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Abstract—Rewiring the injured corticospinal tract (CST) by

promoting connections between CST axons and spared

neurons is a strategy being explored experimentally to

achieve improved recovery of motor function after spinal

cord injury (SCI). Reliable interventions to promote and

direct growth of collaterals from injured CST axons are in

high demand to promote functionally relevant detour

pathways. A promising tool is neurotrophin-3 (NT-3), which

has shown growth-stimulating and chemo-attractive effects

for spared CST axons caudal to a CST lesion. Yet, efforts to

promote growth of injured CST axons rostral to a SCI with

NT-3 have been less successful to date. Evidence indicates

that immune activation in the local growth environment,

either intrinsic or induced by the endotoxin lipopolysaccha-

ride (LPS), can play a decisive role in the CST’s responsive-

ness to NT-3. Here, we test the potential of NT-3 as a tool to

enhance and direct collateral growth from the injured CST

rostral to a SCI (1) using long-term expression of NT-3 by

adeno-associated viral vectors, (2) with and without stimu-

lating the immune system with LPS. Our results indicate that

inducing a growth response from injured CST axons into a

region of vector-mediated NT-3 expression is possible in

the environment of the spinal cord rostral to a SCI, but

seems dependent on the distance between the responding

axon and the source of NT-3. Our findings also suggest that

injured CST axons do not increase their growth response to

NT-3 after immune activation with LPS in this environment.

In conclusion, this is to our knowledge the first demonstra-

tion that NT-3 can be effective at promoting growth of

injured CST collaterals far rostral to a SCI. Making NT-3

available in close proximity to CST target axons may be

the key to success when using NT-3 to rewire the injured

CST in future investigations. � 2014 IBRO. Published by

Elsevier Ltd. All rights reserved.
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INTRODUCTION

After spinal cord injury (SCI), long and short distance

connectivity between neurons is permanently lost in an

environment where meaningful regeneration remains an

unmet challenge. Plasticity, the ability of the central

nervous system to adapt and re-arrange even in

adulthood, is thought to account for most of the

spontaneous recovery that is frequently observed after

SCI (Edgerton et al., 2004; Rossignol et al., 2011). Unfor-

tunately, both the extent of such plasticity as well as the

degree of the resulting recovery are fairly limited. Inter-

ventions to enhance and modify plastic responses of the

nervous system could potentially help to rewire injured

fibers to meaningful targets. A great majority of SCIs

involve anatomically incomplete lesions where some

fibers surrounding a lesion site remain intact, so that a

number of connections that span across the injured spinal

level are spared (NSCISC, 2012). These spared neurons

can potentially be useful to build ‘detour’ pathways around

the lesion for other neurons whose axons are injured

(Courtine et al., 2008). Motor signals for example may
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reach denervated areas below the injury via a relay circuit

(Hunanyan et al., 2013), mediating substantial functional

improvements (Courtine et al., 2008; van den Brand

et al., 2012). To achieve such rewiring, injured axons

have to make new collateral connections to spared neu-

rons, for example spinal interneurons (Fig. 1 A). For the

corticospinal tract (CST), the major motor pathway

involved in voluntary motor function, such collateral-inter-

neuronal connections have been described (Bareyre

et al., 2004; Vavrek et al., 2006). Establishing reliable

strategies to enhance CST collateral growth and to

promote functional connections with spared neurons is a

goal with great potential.

In order to promote new connections between the

injured CST and spared neurons, an intervention that

allows us not only to stimulate but also to direct CST

collateral growth toward a meaningful target, for

example spared spinal interneurons, would be extremely

valuable. A promising candidate tool is neurotrophin-3

(NT-3), which has growth-promoting as well as chemo-

attractive properties for a variety of axons (Alto et al.,

2009), including those that constitute the CST (Zhou

et al., 2003). Unfortunately, experimental successes of

NT-3-induced CST collateral growth have been limited

so far to the lesion environment (Schnell et al., 1994;

Hunanyan et al., 2013) and regions caudal to the lesion

in the acute phase after SCI (Zhou et al., 2003). In con-

trast, the use of NT-3 in regions further rostral to a spinal

lesion has been unsuccessful at stimulating collateral

projections from injured CST axons in previous reports

by our group (Vavrek et al., 2006; Weishaupt et al.,

2013). Stimulating growth from injured CST axons at a

distance from the lesion will be necessary so as not to

limit NT-3-mediated axonal outgrowth to a small region

neighboring the injury site in future therapeutic endeav-

ors. Adding to the reported inconsistencies of NT-3’s

effects on CST outgrowth are results from NT-3 infusion

into denervated areas of the spinal cord after partial pyra-

midal lesions (Hagg et al., 2005). Hagg and colleagues’

data suggest that NT-3 may even inhibit growth of spared

CST axons. Together, these reports indicate that NT-3

promotes growth of CST axons only in certain contexts

and environments (Table 1).

In an effort to establish what factors may influence a

growth-promoting effect of NT-3 on injured CST axons,

we designed the present study as a proof-of-principle

experiment with no intent to treat. First, we address

proximity between injured CST axons and the source of

NT-3 as a potential factor for successful stimulation of

collateral growth. We investigate whether long-term

expression of NT-3 by viral vectors far rostral to a SCI

can stimulate collateral growth from ipsilateral and/or

contralateral injured CST axons. Second, we examine

whether immune stimulation may foster an environment

more conducive to NT-3-induced growth of injured CST

axons, similar to what has been reported for spared

CST axons (Chen et al., 2008). To achieve this, we

address the question whether a growth-promoting/

Fig. 1. Rationale and experimental design. (A) Graphic illustrates the concept of rewiring CST output via spared interneurons. (B) Experimental

timeline demonstrates sequence of events. DPI = days post injury/AAV injection. Inj. = injection. (C) Schematic illustrates the concept of the non-

inflammatory experimental condition. C5 = 5th cervical spinal segment. T8 = 8th thoracic spinal segment. (D) Schematic illustrates the concept of

the experimental condition following LPS administration.
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