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Abstract

Inducing significant axon growth or regeneration after spinal cord injury has been difficult,

primarily due to the poor growth supportive environment and low intrinsic growth ability of

neurons within the CNS. Neurotrophins alone have been shown to readily induce regeneration of

sensory axons after dorsal root lesions, however if neurotrophin gradients are expressed within the

spinal cord these axons fail to terminate within appropriate target regions. Under such conditions,

addition of a “stop” signal reduces growth into deeper dorsal laminae to support more specific

targeting. Such neurotrophin gradients alone lose their effectiveness when lesions are within the

spinal cord, requiring a combined treatment regime. Construction of pathways using combined

treatments support good regeneration when they increase the intrinsic growth properties of

neurons, provide a bridge across the lesion site, and supply a growth supportive substrate to induce

axon growth out of the bridge and back into the host. Neurotrophin gradients distal to the bridge

greatly enhance axon outgrowth. In disorders where neuronal circuits are lost, construction of

preformed growth supportive pathways sustain long distance axon growth from a neuronal

transplant to distal target locations.
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1. Introduction

Neurotrauma and disease in the adult mammalian central nervous system (CNS) cause axon

disruption, neuronal death, target denervation, and functional deficits. To recover the normal

circuitry, injured axons and those of transplanted neurons need to grow through a lesion,
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with its physical barriers of cysts and a dense scar, along a pathway with insufficient growth

supporting molecules and the presence of inhibitory molecules to reinnervate their target

neurons. Little marked spontaneous axonal regeneration or neuronal replacement occurs in

the damaged CNS. The experimental evidence to date indicates that injured axons regenerate

amongst cells transplanted to bridge a CNS lesion but rarely beyond [82]. Those of

transplanted neurons elongate short distances and terminate their growth when they

encounter the lesioned environment [18]. To entice axons to regenerate across a lesion and

towards distal targets a number of growth and guidance molecules have been examined,

particularly neurotrophins. In this review we will examine the use of growth and guidance

molecules to direct the growth of regenerating or sprouting axons within the adult CNS or

out of bridging transplants.

The possibility that axons could be directed to grow towards a specific source was first

described early in the last century by Ramon y Cajal [56], who observed that peripheral

nerve axons would extend within a fibrin clot from the proximal tip of a lesioned nerve to

the distal cut end. Even if the distal stump was placed in a disadvantageous location for

axonal growth, many axons would often follow a circuitous path to find the distal stump.

They also observed that CNS axons grew into peripheral nerve grafts. Based on these

findings, they concluded that neurons have a regenerative capacity as long as appropriate

“neutritive” and “orienting” substances were provided to them. Similar observations led

Sperry [71] to establish the chemoaffinity hypothesis for axonal guidance.

Over the years, many axonal growth and guidance molecules have been identified. They

display a myriad of functions, ranging from those that support axonal growth and

fasciculation to those that have both chemoaffinitive and chemorepulsive properties,

depending on the neuronal subpopulation [16,69,76]. During development two primary

schemes are used to deliver guidance information to growing axons. They consist of either

long-range (diffusible) factors secreted at intermediate locations or short-range (contact)

factors expressed on cells along the pathway. At long distances, the diffusible factors

establish gradients emanating from the point of secretion [16,76]. These gradients provide

directional information to the growth cone by inducing asymmetry within the cytoskeletal

network to drive growth either up (chemoattractive) or down (chemorepulsive) the gradient.

Several of these axonal growth and guidance molecules have successfully been used in the

adult lesioned spinal cord to entice axons growth past the lesion site or to induce sprouting

of axons.

2. Guidance factor gradients direct axon regeneration

Numerous studies have shown that strategic application of neurotrophins provides

directional cues to entice axons to regenerate past the lesion site towards distal targets. To

maximize directional growth of these axons, neurotrophins are often applied in a manner to

generate a gradient with the highest expression level near the presumptive target location

[8,64,75,87]. Such gradients can easily be generated by expression of neurotrophins using

viral vectors. A single injection can induce a fairly extensive gradient extending several

millimeters from the injection site, due most likely to the diffusion of both the injected virus

and the neurotrophin produced by the transduced cells [8,30,75]. Others and we have used
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such a gradient to induce regeneration of sensory axons into the spinal cord after dorsal root

lesions [65,73,86]. In this model, lesioned dorsal root axons regenerate within the peripheral

part of the pathway leading to the spinal cord, but terminate their growth upon contact with

the spinal cord at the dorsal root entry zone (DREZ). Over expression of nerve growth factor

(NGF) within the dorsal horn leads to robust regeneration of nociceptive axons that extend

through the DREZ and throughout the entire dorsal horn [65,73,74]. These axons terminated

their growth within the area of neurotrophin expression, not abiding endogenous targeting

signals, thus terminating within both appropriate lamina (I & II) and ectopic locations

(deeper dorsal lamina, see Fig. 1C and E). Likewise, sprouting of non-lesioned endogenous

spinal cord pathways towards the NGF source was also observed, which can lead to

unwanted plasticity and detrimental function should synapse formation occur [10,64,72].

Neurotrophin-induced sprouting of non-lesioned endogenous pathways is potentially an

unavoidable response which could be difficult to define anatomically or behaviorally.

To limit the regeneration or sprouting of axons into ectopic regions, a stop signal can be

induced within these regions. During development such stop signals are under tight genetic

control that regulates their expression within precise spatial and temporal domains [16,76].

This regulation supports growth along appropriate pathways, while limiting or preventing

axon growth into ectopic regions. One such stop signal for nociceptive axons is semaphorin

3A. During development it is expressed within regions of the spinal cord or periphery where

NGF-responsive nociceptive axons fail to grow and potentially limits nociceptive axon

growth to lamina I and II of the dorsal horn [48,81]. To determine if semaphorin 3A would

restrict NGF-induced regeneration of nociceptive axons to the appropriate targets in the

upper dorsal horn (lamina I and II), slightly overlapping gradients of NGF and semaphorin

3A were established with the semaphorin gradient slightly ventral to the NGF gradient (Fig.

1D). This configuration provides a growth supportive NGF rich environment near the DREZ

which becomes more inhibitory as axons regenerate into the deeper dorsal lamina. Since

high concentrations of NGF can antagonize the chemorepulsive effect of semaphorin

[20,81], we carefully balanced our titers to ensure good functional expression of both

transgenes [72]. We also observed the best results when the injection of semaphorin 3A was

delayed 3 days after the NGF viral injections. This most likely allows NGF to prime

regenerating axons to help support their growth into the spinal cord. Co-expression of both

NGF with semaphorin, but not with green fluorescent protein (GFP), limited regeneration of

nociceptive axons to the more appropriate target regions of the upper dorsal horn, while

preventing growth into deeper dorsal laminae (Fig. 1F) [74]. This anatomical result was

associated with restoration of a more normal-like synaptic patterning and almost complete

restoration of thermal nociceptive latencies. Likewise, co-expression of NGF with

semaphorin, but not GFP, reduced sprouting of non-lesioned nociceptive axons and reduced

its detrimental behavioral effects observed by either injury, expression of NGF alone or with

GFP [10,72].

High levels of neurotrophin expressed over multiple target locations could mask endogenous

guidance properties within the adult nervous system and prevent specific targeting of

regenerating axons. Systemic application of artemin, a member of the GDNF family of

neurotrophin, not only induced robust regeneration of sensory axons across the DREZ, but

also supported growth of multiple sensory populations to appropriate dorsal laminae [79].
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Since this neurotrophin was administered systemically, it could not attract axons to

regenerate to the targets using a chemotropic mechanism, but most likely increased the

intrinsic growth capability of these axons allowing them to overcome the inhibitory

environment at the DREZ. Interestingly, it did not disrupt their ability to cue onto

endogenous guidance mechanism within the dorsal horn. Artemin not only supported

targeting to appropriate lamina, but also supported targeting of somatosensory axons to

appropriate dermatomal targets within the dorsal horn (Eric Frank, personal

communication). Artemin has also not been observed to enhance sprouting from non-injured

sensory axons within the spinal cord, suggesting it could be clinically useful in treatment of

dorsal root injuries.

3. Bridging the lesion to enhance regeneration

Unlike peripheral or dorsal root injuries, lesions to the CNS result in extensive inhibitory

scar formation at the lesion site [68] and the axon target site [46]. Inducing regeneration

across such a lesion has proven extremely difficult. In the 1980s, Aguayo and co-workers

observed, with neuroanatomical tracing, that injured adult rat spinal cord axons and primary

afferents regenerated into a peripheral nerve graft to bridge a complete transection gap in the

thoracic spinal cord [60,61]. Subsequent experiments using animal models of spinal cord,

dorsal and ventral root, optic nerve, and brain injury have been performed. In addition to

peripheral nerves, bridging materials of rat, mouse, dog, monkey, and human Schwann cells

alone [2] and when inserted into semipermeable polyacrylonitrile/polyvinylchoride polymer

channels [32,83] or resorbable tubular scaffolds made of high molecular weight poly(L-

lactic acid) and 10% poly(L-lactic acid oligomers) [51], olfactory ensheathing glia alone

[33,36,37,40,55,57,62,67] and when in endogenous matrix [41], porous polymer capsules

[14], and biodegradable dextran sulphate–gelatin co-precipitate tubular scaffolds [63], fetal

spinal cord alone [5,9,59] and in guidance channels [3], and bone marrow stromal cells [28]

have shown some of the best results in providing a supportive substrate for axon

regeneration in experimental spinal cord injury.

4. Combining treatments further enhances axon regeneration

Although axons are often observed growing into these bridges, a consistent finding was

limited axon growth out of the bridges back into the host tissue. This has led to various

combinatorial approaches being evaluated to entice axon growth out of bridges and back

into the host tissue. Neurotrophin or growth factor treatment within the host tissue just distal

to the bridge has proven quite effective for enticing axon regeneration through/from a

peripheral nerve [52,53] and multiple peripheral nerves routed from white to gray matter

[12,23], Schwann cell [4,7,26], or fetal spinal cord [15,44] bridges and back into the host

cord. Removal of the inhibitory extracellular matrix chondroitin sulfate proteoglycan with

the bacterial enzyme chondroitinase ABC has also been observed to aid regenerating axon

outgrowth from peripheral nerve [29], Schwann cell [11], or fetal spinal cord [38] bridges.

Combining chondroitinase ABC [22,78] with intraspinal transplants of olfactory ensheathing

cells [58] also promoted regenerating axon outgrowth from Schwann cell bridges. This also

occurred through Schwann cell [54] or fetal spinal cord [50] bridges when spinal cord
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cAMP levels were altered by intraspinal dibutyryl cAMP delivery and systemic

administration of rolipram, the cAMP-specific phosphodiesterase 4 inhibitor.

Many of the cell types that provide bridges for lesioned axons endogenously express high

levels of neurotrophins. As has been seen with Schwann cells, exogenous administration of

[32,83,85] and engineering to express [25,47] neurotrophins further enhance the

regenerative potential of these cell types. Fibroblasts or bone marrow stromal cells typically

express low levels of neurotrophin and transplantation of non-modified cells induce little to

no axon regeneration. However, when any of these cells are engineered to express high

levels of neurotrophin using viral vectors, the numbers of axons regenerating into the grafts

significantly increase [6,43]. As observed with other bridging cells very few axons grow

back into the host cord. To induce regeneration of sensory axons through a NT-3 expressing

bone marrow stromal cell graft within a dorsal column lesion to the cervical cord, Taylor et

al. [75] injected lentivirus encoding NT-3 rostral to the graft border. When the rostral NT-3

gradient came in contact with the graft significant numbers of axons were observed

extending out of the graft. If the rostral NT-3 gradient failed to contact the graft border no

axons were observed growing out of the graft. This indicated that even a small gap between

the NT-3 expressing graft and the rostral NT-3 gradient fails to induce sensory axon growth

out of the graft.

Axon regeneration is also highly dependent on the intrinsic growth state of neurons; in

which adult neurons have a relatively poor intrinsic growth state when compared to

embryonic neurons. This intrinsic growth state can be increased by application of dibutyryl

cAMP and rolipram or by performing a conditioning lesion to the peripheral part of the

sensory neuron [49,70]. Enhanced outgrowth from a neurotrophin expressing bridge has

been observed with either treatment [43,75]. A triple combined treatment of NT-3

expressing bone marrow stromal cells, sciatic nerve conditioning lesion, and the rostral

injection of NT-3 into either the nucleus gracilis or the reticular formation was used to

assess the targeting of regenerating dorsal column sensory axons [1]. In either group, axons

grew into the source of NT-3, whether an appropriate target (nucleus gracilis) or an

inappropriate target (reticular formation). Furthermore, regenerating axons within the

nucleus gracilis reached a level about 27% that of the original axon density; however, even

though synapses were identified, no post-synaptic recording was evoked by sciatic nerve

stimulation [1]. Interestingly, this triple combination of treatments induced sensory axon

regeneration when administration started either 6 weeks or 15 months after midcervical

lesions [35]. These results show that increasing the intrinsic growth potential of neurons

combined with construction of a supportive bridge and neurotrophin gradient can effectively

induce regeneration of either acutely or chronically injured adult sensory axons.

Unlike what was seen in the adult rat [12], combining multiple peripheral nerves grafts from

injured white matter to gray matter with fibrin glue containing fibroblast growth factor 1

was not found to be anatomically or functionally therapeutic when used in non-human

primates with lesioned spinal cords [39]. However, this strategy was reported to markedly

improve function 2 years post-treatment for a person with chronic SCI [13]. Examination 1

year after autologous Schwann cells were transplanted into an individual with chronic SCI

revealed that the treatment was safe and feasible [66]. Reports that olfactory ensheathing
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glia transplants were safe, feasible, and led to improved function have been made

[27,31,42,45]. However, these results need to be carefully considered in light of the number

of issues that have been raised about them. These include the SCI recipient selection,

preclinical results, cell types transplanted and where, use of methylprednisolone, medical

complications, and post-surgery assessments [19]. Lastly, cysts were filled and relatively

modest changes in sensation and pain occurred when pieces of human fetal spinal cord were

grafted into the spinal cords of a small number of patients with syringomyelia in

combination with detethering, draining the cysts, and immunosuppression [21,80]. However,

spasticity as well as gait and proprioceptive disturbances were observed. A Phase I/II open-

label and non-randomized study of autologous bone marrow stromal cells transplanted

acutely and subchronically into patients with complete spinal cord injuries when combined

with granulocyte macrophage-colony stimulating delivery also was seen to be safe [84].

5. Directing long distance growth of axons from transplanted neurons

Relatively long distance gradient pathways of neurotrophins or guidance molecules have

been shown to promote long distance directed axon growth from neuronal transplants to a

particular target location. These experiments primarily focused on early postnatal or

embryonic neuronal transplants [8,34,87]. It is known that microtransplantation of neurons

into the intact brain or spinal cord, in such a way that no glial scar forms, will promote long

distance axon growth within white matter tracts [17,18,24,77]. Interestingly, if these neurons

are transplanted into the correct region they can re-establish appropriate targets. However, if

the transplants are relatively large, near a lesion site, or induce glial scar formation, axons

fail to grow a significant distance. To get axons from relatively large neuronal transplants to

grow long distances (>5 mm) or across a lesion, gradient pathways were established within

the corpus callosum, so that the concentration increased with distance from the transplant

site (Fig. 2) [34,87]. When DRG neuronal transplants were placed at the low concentration

end of a NGF and fibroblast growth factor-2 gradient robust axon growth up the gradient,

across the corpus callosum and into the contralateral hemisphere was observed. In these

experiments the pathway within the contralateral hemisphere turned 90° leading to targets in

either the cortex or the striatum. Approximately 50% of the axons following the pathway

likewise turned and grew towards either the cortex or the striatal targets [87]. This turning

could be enhanced by co-expression of semaphorin 3A slightly lateral to the turning point

(Fig. 2C). Recently we have been investigating reconstruction of the nigrostriatal pathway in

a hemi-Parkinson’s rat model and have observed robust growth of E14 dopaminergic axons

along gradient pathways of GDNF and GFR-α1, as well as, netrin-1. Likewise with partial

lesions of the substantia nigra in mice, a gradient of GDNF placed into the striatum, is

sufficient to induce robust growth of dopaminergic axons into the striatum, and reduced

amphetamine-induced rotational behavior [77].

In summary, the construction of neurotrophin gradients distal to the lesion supports

regeneration of sensory axons into the spinal cord after dorsal root rhizotomies and out of

cellular bridges after CNS lesions. Such cellular bridges can be composed of tissues or cells

that support spontaneous regeneration, or cells that typically do not support regeneration if

engineered to express growth factors. Although neurotrophins can be used to direct axon

growth to a target, overexpression across multiple target locations or within the wrong target
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area can lead to inappropriate targeting of axons. Finally the construction of preformed

guidance pathways can be used to direct axons out of neuronal transplants towards a specific

target location.
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Fig. 1.
Recapitulation of developmental-like guidance cues can target regenerating sensory axons.

Schematic illustration of the DREZ model used to examine regeneration of sensory afferents

into the spinal cord. (A) Peptidergic nociceptive axons (red) in the normal spinal cord

terminate in laminae I and II of the dorsal horn; whereas, large myelinated axons (green)

extend to more ventral regions. (B) Dorsal root rhizotomy results in severing of both

nociceptive and proprioceptive axons. These axons are capable of regenerating in the

peripheral nerve up to, but not into, the spinal cord. (C) Injecting NGF adenovirus into the

dorsal horn of the spinal cord (blue) supports the regeneration of sensory afferents through

the DREZ and throughout the entire dorsal horn of the spinal cord, a pattern unlike normal.

(D) To target regenerating axons to their normal laminae, NGF adenovirus was injected

dorsally, while semaphorin 3A-encoding adenovirus was injected ventrally. This produced

slightly overlapping gradients that supported regeneration of peptidergic nociceptive axons

into the upper dorsal horn exclusively, generating a reinnervation pattern very similar to

normal. (E) Photo of spinal cord treated with NGF dorsally and GFP ventrally (right side, as

in C) showing extensive regeneration of sensory nociceptive axons throughout the entire

dorsal horn. (F) Photo of spinal cord treated with NGF dorsally and Semaphorin 3A

ventrally (right side, as in E) axon regeneration is restricted to the upper dorsal horn similar

to the sham lesion side (left side of cord in E and F; Tang et al. [74]).
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Fig. 2.
Targeting the growth of transplanted neurons. Schematic diagram of coronal rat brain cross

sections. (A) Adenovirus encoding a target neurotrophic source (green) was injected into the

striatum on the right side. Nine smaller injections of a second adenovirus were used to create

a pathway to enhance growth (blue) from the striatum through the corpus callosum to the

contralateral hemisphere. In some experiments semaphorin 3A-encoding adenovirus was

injected above the corpus callosum just lateral to the turn. One week after viral injections,

DRG neurons (brown) were transplanted above the corpus callosum in the hemisphere

contralateral to the target. (B) Pathway supported axons grew along the corpus callosum into

the contralateral hemisphere and turned toward the target neurotrophic source. Without

semaphorin, only ~50% of the axons turned; and with semaphorin ~80% turned into the

striatum. (C) Representative photo of DRG axons (red) turning into the striatum towards an

NGF target (blue overlay from adjacent section). Semaphorin 3A expressing cells (green)

increase the number of axons turning into the striatum by reducing their growth past the

turning site (Ziemba et al. [87]).
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