 1 Selected combinatorial therapies for axonal regeneration after experimental spinal cord injury
Axonal population

Cell soma
stimulation

Substrate at the
lesion site

Neutralization
of inhibition

Growth
factor

References

Serotonergic, noradrenergic,
and corticospinal axons

-

E14 Fetal graft

-

BDNF +/− NT-3,
NT-4 protein
NT-3/BDNF
infusion
-

Bregman et al. 1993

Serotonergic propriospinal,
vestibulospinal, reticulospinal,
raphaespinal, and other
bulbospinal axons
Serotonergic axons

Coumans et al. 2001

-

Schwann cells +
olfactory
ensheathing cells

ChABC

cAMP +
rolipram

Schwann cells

cAMP +
Rolipram

-

Dorsal column sensory axons

cAMP

-

NT-3 protein

Dorsal column sensory axons

Conditioning
lesion

Bone marrow
stromal cells
Bone marrow
stromal cells

-

NT-3 lentivirus

Reticulospinal, raphaespinal,
rubrospinal, coeruleospinal,
and propriospinal axons
Descending axons

-

Peripheral nerve
graft

ChABC

-

Alto et al. 2009;
Blesch et al. 2012;
Kadoya et al. 2009
Houle et al. 2006

-

ChABC

GDNF infusion

Tom et al. 2009

Corticospinal and serotonergic
axons

-

Peripheral nerve
graft
Neural stem cells

ChABC

Karimi-Abdolrezaee
et al. 2010

Serotonergic axons

Fetal graft

Rolipram

Transplanted DRG neurons

Rolipram
(cAMP)
-

EGF + bFGF +
PDGF-AA
infusion
-

ChABC

NT-3 lentivirus

Massey et al. 2008

Serotonergic axons

-

-

NT-3 protein

Lee et al. 2010

Rubrospinal axons

LiCl-induced
suppression
of GSK-3β/
upregulation
of
Bcl-2
-

-

Thermo-stabilized
ChABC/trehalose
ChABC

-

Yick et al. 2004

ChABC

-

Alilain et al. 2011

Serotonergic and descending
bulbospinal axons

Peripheral
nerve graft

axonal extension. In both circumstances, neurons have an
intrinsically high capacity for axonal growth based either on
their developmental status (Blackmore et al. 2010; Moore et
al. 2009) or on the initiation of appropriate changes in gene
expression (Michaelevski et al. 2010). At the axon tip,
growth is also stimulated by levels of growth factors higher
than those present in the adult CNS, and expression patterns
of growth factors are tightly regulated in a spatial and
temporal manner. Thus, in both situations, multiple mechanisms act synergistically to result in significant axonal
growth. The above-mentioned examples from development
and PNS injury, and the empirical evidence about limited
effects of single treatments on axonal regeneration in the
injured spinal cord, corroborate a need to address more than
one factor in axon regeneration failure. In this review, we
aim to summarize recent data on regeneration, sprouting,

Fouad et al. 2005;
Vavrek et al. 2006

Pearse et al. 2004
but see Sharp et al.
2010
Lu et al. 2004

Nikulina et al. 2004

and plasticity of injured axons following SCI. We will focus
on studies that have combined means to stimulate axonal
growth, including neurotrophic factor delivery, cellular
grafts, neutralization or digestion of growth-inhibitory molecules, and activation of the intrinsic growth capacity of
injured neurons.

Bridging the lesion site
The significance of the environment for adult CNS regeneration became for the first time clearly evident in a landmark
study by Aguayo and colleagues, showing that brainstem
and spinal cord neurons can extend axons into an implanted
peripheral nerve graft (David and Aguayo 1981; Richardson
et al. 1980). At the same time, these studies also demonstrated
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that adult neurons in the CNS retain some capacity for regeneration if they are provided with a favorable milieu, challenging earlier beliefs that these neurons completely lack the
ability to activate any intrinsic regenerative program.
These studies stimulated the search for a cellular or
acellular matrix that could mimic some aspects of a peripheral nerve graft or provide an even superior environment.
Cellular grafts comprised of fibroblasts, bone marrow stromal cells (Ankeny et al. 2004; Hofstetter et al. 2002),
Schwann cells (Li and Raisman 1994; Tuszynski et al.
1998; Weidner et al. 1999; Xu et al. 1997, 1995, 1994),
olfactory ensheathing cells (Li et al. 1997; Lu et al. 2006;
Ramon-Cueto et al. 2000; Ramon-Cueto and NietoSampedro 1994; Richter and Roskams 2008), stem cells
(Lepore and Fischer 2005; Lu et al. 2003; Pfeifer et al.
2004), and embryonic tissue (Bregman et al. 1993; Mori et
al. 1997; Stokes and Reier 1992; Tessler 1991; Tessler et al.
1997) are some of the cellular substrates that have been
examined in this context (Tetzlaff et al. 2011). However, a
uniform cellular graft lacks important aspects found in the
regenerating PNS. Upon injury in the PNS, profound
changes in the expression patterns of neurotrophic factors
can be observed, changes which have proven critical to
successful peripheral nerve regeneration by studies using
knockout animals and neutralization of growth factors
(English et al. 2005; Geremia et al. 2010; Zhang et al.
2000; Zhong et al. 1999). Schwann cells upregulate expression of nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), glial cell line-derived neurotrophic
factor (GDNF), ciliary neurotrophic factor (CNTF), and
other growth factors in particular in the distal nerve stump,
resulting in chemotropic growth factor gradients. Upon reinnervation of the distal nerve, expression of growth factors
declines (Funakoshi et al. 1993; Heumann et al. 1987;
Naveilhan et al. 1997; Sendtner et al. 1992; Trupp et al.
1997). When grafted into the injured spinal cord, available
data support that a peripheral nerve may retain patterns of
neurotrophic factor upregulation observed after PNS injury,
whereby NGF levels exhibit two peaks, immediately at the
time of injury and some days following the injury, while
BDNF levels gradually increase and peak at later time points
(Kuo et al. 2011; Meyer et al. 1992). Thus, a regulated
spatial and temporal expression pattern of growth factors
contributes to effective and rapid regeneration in the PNS.
Studies combining cell transplantation with neurotrophic
factors using genetically modified cells have aimed to mimic some components of the growth-promoting environment
of the PNS. Indeed, robust axonal growth into cellular transplants can be induced by neurotrophic factor production
from grafts of genetically engineered cells. In summary,
NGF and GDNF can induce growth of peptidergic and
non-peptidergic nociceptive axons, respectively (Blesch
and Tuszynski 2003; Tuszynski et al. 1996), growth of
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reticulospinal, raphaespinal, rubrospinal and propriospinal
axons is augmented by BDNF and NT-4/5 (Blesch et al.
2004; Liu et al. 1999; Lu et al. 2005; Menei et al. 1998), and
NT-3 enhances growth of ascending sensory axons
(Bradbury et al. 1999; Taylor et al. 2006). NT-3 delivery
in the injured spinal cord also induces sprouting of corticospinal axons (Blits et al. 2000; Fortun et al. 2009; Grill et al.
1997; Schnell et al. 1994; Zhou et al. 2003). While studies
on cellular growth factor delivery indicated substantial
growth responses for many axonal populations into the
lesion site, corticospinal axons failed to penetrate most
cellular grafts examined to date. Instead, corticospinal axon
sprouting was mainly observed in remaining gray matter in
partial lesion models. Given the importance of corticospinal
projections in fine motor control in humans and primates,
the quest for an appropriate substrate for the corticospinal
tract therefore remains a high priority.
Equally importantly, axons responding to cellular delivery of neurotrophic factors rarely exit cellular grafts to
regenerate across the lesion site, limiting the usefulness of
this approach. Only when growth factors are delivered beyond the lesion site in combination with cell or tissue
transplantation have regenerating axons been shown to
bridge across a site of SCI (see below).

Guidance and directional growth of regenerating axons
After injury in the PNS, a regulated spatial and temporal
expression pattern of neurotrophic factors contributes to
successful regeneration through context-dependent survival,
growth, and guidance signaling. Numerous studies have
described the neurotrophin family, consisting of NGF,
BDNF, NT-3, and NT-4/5, and their tyrosine kinase receptors TrkA, -B, and -C and the low-affinity p75 neurotrophin
receptor, which are integral to regenerative processes (Boyd
and Gordon 2003; Cui 2006). Upon neurotrophin binding to
their appropriate Trk receptor along the axon, the activated
complex is endocytosed and retrogradely transported via
microtubule/dynein machinery to the cell soma to propagate
signaling cascades that underlie neuronal survival and
growth (Neet and Campenot 2001). In addition to promoting
neuronal survival, neurotrophins are also strong stimulators
of axonal growth, specifically when receptors in the axon tip
are activated (Campenot 1982; Kimpinski et al. 1997; Zhou
and Snider 2006). Neurotrophin stimulation at the growth
cone can also induce chemotropic guidance, in vitro
(Gundersen and Barrett 1979) and in vivo in the PNS (Hu
et al. 2010) and CNS (Alto et al. 2009; Taylor et al. 2006).
Assuming that injured axons in the CNS are as responsive to growth factor gradients, as they are during PNS
regeneration, delivery of growth factors only into the SCI
lesion site may actually prevent axons from exiting the

30

lesion site and reentering the distal host spinal cord. Indeed,
studies examining growth factor-expressing cellular grafts
have rarely reported axon growth across the lesion site. Only
if neurotrophin delivery is modified such that a growth
factor gradient is established with highest concentrations
beyond the lesion site, can axons bridge a site of SCI and
reenter the host spinal cord. This was demonstrated using a
combination of bone marrow stromal cell grafts at the lesion
site and lentiviral NT-3 gene transfer distal to a spinal cord
lesion site, allowing for ascending dorsal column sensory
axons to extend across a lesion site (Taylor et al. 2006). In
contrast, delivery of NT-3 only within the lesion leads to
growth into but not beyond a lesion in the injured spinal
cord (Lu et al. 2003). Similarly, transplanted dorsal root
ganglion (DRG) neurons can cross a lesion in the corpus
callosum towards a viral NGF source (Jin et al. 2008).
Regeneration and guidance of sensory axons across the dorsal
root entry zone has also been demonstrated towards areas of
highest neurotrophin expression (Romero et al. 2000). These
responses can be further refined by combining chemoattractive and chemorepulsive guidance cues, thereby restricting the
reinnervation pattern of sensory axons in the spinal cord or
directing the growth of transplanted DRG neurons (Tang et al.
2004; Ziemba et al. 2008). Taken together, these studies
support the hypothesis that injured adult neurons can respond
to growth-promoting and growth-inhibiting guidance factors
during axonal regeneration. By combining appropriate substrates with gradients of attractive and repulsive cues, more
directed axonal growth can be achieved.
Directional growth of axons has also been demonstrated
for grafts of neural precursors. Upon grafting a mixture of
embryonic neural- and glial-restricted precursors into a spinal cord lesion site, axons originating from grafted neurons
extend preferentially towards a source of BDNF established
by lentiviral gene transfer (Bonner et al. 2010). If progenitor
grafts are close to the dorsal column nuclei, they can form
synapses and serve as a relay for injured dorsal column
sensory axons (Bonner et al. 2011).
In addition to an appropriate spatial distribution of
growth factors, the temporal availability of axon growthpromoting stimuli might be equally important. Cellular
growth factor delivery in a lesion site has the potential to
increase the pool of axons available to extend from a lesion
into the distal spinal cord, but continuous expression in a
lesion site certainly does not promote axonal growth into the
inhibitory environment present beyond the lesion site. On
the contrary, long-term overexpression of neurotrophic factors by genetically modified cells can lead to a gradual
increase in graft size at least partially due to the invasion
and proliferation of Schwann cells (Blesch and Tuszynski
2003; Blesch et al. 2004). Experiments with regulated neurotrophic factor expression further indicate that high levels
of trophic factors are only necessary to induce growth into a
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lesion, whereas low levels are sufficient to sustain axons that
have extended into a cellular graft (Blesch and Tuszynski
2007). Clearly, there is an urgent need for efficient and safe
means to regulate neurotrophic factor expression for axonal
regeneration in vivo or, alternatively, vectors that automatically turn off within a defined time period due to epigenetic
silencing.
Approaches to reproduce the physical guidance properties found in the PNS have also been described in recent
years using different forms of biomaterials. Cellular grafts
lacking orientation and alignment of grafted cells along the
longitudinal axis of the spinal cord result in randomly directed axonal growth, thereby effectively limiting the size of
a lesion that axons can successfully bridge. This is of particular importance when translating findings to the injured
human spinal cord. The larger extent of lesions in the
injured human spinal cord will require axons to bridge over
significantly longer distances than any rodent studies have
shown to date. Increasing the distance and rostro-caudal
orientation of axonal growth therefore remains an important
objective for translating axonal regeneration in the foreseeable future. Using linear scaffolds with defined pore sizes
that can be filled with a cellular substrate, a more directional, linear axonal growth pattern can be achieved (Prang et al.
2006; Stokols et al. 2006; Straley et al. 2010). When combined with neurotrophin gene transfer, the vast majority of
axons entering a scaffold can extend throughout this bridge
and are found to exit distally (Gros et al. 2010). The latter
study also activated a regenerative program in injured neurons, as discussed below.

Activating cell body responses to injury
Upon injury in a distal axon segment, a retrograde signal
travels for extended distances (possibly more than 1 m),
manifesting in responses in injured neuronal cell bodies
(Hanz et al. 2003). This response has marked influence on
the success or failure of axon regeneration. It can involve
substantial, long-term changes in the expression of
thousands of genes until target innervation is achieved
(Costigan et al. 2002; Goldberg et al. 2002; Michaelevski
et al. 2010; Stam et al. 2007; Xiao et al. 2002) or it can lead
to cellular atrophy (Kwon et al. 2002), or, in the worst case,
to neuronal cell death (Giehl and Tetzlaff 1996). The latter
was initially thought to be prominent in corticospinal motor
neurons after SCI. However, more recent studies have indicated that corticospinal neurons do not die but become
atrophic (Brock et al. 2010; Nielson et al. 2011), a reaction
that has also been observed for neurons in the red nucleus
following spinal cord lesions (Kobayashi et al. 1997).
Preventing neuronal atrophy and activating regenerative
programs in injured neurons might be a prerequisite for
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long-distance axonal regeneration. One of the most characterized systems for the activation of regenerative programs in
injured neurons is the sensory system and so-called conditioning lesions (Richardson and Issa 1984). If the central branch of
dorsal column sensory axons is injured in the spinal cord,
regeneration and sprouting does not occur. However, if a lesion
of the peripheral branch precedes lesions of the central branch,
neurons are pre-conditioned, and axons activate a regenerative
program. This results in sprouting into or around a spinal cord
lesion site or into a peripheral nerve graft (Neumann and Woolf
1999; Richardson et al. 1984). The signaling cascades leading
to the activation of this regenerative program remain incompletely understood, but increases in intracellular second messengers, modulation of cytoskeletal signaling, and
upregulation of cytokines and growth factors have been implicated in this response. In particular, elevation of cAMP (Cai et
al. 2001; Gao et al. 2004; Hannila and Filbin 2008; Lu et al.
2004; Neumann et al. 2002; Qiu et al. 2002), suppression of
Rho signaling or constitutively activated growth cone components (Dergham et al. 2002; Jain et al. 2011), and activation of
stat3 via neuropoetic cytokines (IL-6/LIF/CNTF) (Cafferty et
al. 2004; Cao et al. 2006; Qiu et al. 2005; Wu et al. 2006) seem
to play major roles in enhancing growth in an inhibitory CNS
environment. Whereas a conditioning lesion preceding a central lesion has been clearly shown to enhance localized sprouting at a lesion site, a more significant effect is apparent when
combined with neurotrophic factors to stimulate axonal
growth. Provision of bone marrow stromal cells in a dorsal
column lesion site, combined with lentiviral NT-3 gene transfer
rostral to the lesion site and a conditioning lesion, increases the
number and distance of sensory axons bridging across the
lesion site (Alto et al. 2009). Enhanced growth of sensory
axons in such a combination is also observed if preconditioning lesions are replaced by elevations of cAMP (Lu
et al. 2004), although it is likely that cAMP is only partially
responsible for effects observed after conditioning lesions.
Importantly, even if peripheral neurons are conditioned after
the central lesion in a chronic model of SCI, sensory axons
extend across the grafted cellular bridge into the distal host
spinal cord (Blesch et al. 2011; Kadoya et al. 2009). Although
the in vivo regenerative response is diminished compared to an
acute lesion (Blesch et al. 2011), in vitro neurite growth assays
and changes in DRG gene expression suggest that the intrinsic
growth program is equally activated.
Much less is known about the activation of regenerative
programs in CNS neurons. One of the best-studied CNS
systems in regeneration is that of retinal ganglion neurons
after optic nerve injury. Lens injury activates a signaling
cascade that enhances optic nerve regeneration, and the
mechanisms underlying this cascade have been partially
identified. Activation of stat3 via CNTF/LIF appears to be
one major factor (Muller et al. 2009). In addition, PTEN
knockout and siRNA studies in mice suggest that the
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activation of PI3-kinase and the mTOR pathway can substantially enhance optic nerve regeneration (Park et al.
2008). If activation of PI3-kinase via PTEN knockout is
combined with activation of stat3 via SOCS3 knockout,
the number and distance of regenerating axons are even
further enhanced (Sun et al. 2011). Activation of the
mTOR pathway can also enhance corticospinal sprouting
in mice, at least if it is activated prior to SCI (Liu et al.
2010). As both pathways have been shown to contribute to
the conditioning lesion effect in sensory axon regeneration,
it appears that general principles in the activation of intrinsic
regenerative programs exist.
Practical means to activate growth programs in injured
CNS neurons with projections to the spinal cord are limited,
and only a few have been identified to date. Infusions and viral
gene delivery of neurotrophins have been examined for several neuronal populations. In the red nucleus, provision of
BDNF at the cell soma has been shown to ameliorate neuronal
atrophy even at chronic time points up to 1 year post-lesion
(Kwon et al. 2007; Kwon et al. 2002; Ruitenberg et al. 2004).
In addition, BDNF also increases expression of regenerationassociated genes, like alpha-tubulin and GAP43 (Kobayashi et
al. 1997), promoting growth of rubrospinal axons into peripheral nerve grafts placed in the lesioned spinal cord (Kobayashi
et al. 1997; Kwon et al. 2002).
Infusion of BDNF into the motor cortex can apparently
also activate regenerative responses, evident in enhanced
corticospinal collateral sprouting in the injured spinal cord
(Vavrek et al. 2006). Although BDNF can reverse corticospinal neuronal atrophy in rodents and primates even when
provided in a spinal cord lesion site (Brock et al. 2010),
BDNF or NT-4/5 delivered by genetically modified fibroblasts in the spinal cord fail to increase corticospinal sprouting after a midthoracic injury (Blesch et al. 2004; Lu et al.
2001). Indeed, BDNF delivery to corticospinal axons
appears to only enhance regeneration into a transplant when
the cognate receptor, trkB, is overexpresssed by corticospinal neurons and BDNF-expressing grafts are placed in a
subcortical lesion site (Hollis et al. 2009).
Other studies have focused on genes important in CNS
development to enhance the innate regenerative capacity
(Blackmore et al. 2010; Moore et al. 2009; Wong et al.
2006; Yip et al. 2006, 2010) or cell adhesion molecules
(Andrews et al. 2009), but these treatments have not been
combined with substrates for axonal growth or other means
to stimulate axon regeneration.

Target innervation and functional integration
If axons regenerate across a lesion in the injured spinal cord,
finding appropriate targets and establishing functional synapses will be a prerequisite for behavioral recovery. From
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hundreds of neurons present in the vicinity of a regenerated
axon, proper connections need to be formed to have functional implications. Spontaneous recovery of function after
SCI can at least partially be attributed to localized axon
sprouting and the formation of new connections. For example, corticospinal and reticulospinal axons have been shown
to sprout towards propriospinal neurons and motor neurons
after SCI (Ballermann and Fouad 2006; Bareyre et al. 2004;
Fouad et al. 2001; Girgis et al. 2007; Vavrek et al. 2006;
Weidner et al. 2001; Z'Graggen et al. 2000). Extensive
collateral sprouting that is accompanied by behavioral recovery is also observed in the primate spinal cord
(Rosenzweig et al. 2010). Propriospinal neurons can serve
as relays to allow for supraspinal control of motor function
without any direct connections beyond a lesion in the spinal
cord (Courtine et al. 2008).
Taken together, these studies indicate that some natural
mechanisms exist that support the formation of appropriate
new connections after SCI. However, rather little is known
about the molecular basis and the guiding principles of these
changes. Use- and disuse-related Hebbian mechanisms
might be at least partially involved in these processes.
Recent data suggest that inherent mechanisms of sprouting
and synapse formation might be strengthened by rehabilitative training. Rehabilitation and training, possibly via upregulation of neurotrophic factors including BDNF and
insulin-like growth factor 1 by specific neuronal populations, could provide one means to attract or stabilize synaptic connections (Gomez-Pinilla et al. 2002; Hutchinson et al.
2004; Vaynman and Gomez-Pinilla 2005; Ying et al. 2005).

Combining neurotrophins with degradation
of inhibitory molecules
Inhibitory extracellular matrix including chondroitinsulfate
proteoglycans (CSPGs) is one key factor limiting axonal
regeneration in the injured mammalian CNS. Within 24 h
post-injury, reactive astrocytes begin to deposit high
amounts of CSPGs at the lesion site, establishing a longlasting inhibitory boundary that has been comprehensively
shown in vitro and in vivo to hinder regenerative growth of
adult CNS axons and to inhibit synaptogenesis (Jones et al.
2003; Silver and Miller 2004). Degradation of the glycosaminoglycan (GAC) side chains of CSPG molecules by
local administration of the enzyme chondroitinase ABC
(ChABC) can enhance local sprouting and facilitate axonal
regeneration, in part by reducing the inhibitory components
of the glial scar and disrupting the CSPG perineuronal nets
which envelope neuronal somata (Bartus et al. 2011; Galtrey
et al. 2008). Without a cellular graft or trophic support,
ChABC treatment upon acute or subchronic SCI induces moderate plasticity of surrounding tissue and some regeneration of
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select axonal tracts (Alilain et al. 2011; Bradbury et al. 2002),
even when coupled with acute or delayed rehabilitative training (Garcia-Alias et al. 2009; Wang et al. 2011) or a systemic
pharmacological neuroprotective agent (Yick et al. 2004).
When administered in parallel with a graft at the lesion site,
ChABC has been shown to increase the number of axons
regenerating across the lesion site into the distal host spinal
cord (Chau et al. 2004; Fouad et al. 2005; Houle et al. 2006;
Tom and Houle 2008). In combination with GDNF delivered
directly to and around the lesion site to activate regenerative
responses in chronically injured neurons, ChABC and a peripheral nerve graft applied 4 weeks post-injury stimulates
descending axons to regenerate into and through a PNS graft
and exit to form new connections (Tom et al. 2009). The fast
rate of inactivation of ChABC in vivo at physiological temperatures might be one limiting factor in ChABC-mediated effects
on morphological and functional recovery. A recently described thermostabilized form of ChABC (ChABC/trehalose)
results in suppressed CS-CAG levels for 6 weeks after SCI,
threefold longer than previously shown (Lee et al. 2010).
When ChABC/trehalose was employed in parallel with NT-3
in an agarose gel scaffold in the lesion site, a significant
increase of serotonergic axon sprouting was observed adjacent
to the lesion compared to control groups. Using a similar
combination of ChABC (microinjection) and NT-3 (lentiviral
delivery), the growth of transplanted adult DRG neurons into
the CSPG-rich dorsal column nuclei can be increased 10-fold
compared to ChABC or NT-3 treatment alone, strongly suggesting a cooperative interaction between mechanisms of disinhibition and a boost in growth-promoting signal (Massey et
al. 2008). Of clinical relevance, several studies consistently
demonstrate that pathways facilitating pain perception appear
not to be influenced by ChABC treatment (Barritt et al. 2006;
Karimi-Abdolrezaee et al. 2010). Taken together, removal of
inhibitory extracellular matrix components in conjunction with
neurotrophin delivery appears to synergistically enhance axonal regeneration.

Conclusions
Over the last two decades, it has become increasingly clear
that the lack of axonal regeneration in the mammalian CNS
is not due to a single inhibitory mechanism or entirely to the
reticence of CNS axons to regenerate. The complexity of
SCI and the numerous factors influencing regeneration provide a clear rationale for combinatorial treatments, and
several studies have now successfully demonstrated that
effects of neurotrophic factors can be further increased if
growth factors are combined with other treatments, and vice
versa. However, in vivo experiments examining multiple
treatment parameters are laborious and demanding, requiring a large number of controls to test each single treatment
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and possible combination. A regressive analysis with control groups that receive systematically fewer treatments
might be one means to collect evidence for improvements
without initial testing of all necessary controls. In addition,
interactions between treatments could not only change the
dose response profile of each therapy but also lead to negative consequences and functional deterioration. A better
understanding of the mechanisms of each single treatment
and more localized targeting of therapeutic approaches
might be helpful to avoid adverse outcomes. Numerous
challenges remain, but empirical evidence from several experimental treatments suggests that improved outcomes are
possible with combinatorial strategies, justifying the further
pursuit of multi-mechanistic approaches.
Acknowledgments Supported by grants from NIH/NINDS
(NS054883), Wings for Life, International Foundation for Research
in Paraplegia (IFP/IRP), the EU (IRG268282) and a fellowship to J.M.
(Landesgraduiertenförderung).

References
Alilain WJ, Horn KP, Hu H, Dick TE, Silver J (2011) Functional
regeneration of respiratory pathways after spinal cord injury.
Nature 475:196–200
Alto LT, Havton LA, Conner JM, Hollis Ii ER, Blesch A, Tuszynski
MH (2009) Chemotropic guidance facilitates axonal regeneration
and synapse formation after spinal cord injury. Nat Neurosci
12:1106–1113
Andrews MR, Czvitkovich S, Dassie E, Vogelaar CF, Faissner A, Blits
B, Gage FH, ffrench-Constant C, Fawcett JW (2009) Alpha9
integrin promotes neurite outgrowth on tenascin-C and enhances
sensory axon regeneration. J Neurosci 29:5546–5557
Ankeny DP, McTigue DM, Jakeman LB (2004) Bone marrow transplants provide tissue protection and directional guidance for
axons after contusive spinal cord injury in rats. Exp Neurol
190:17–31
Ballermann M, Fouad K (2006) Spontaneous locomotor recovery in
spinal cord injured rats is accompanied by anatomical plasticity of
reticulospinal fibers. Eur J Neurosci 23:1988–1996
Bareyre FM, Kerschensteiner M, Raineteau O, Mettenleiter TC,
Weinmann O, Schwab ME (2004) The injured spinal cord spontaneously forms a new intraspinal circuit in adult rats. Nat
Neurosci 7:269–277
Barritt AW, Davies M, Marchand F, Hartley R, Grist J, Yip P,
McMahon SB, Bradbury EJ (2006) Chondroitinase ABC promotes sprouting of intact and injured spinal systems after spinal
cord injury. J Neurosci 26:10856–10867
Bartus K, James ND, Bosch KD, Bradbury EJ (2011) Chondroitin
sulphate proteoglycans: key modulators of spinal cord and brain
plasticity. Exp Neurol. doi:10.1016/j.expneurol.2011.08.008
Bethea JR, Dietrich WD (2002) Targeting the host inflammatory response in traumatic spinal cord injury. Curr Opin Neurol 15:355–
360
Blackmore MG, Moore DL, Smith RP, Goldberg JL, Bixby JL,
Lemmon VP (2010) High content screening of cortical neurons
identifies novel regulators of axon growth. Mol Cell Neurosci
44:43–54
Blesch A, Tuszynski MH (2003) Cellular GDNF delivery promotes
growth of motor and dorsal column sensory axons after partial

33
and complete spinal cord transection and induces remyelination. J
Comp Neurol 467:403–417
Blesch A, Tuszynski MH (2007) Transient growth factor delivery
sustains regenerated axons after spinal cord injury. J Neurosci
27:10535–10545
Blesch A, Yang H, Weidner N, Hoang A, Otero D (2004) Axonal
responses to cellularly delivered NT-4/5 after spinal cord injury.
Mol Cell Neurosci 27:190–201
Blesch A, Lu P, Tsukada S, Taylor L, Roet K, Coppola G, Geschwind
D, Tuszynski MH (2011) Conditioning lesions before or after
spinal cord injury recruit broad genetic mechanisms that sustain
axonal regeneration: superiority to cAMP-mediated effects. Exp
Neurol. doi:10.1016/j.expneurol.2011.12.037
Blits B, Dijkhuizen PA, Boer GJ, Verhaagen J (2000) Intercostal nerve
implants transduced with an adenoviral vector encoding
neurotrophin-3 promote regrowth of injured rat corticospinal tract
fibers and improve hindlimb function. Exp Neurol 164:25–37
Bonner JF, Blesch A, Neuhuber B, Fischer I (2010) Promoting directional axon growth from neural progenitors grafted into the injured spinal cord. J Neurosci Res 88:1182–1192
Bonner JF, Connors TM, Silverman WF, Kowalski DP, Lemay MA,
Fischer I (2011) Grafted neural progenitors integrate and restore
synaptic connectivity across the injured spinal cord. J Neurosci
31:4675–4686
Boyd JG, Gordon T (2003) Neurotrophic factors and their receptors in
axonal regeneration and functional recovery after peripheral nerve
injury. Mol Neurobiol 27:277–324
Bradbury EJ, Khemani S, Von R, King PJV, McMahon SB (1999) NT3 promotes growth of lesioned adult rat sensory axons ascending
in the dorsal columns of the spinal cord. Eur J Neurosci 11:3873–
3883
Bradbury EJ, Moon LD, Popat RJ, King VR, Bennett GS, Patel PN,
Fawcett JW, McMahon SB (2002) Chondroitinase ABC promotes
functional recovery after spinal cord injury. Nature 416:636–640
Bregman BS, Kunkel-Bagden E, Reier PJ, Dai HN, McAtee M, Gao D
(1993) Recovery of function after spinal cord injury: mechanisms
underlying transplant-mediated recovery of function differ after
spinal cord injury in newborn and adult rats. Exp Neurol 123:3–
16
Brock JH, Rosenzweig ES, Blesch A, Moseanko R, Havton LA,
Edgerton VR, Tuszynski MH (2010) Local and remote growth
factor effects after primate spinal cord injury. J Neurosci 30:9728–
9737
Cafferty WB, Gardiner NJ, Das P, Qiu J, McMahon SB, Thompson
SW (2004) Conditioning injury-induced spinal axon regeneration
fails in interleukin-6 knock-out mice. J Neurosci 24:4432–4443
Cai D, Qiu J, Cao Z, McAtee M, Bregman BS, Filbin MT (2001)
Neuronal cyclic AMP controls the developmental loss in ability of
axons to regenerate. J Neurosci 21:4731–4739
Campenot RB (1982) Development of sympathetic neurons in compartmentalized cultures. Il Local control of neurite growth by
nerve growth factor. Dev Biol 93:1–12
Cao Z, Gao Y, Bryson JB, Hou J, Chaudhry N, Siddiq M, Martinez J,
Spencer T, Carmel J, Hart RB, Filbin MT (2006) The cytokine
interleukin-6 is sufficient but not necessary to mimic the peripheral conditioning lesion effect on axonal growth. J Neurosci
26:5565–5573
Chau CH, Shum DK, Li H, Pei J, Lui YY, Wirthlin L, Chan YS, Xu
XM (2004) Chondroitinase ABC enhances axonal regrowth
through Schwann cell-seeded guidance channels after spinal cord
injury. FASEB J 18:194–196
Costigan M, Befort K, Karchewski L, Griffin RS, D'Urso D, Allchorne
A, Sitarski J, Mannion JW, Pratt RE, Woolf CJ (2002) Replicate
high-density rat genome oligonucleotide microarrays reveal
hundreds of regulated genes in the dorsal root ganglion after
peripheral nerve injury. BMC Neurosci 3:16

34
Coumans JV, Lin TT, Dai HN, MacArthur L, McAtee M, Nash C and
Bregman BS (2001) Axonal regeneration and functional recovery
after complete spinal cord transection in rats by delayed treatment
with transplants and neurotrophins. J Neurosci 21:9334–9344
Courtine G, Song B, Roy RR, Zhong H, Herrmann JE, Ao Y, Qi J,
Edgerton VR, Sofroniew MV (2008) Recovery of supraspinal
control of stepping via indirect propriospinal relay connections
after spinal cord injury. Nat Med 14:69–74
Cui Q (2006) Actions of neurotrophic factors and their signaling pathways in neuronal survival and axonal regeneration. Mol
Neurobiol 33:155–179
David S, Aguayo AJ (1981) Axonal elongation into peripheral nervous
system "bridges" after central nervous system injury in adult rats.
Science 214:931–933
Dergham P, Ellezam B, Essagian C, Avedissian H, Lubell WD,
McKerracher L (2002) Rho signaling pathway targeted to promote spinal cord repair. J Neurosci 22:6570–6577
English AW, Meador W, Carrasco DI (2005) Neurotrophin-4/5 is
required for the early growth of regenerating axons in peripheral
nerves. Eur J Neurosci 21:2624–2634
Fitch MT, Silver J (2008) CNS injury, glial scars, and inflammation:
inhibitory extracellular matrices and regeneration failure. Exp
Neurol 209:294–301
Fortun J, Puzis R, Pearse DD, Gage FH, Bunge MB (2009) Muscle
injection of AAV-NT3 promotes anatomical reorganization of
CST axons and improves behavioral outcome following SCI. J
Neurotrauma 26:941–953
Fouad K, Pedersen V, Schwab ME, Brosamle C (2001) Cervical
sprouting of corticospinal fibers after thoracic spinal cord injury
accompanies shifts in evoked motor responses. Curr Biol
11:1766–1770
Fouad K, Schnell L, Bunge MB, Schwab ME, Liebscher T, Pearse DD
(2005) Combining Schwann cell bridges and olfactoryensheathing glia grafts with chondroitinase promotes locomotor
recovery after complete transection of the spinal cord. J Neurosci
25:1169–1178
Funakoshi H, Frisen J, Barbany G, Timmusk T, Zachrisson O, Verge
VM, Persson H (1993) Differential expression of mRNAs for
neurotrophins and their receptors after axotomy of the sciatic
nerve. J Cell Biol 123:455–465
Galtrey CM, Kwok JC, Carulli D, Rhodes KE, Fawcett JW (2008)
Distribution and synthesis of extracellular matrix proteoglycans,
hyaluronan, link proteins and tenascin-R in the rat spinal cord.
Eur J Neurosci 27:1373–1390
Gao Y, Deng K, Hou J, Bryson JB, Barco A, Nikulina E, Spencer T,
Mellado W, Kandel ER, Filbin MT (2004) Activated CREB is
sufficient to overcome inhibitors in myelin and promote spinal
axon regeneration in vivo. Neuron 44:609–621
Garcia-Alias G, Barkhuysen S, Buckle M, Fawcett JW (2009)
Chondroitinase ABC treatment opens a window of opportunity
for task-specific rehabilitation. Nat Neurosci 12:1145–1151
Geremia NM, Pettersson LM, Hasmatali JC, Hryciw T, Danielsen N,
Schreyer DJ, Verge VM (2010) Endogenous BDNF regulates
induction of intrinsic neuronal growth programs in injured sensory neurons. Exp Neurol 223:128–142
Giehl KM, Tetzlaff W (1996) BDNF and NT-3, but not NGF, prevent
axotomy-induced death of rat corticospinal neurons in vivo. Eur J
Neurosci 8:1167–1175
Giger RJ, Hollis ER 2nd, Tuszynski MH (2010) Guidance molecules in
axon regeneration. Cold Spring Harb Perspect Biol 2:a001867
Girgis J, Merrett D, Kirkland S, Metz GA, Verge V, Fouad K (2007)
Reaching training in rats with spinal cord injury promotes plasticity and task specific recovery. Brain 130:2993–3003
Goldberg JL, Klassen MP, Hua Y, Barres BA (2002) Amacrinesignaled loss of intrinsic axon growth ability by retinal ganglion
cells. Science 296:1860–1864

Cell Tissue Res (2012) 349:27–37
Gomez-Pinilla F, Ying Z, Roy RR, Molteni R, Edgerton VR (2002)
Voluntary exercise induces a BDNF-mediated mechanism that
promotes neuroplasticity. J Neurophysiol 88:2187–2195
Grill R, Murai K, Blesch A, Gage FH, Tuszynski MH (1997) Cellular
delivery of neurotrophin-3 promotes corticospinal axonal growth
and partial functional recovery after spinal cord injury. J Neurosci
17:5560–5572
Gros T, Sakamoto JS, Blesch A, Havton LA, Tuszynski MH (2010)
Regeneration of long-tract axons through sites of spinal cord
injury using templated agarose scaffolds. Biomaterials 31:6719–
6729
Gundersen RW, Barrett JN (1979) Neuronal chemotaxis: chick dorsalroot axons turn toward high concentrations of nerve growth factor.
Science 206:1079–1080
Hannila SS, Filbin MT (2008) The role of cyclic AMP signaling in
promoting axonal regeneration after spinal cord injury. Exp
Neurol 209:321–332
Hanz S, Perlson E, Willis D, Zheng JQ, Massarwa R, Huerta JJ,
Koltzenburg M, Kohler M, van-Minnen J, Twiss JL, Fainzilber
M (2003) Axoplasmic importins enable retrograde injury signaling in lesioned nerve. Neuron 40:1095–1104
Heumann R, Lindholm D, Bandtlow C, Meyer M, Radeke MJ, Misko
TP, Shooter E, Thoenen H (1987) Differential regulation of
mRNA encoding nerve growth factor and its receptor in rat sciatic
nerve during development, degeneration, and regeneration: role of
macrophages. Proc Natl Acad Sci USA 84:8735–8739
Hofstetter CP, Schwarz EJ, Hess D, Widenfalk J, El Manira A, Prockop
DJ, Olson L (2002) Marrow stromal cells form guiding strands in
the injured spinal cord and promote recovery. Proc Natl Acad Sci
USA 99:2199–2204
Hollis ER 2nd, Jamshidi P, Low K, Blesch A, Tuszynski MH (2009)
Induction of corticospinal regeneration by lentiviral trkB-induced
Erk activation. Proc Natl Acad Sci USA 106:7215–7220
Houle JD, Tom VJ, Mayes D, Wagoner G, Phillips N, Silver J (2006)
Combining an autologous peripheral nervous system "bridge" and
matrix modification by chondroitinase allows robust, functional
regeneration beyond a hemisection lesion of the adult rat spinal
cord. J Neurosci 26:7405–7415
Hu X, Cai J, Yang J, Smith GM (2010) Sensory axon targeting is
increased by NGF gene therapy within the lesioned adult femoral
nerve. Exp Neurol 223:153–165
Hutchinson KJ, Gomez-Pinilla F, Crowe MJ, Ying Z, Basso DM
(2004) Three exercise paradigms differentially improve sensory
recovery after spinal cord contusion in rats. Brain 127:1403–1414
Jain A, McKeon RJ, Brady-Kalnay SM, Bellamkonda RV (2011)
Sustained delivery of activated Rho GTPases and BDNF promotes axon growth in CSPG-rich regions following spinal cord
injury. PLoS One 6:e16135
Jin Y, Ziemba KS, Smith GM (2008) Axon growth across a lesion site
along a preformed guidance pathway in the brain. Exp Neurol
210:521–530
Jones LL, Margolis RU, Tuszynski MH (2003) The chondroitin sulfate
proteoglycans neurocan, brevican, phosphacan, and versican are
differentially regulated following spinal cord injury. Exp Neurol
182:399–411
Kadoya K, Tsukada S, Lu P, Coppola G, Geschwind D, Filbin M,
Blesch A, Tuszynski MH (2009) Combined intrinsic and extrinsic
neuronal mechanisms facilitate bridging axonal regeneration one
year after spinal cord injury. Neuron 64:165–172
Karimi-Abdolrezaee S, Eftekharpour E, Wang J, Schut D, Fehlings
MG (2010) Synergistic effects of transplanted adult neural stem/
progenitor cells, chondroitinase, and growth factors promote
functional repair and plasticity of the chronically injured spinal
cord. J Neurosci 30:1657–1676
Kimpinski K, Campenot RB, Mearow K (1997) Effects of the neurotrophins nerve growth factor, neurotrophin-3, and brain-derived

Cell Tissue Res (2012) 349:27–37
neurotrophic factor (BDNF) on neurite growth from adult sensory
neurons in compartmented cultures. J Neurobiol 33:395–410
Kobayashi NR, Fan DP, Giehl KM, Bedard AM, Wiegand SJ, Tetzlaff
W (1997) BDNF and NT-4/5 prevent atrophy of rat rubrospinal
neurons after cervical axotomy, stimulate GAP-43 and Talpha1tubulin mRNA expression, and promote axonal regeneration. J
Neurosci 17:9583–9595
Kuo HS, Tsai MJ, Huang MC, Chiu CW, Tsai CY, Lee MJ, Huang WC,
Lin YL, Kuo WC, Cheng H (2011) Acid fibroblast growth factor
and peripheral nerve grafts regulate Th2 cytokine expression,
macrophage activation, polyamine synthesis, and neurotrophin
expression in transected rat spinal cords. J Neurosci 31:4137–
4147
Kwon BK, Liu J, Messerer C, Kobayashi NR, McGraw J, Oschipok L,
Tetzlaff W (2002) Survival and regeneration of rubrospinal neurons 1 year after spinal cord injury. Proc Natl Acad Sci USA
99:3246–3251
Kwon BK, Liu J, Lam C, Plunet W, Oschipok LW, Hauswirth W, Di
Polo A, Blesch A, Tetzlaff W (2007) Brain-derived neurotrophic
factor gene transfer with adeno-associated viral and lentiviral
vectors prevents rubrospinal neuronal atrophy and stimulates
regeneration-associated gene expression after acute cervical spinal
cord injury. Spine 32:1164–1173
Lee H, McKeon RJ, Bellamkonda RV (2010) Sustained delivery of
thermostabilized chABC enhances axonal sprouting and functional recovery after spinal cord injury. Proc Natl Acad Sci USA
107:3340–3345
Lepore AC, Fischer I (2005) Lineage-restricted neural precursors survive, migrate, and differentiate following transplantation into the
injured adult spinal cord. Exp Neurol 194:230–242
Li Y, Raisman G (1994) Schwann cells induce sprouting in motor and
sensory axons in the adult rat spinal cord. J Neurosci 14:4050–
4063
Li Y, Field M, Raisman G (1997) Repair of adult rat corticospinal tract
by transplants of olfactory ensheathing cells. Science 277:2000–
2002
Liu Y, Kim D, Himes BT, Chow SY, Schallert T, Murray M, Tessler A,
Fischer I (1999) Transplants of fibroblasts genetically modified to
express brain-derived neurotrophic factor promote regeneration of
adult rat rubrospinal axons and recovery of forelimb function. J
Neurosci 19:4370–4387
Liu K, Lu Y, Lee JK, Samara R, Willenberg R, Sears-Kraxberger I,
Tedeschi A, Park KK, Jin D, Cai B, Xu B, Connolly L, Steward
O, Zheng B, He Z (2010) PTEN deletion enhances the regenerative ability of adult corticospinal neurons. Nat Neurosci 13:1075–
1081
Lu P, Blesch A, Tuszynski MH (2001) Neurotrophism without neurotropism: BDNF promotes survival but not growth of lesioned
corticospinal neurons. J Comp Neurol 436:456–470
Lu P, Jones LL, Snyder EY, Tuszynski MH (2003) Neural stem cells
constitutively secrete neurotrophic factors and promote extensive
host axonal growth after spinal cord injury. Exp Neurol 181:115–
129
Lu P, Yang H, Jones LL, Filbin MT, Tuszynski MH (2004)
Combinatorial therapy with neurotrophins and cAMP promotes
axonal regeneration beyond sites of spinal cord injury. J Neurosci
24:6402–6409
Lu P, Jones LL, Tuszynski MH (2005) BDNF-expressing marrow
stromal cells support extensive axonal growth at sites of spinal
cord injury. Exp Neurol 191:344–360
Lu P, Yang H, Culbertson M, Graham L, Roskams AJ, Tuszynski MH
(2006) Olfactory ensheathing cells do not exhibit unique migratory or axonal growth-promoting properties after spinal cord
injury. J Neurosci 26:11120–11130
Massey JM, Amps J, Viapiano MS, Matthews RT, Wagoner MR,
Whitaker CM, Alilain W, Yonkof AL, Khalyfa A, Cooper NG,

35
Silver J, Onifer SM (2008) Increased chondroitin sulfate proteoglycan expression in denervated brainstem targets following spinal cord injury creates a barrier to axonal regeneration overcome
by chondroitinase ABC and neurotrophin-3. Exp Neurol
209:426–445
Menei P, Montero-Menei C, Whittemore SR, Bunge RP, Bunge MB
(1998) Schwann cells genetically modified to secrete human
BDNF promote enhanced axonal regrowth across transected adult
rat spinal cord. Eur J Neurosci 10:607–621
Meyer M, Matsuoka I, Wetmore C, Olson L, Thoenen H (1992)
Enhanced synthesis of brain-derived neurotrophic factor in the
lesioned peripheral nerve: different mechanisms are responsible
for the regulation of BDNF and NGF mRNA. J Cell Biol 119:45–
54
Michaelevski I, Segal-Ruder Y, Rozenbaum M, Medzihradszky KF,
Shalem O, Coppola G, Horn-Saban S, Ben-Yaakov K, Dagan SY,
Rishal I, Geschwind DH, Pilpel Y, Burlingame AL, Fainzilber M
(2010) Signaling to transcription networks in the neuronal retrograde injury response. Sci Signal 3:ra53
Moore DL, Blackmore MG, Hu Y, Kaestner KH, Bixby JL, Lemmon
VP, Goldberg JL (2009) KLF family members regulate intrinsic
axon regeneration ability. Science 326:298–301
Mori F, Himes BT, Kowada M, Murray M, Tessler A (1997) Fetal
spinal cord transplants rescue some axotomized rubrospinal neurons from retrograde cell death in adult rats. Exp Neurol 143:45–
60
Muller A, Hauk TG, Leibinger M, Marienfeld R, Fischer D (2009)
Exogenous CNTF stimulates axon regeneration of retinal ganglion cells partially via endogenous CNTF. Mol Cell Neurosci
41:233–246
Naveilhan P, ElShamy WM, Ernfors P (1997) Differential regulation of
mRNAs for GDNF and its receptors Ret and GDNFR alpha after
sciatic nerve lesion in the mouse. Eur J Neurosci 9:1450–1460
Neet KE, Campenot RB (2001) Receptor binding, internalization, and
retrograde transport of neurotrophic factors. Cell Mol Life Sci
58:1021–1035
Neumann S, Woolf CJ (1999) Regeneration of dorsal column fibers
into and beyond the lesion site following adult spinal cord injury.
Neuron 23:83–91
Neumann S, Bradke F, Tessier-Lavigne M, Basbaum AI (2002)
Regeneration of sensory axons within the injured spinal cord
induced by intraganglionic cAMP elevation. Neuron 34:885–893
Nielson JL, Strong MK, Steward O (2011) A reassessment of whether
cortical motor neurons die following spinal cord injury. J Comp
Neurol 519:2852–2869
Nikulina E, Tidwell JL, Dai HN, Bregman BS, Filbin MT (2004) The
phosphodiesterase inhibitor rolipram delivered after a spinal cord
lesion promotes axonal regeneration and functional recovery. Proc
Natl Acad Sci USA 101:8786–8790
Park KK, Liu K, Hu Y, Smith PD, Wang C, Cai B, Xu B, Connolly L,
Kramvis I, Sahin M, He Z (2008) Promoting axon regeneration in
the adult CNS by modulation of the PTEN/mTOR pathway.
Science 322:963–966
Pearse DD, Pereira FC, Marcillo AE, Bates ML, Berrocal YA, Filbin
MT Bunge MB (2004)cAMP and Schwann cells promote axonal
growth and functional recovery after spinal cord injury.Nat Med
10:610–616
Pfeifer K, Vroemen M, Blesch A, Weidner N (2004) Adult neural
progenitor cells provide a permissive guiding substrate for corticospinal axon growth following spinal cord injury. Eur J Neurosci
20:1695–1704
Popovich P, McTigue D (2009) Damage control in the nervous system:
beware the immune system in spinal cord injury. Nat Med
15:736–737
Prang P, Muller R, Eljaouhari A, Heckmann K, Kunz W, Weber T,
Faber C, Vroemen M, Bogdahn U, Weidner N (2006) The

36
promotion of oriented axonal regrowth in the injured spinal cord
by alginate-based anisotropic capillary hydrogels. Biomaterials
27:3560–3569
Qiu J, Cai D, Dai H, McAtee M, Hoffman PN, Bregman BS, Filbin MT
(2002) Spinal axon regeneration induced by elevation of cyclic
AMP. Neuron 34:895–903
Qiu J, Cafferty WB, McMahon SB, Thompson SW (2005)
Conditioning injury-induced spinal axon regeneration requires
signal transducer and activator of transcription 3 activation. J
Neurosci 25:1645–1653
Ramon-Cueto A, Nieto-Sampedro M (1994) Regeneration into the
spinal cord of transected dorsal root axons is promoted by
ensheathing glia transplants. Exp Neurol 127:232–244
Ramon-Cueto A, Cordero MI, Santos-Benito FF, Avila J (2000)
Functional recovery of paraplegic rats and motor axon regeneration in their spinal cords by olfactory ensheathing glia. Neuron
25:425–435
Richardson PM, Issa VM (1984) Peripheral injury enhances central
regeneration of primary sensory neurones. Nature 309:791–793
Richardson PM, McGuinness UM, Aguayo AJ (1980) Axons from
CNS neurons regenerate into PNS grafts. Nature 284:264–265
Richardson PM, Issa VM, Aguayo AJ (1984) Regeneration of long
spinal axons in the rat. J Neurocytol 13:165–182
Richter MW, Roskams AJ (2008) Olfactory ensheathing cell transplantation following spinal cord injury: hype or hope? Exp Neurol
209:353–367
Romero MI, Rangappa N, Li L, Lightfoot E, Garry MG, Smith GM
(2000) Extensive sprouting of sensory afferents and hyperalgesia
induced by conditional expression of nerve growth factor in the
adult spinal cord. J Neurosci 20:4435–4445
Rosenzweig ES, Courtine G, Jindrich DL, Brock JH, Ferguson AR,
Strand SC, Nout YS, Roy RR, Miller DM, Beattie MS, Havton
LA, Bresnahan JC, Edgerton VR, Tuszynski MH (2010)
Extensive spontaneous plasticity of corticospinal projections after
primate spinal cord injury. Nat Neurosci 13:1505–1510
Ruitenberg MJ, Blits B, Dijkhuizen PA, te Beek ET, Bakker A, van
Heerikhuize JJ, Pool CW, Hermens WT, Boer GJ, Verhaagen J
(2004) Adeno-associated viral vector-mediated gene transfer of
brain-derived neurotrophic factor reverses atrophy of rubrospinal
neurons following both acute and chronic spinal cord injury.
Neurobiol Dis 15:394–406
Schnell L, Schneider R, Kolbeck R, Barde YA, Schwab ME (1994)
Neurotrophin-3 enhances sprouting of corticospinal tract during
development and after adult spinal cord lesion. Nature 367:170–
173
Sendtner M, Stockli KA, Thoenen H (1992) Synthesis and localization
of ciliary neurotrophic factor in the sciatic nerve of the adult rat
after lesion and during regeneration. J Cell Biol 118:139–148
Sharp KG, Flanagan LA, Yee KM, Steward O (2010) A re-assessment of
a combinatorial treatment involving Schwann cell transplants and
elevation of cyclic AMP on recovery of motor function following
thoracic spinal cord injury in rats.Exp Neurol 233:625–644
Silver J, Miller JH (2004) Regeneration beyond the glial scar. Nat Rev
Neurosci 5:146–156
Stam FJ, MacGillavry HD, Armstrong NJ, de Gunst MC, Zhang Y, van
Kesteren RE, Smit AB, Verhaagen J (2007) Identification of
candidate transcriptional modulators involved in successful regeneration after nerve injury. Eur J Neurosci 25:3629–3637
Stokes BT, Reier PJ (1992) Fetal grafts alter chronic behavioral outcome after contusion damage to the adult rat spinal cord. Exp
Neurol 116:1–12
Stokols S, Sakamoto J, Breckon C, Holt T, Weiss J, Tuszynski MH
(2006) Templated agarose scaffolds support linear axonal regeneration. Tissue Eng 12:2777–2787
Straley KS, Foo CW, Heilshorn SC (2010) Biomaterial design strategies
for the treatment of spinal cord injuries. J Neurotrauma 27:1–19

Cell Tissue Res (2012) 349:27–37
Sun F, Park KK, Belin S, Wang D, Lu T, Chen G, Zhang K, Yeung C,
Feng G, Yankner BA, He Z (2011) Sustained axon regeneration
induced by co-deletion of PTEN and SOCS3. Nature 480:372–375
Tang XQ, Tanelian DL, Smith GM (2004) Semaphorin3A inhibits
nerve growth factor-induced sprouting of nociceptive afferents
in adult rat spinal cord. J Neurosci 24:819–827
Taylor L, Jones L, Tuszynski MH, Blesch A (2006) Neurotrophin-3
gradients established by lentiviral gene delivery promote shortdistance axonal bridging beyond cellular grafts in the injured
spinal cord. J Neurosci 26:9713–9721
Tessler A (1991) Intraspinal transplants. Ann Neurol 29:115–123
Tessler A, Fischer I, Giszter S, Himes BT, Miya D, Mori F, Murray M
(1997) Embryonic spinal cord transplants enhance locomotor
performance in spinalized newborn rats. Adv Neurol 72:291–303
Tetzlaff W, Okon EB, Karimi-Abdolrezaee S, Hill CE, Sparling JS,
Plemel JR, Plunet WT, Tsai EC, Baptiste D, Smithson LJ, Kawaja
MD, Fehlings MG, Kwon BK (2011) A systematic review of
cellular transplantation therapies for spinal cord injury. J
Neurotrauma 28:1611–1682
Tom VJ, Houle JD (2008) Intraspinal microinjection of chondroitinase
ABC following injury promotes axonal regeneration out of a
peripheral nerve graft bridge. Exp Neurol 211:315–319
Tom VJ, Sandrow-Feinberg HR, Miller K, Santi L, Connors T, Lemay
MA, Houle JD (2009) Combining peripheral nerve grafts and
chondroitinase promotes functional axonal regeneration in the
chronically injured spinal cord. J Neurosci 29:14881–14890
Trupp M, Belluardo N, Funakoshi H, Ibanez CF (1997)
Complementary and overlapping expression of glial cell linederived neurotrophic factor (GDNF), c-ret proto-oncogene, and
GDNF receptor-alpha indicates multiple mechanisms of trophic
actions in the adult rat CNS. J Neurosci 17:3554–3567
Tuszynski MH, Gabriel K, Gage FH, Suhr S, Meyer S, Rosetti A
(1996) Nerve growth factor delivery by gene transfer induces
differential outgrowth of sensory, motor, and noradrenergic neurites after adult spinal cord injury. Exp Neurol 137:157–173
Tuszynski MH, Weidner N, McCormack M, Miller I, Powell H,
Conner J (1998) Grafts of genetically modified Schwann cells to
the spinal cord: survival, axon growth, and myelination. Cell
Transplant 7:187–196
Vavrek R, Girgis J, Tetzlaff W, Hiebert GW, Fouad K (2006) BDNF
promotes connections of corticospinal neurons onto spared
descending interneurons in spinal cord injured rats. Brain
129:1534–1545
Vaynman S, Gomez-Pinilla F (2005) License to run: exercise impacts
functional plasticity in the intact and injured central nervous
system by using neurotrophins. Neurorehabil Neural Repair
19:283–295
Wang D, Ichiyama RM, Zhao R, Andrews MR, Fawcett JW (2011)
Chondroitinase combined with rehabilitation promotes recovery
of forelimb function in rats with chronic spinal cord injury. J
Neurosci 31:9332–9344
Weidner N, Blesch A, Grill RJ, Tuszynski MH (1999) Nerve growth
factor-hypersecreting Schwann cell grafts augment and guide
spinal cord axonal growth and remyelinate central nervous systen
axons in a phenotypically appropriate manner that correlates with
expression of L1. J Comp Neurol 413:495–506
Weidner N, Ner A, Salimi N, Tuszynski MH (2001) Spontaneous
corticospinal axonal plasticity and functional recovery after adult
central nervous system injury. Proc Natl Acad Sci USA 98:3513–
3518
Wong LF, Yip PK, Battaglia A, Grist J, Corcoran J, Maden M, Azzouz
M, Kingsman SM, Kingsman AJ, Mazarakis ND, McMahon SB
(2006) Retinoic acid receptor beta2 promotes functional regeneration of sensory axons in the spinal cord. Nat Neurosci 9:243–250
Wu D, Zhang Y, Bo X, Huang W, Xiao F, Zhang X, Miao T, Magoulas
C, Subang MC, Richardson PM (2006) Actions of neuropoietic

Cell Tissue Res (2012) 349:27–37
cytokines and cyclic AMP in regenerative conditioning of rat
primary sensory neurons. Exp Neurol 204:66–76
Xiao HS, Huang QH, Zhang FX, Bao L, Lu YJ, Guo C, Yang L,
Huang WJ, Fu G, Xu SH, Cheng XP, Yan Q, Zhu ZD,
Zhang X, Chen Z, Han ZG, Zhang X (2002) Identification
of gene expression profile of dorsal root ganglion in the rat
peripheral axotomy model of neuropathic pain. Proc Natl
Acad Sci USA 99:8360–8365
Xie F, Zheng B (2008) White matter inhibitors in CNS axon regeneration failure. Exp Neurol 209:302–312
Xu XM, Guenard V, Kleitman N, Bunge MB (1994) Axonal regeneration into Schwann cell-seeded guidance channels grafted into
transected adult rat spinal cord. J Comp Neurol 351:145–160
Xu XM, Guenard V, Kleitman N, Aebischer P, Bunge MB (1995) A
combination of BDNF and NT-3 promotes supraspinal axonal
regeneration into Schwann cell grafts in adult rat thoracic spinal
cord. Exp Neurol 134:261–272
Xu XM, Chen A, Guenard V, Kleitman N, Bunge MB (1997) Bridging
Schwann cell transplants promote axonal regeneration from both
the rostral and caudal stumps of transected adult rat spinal cord. J
Neurocytol 26:1–16
Yick LW, So KF, Cheung PT, Wu WT (2004) Lithium chloride reinforces the regeneration-promoting effect of chondroitinase ABC
on rubrospinal neurons after spinal cord injury. J Neurotrauma
21:932–943
Ying Z, Roy RR, Edgerton VR, Gomez-Pinilla F (2005) Exercise
restores levels of neurotrophins and synaptic plasticity following
spinal cord injury. Exp Neurol 193:411–419

37
Yip PK, Wong LF, Pattinson D, Battaglia A, Grist J, Bradbury EJ,
Maden M, McMahon SB, Mazarakis ND (2006) Lentiviral vector
expressing retinoic acid receptor beta2 promotes recovery of
function after corticospinal tract injury in the adult rat spinal cord.
Hum Mol Genet 15:3107–3118
Yip PK, Wong LF, Sears TA, Yanez-Munoz RJ, McMahon SB (2010)
Cortical overexpression of neuronal calcium sensor-1 induces
functional plasticity in spinal cord following unilateral pyramidal
tract injury in rat. PLoS Biol 8:e1000399
Z'Graggen WJ, Fouad K, Raineteau O, Metz GA, Schwab ME, Kartje
GL (2000) Compensatory sprouting and impulse rerouting after
unilateral pyramidal tract lesion in neonatal rats. J Neurosci
20:6561–6569
Zhang JY, Luo XG, Xian CJ, Liu ZH, Zhou XF (2000) Endogenous
BDNF is required for myelination and regeneration of injured
sciatic nerve in rodents. Eur J Neurosci 12:4171–4180
Zhong J, Dietzel ID, Wahle P, Kopf M, Heumann R (1999) Sensory
impairments and delayed regeneration of sensory axons in
interleukin-6-deficient mice. J Neurosci 19:4305–4313
Zhou FQ, Snider WD (2006) Intracellular control of developmental
and regenerative axon growth. Philos Trans R Soc Lond B
361:1575–1592
Zhou L, Baumgartner BJ, Hill-Felberg SJ, McGowen LR, Shine HD
(2003) Neurotrophin-3 expressed in situ induces axonal plasticity
in the adult injured spinal cord. J Neurosci 23:1424–1431
Ziemba KS, Chaudhry N, Rabchevsky AG, Jin Y, Smith GM (2008)
Targeting axon growth from neuronal transplants along preformed
guidance pathways in the adult CNS. J Neurosci 28:340–348

