
Molecular/genetic manipulation of extrinsic axon guidance factors
for CNS repair and regeneration

Gabrielle Curinga and George M. Smith
Department of Physiology and Spinal Cord & Brain Injury Research Center (SCoBIRC), University
of Kentucky, Lexington, Kentucky, 40536

Abstract
During development, guidance molecules play a key role in the formation of complex circuits
required for neural functions. With the cessation of development, this exuberant growth process slows
and stabilizes, and inhibitory molecules expressed by glia prevent initial attempts for axonal
regeneration. In this review, we discuss the expression patterns and relative contribution of several
guidance molecules on the regenerative process. Injury to the immature CNS or species capable of
regenerating exhibit a complete or partial recapitulation of their developmental guidance patterns;
whereas, similar injuries to adult mammals results in altered expression that acts to further hinder
regeneration. Manipulations of guidance molecules after injury have been used to control detrimental
effects of axon sprouting and target regenerating axons within the spinal cord.

I. Introduction
The function of the nervous system is based on complex networks formed by neurons during
development, and accordingly, any deficit or alternation in neural circuitry caused by injury
leads to impaired function. During normal development, this highly precise network is
established by temporal and spatial regulation of guidance molecules that direct the growth of
axons along specific pathways to reach the target (Osterfield et al., 2003; Dickson 2002). This
process depends on the ability of growth cones (the leading edge of the axon) to sample and
respond to multiple guidance cues in the environment (Song and Poo, 2001). In contrast, after
injury to the adult mammalian central nervous system (CNS), the ability of axons to regenerate
and reestablish specific projections is very limited. Axons fail to regenerate for multiple
reasons, including, the expression of myelin inhibitory proteins, reduced intrinsic growth
potential of axons, upregulation of inhibitory extracellular matrix at the injury site, and
alterations in developmentally important guidance molecules (Silver and Miller 2004). During
the past 15 years, major advances in neutralizing glial inhibitory molecules and increasing the
intrinsic growth ability of axons has lead to regeneration past the lesion site. Still, little is known
about the accuracy in reconstruction of damaged circuits with functional indices being the final
arbiter for circuit repair. Likewise, functional recovery is most likely due to the formation of
novel circuits from sprouting and regenerating axons that undergo regional as well as
supraspinal plasticity and rarely reconstruction of the original circuit (Maier and Schwab,
2006).

Please address the correspondence to: George M. Smith, Department of Physiology, University of Kentucky, Lexington, KY 40536, Tel:
(859) 323-3541, Fax: (859) 323-1070, E-mail: gmsmith@uky.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Exp Neurol. Author manuscript; available in PMC 2009 February 1.

Published in final edited form as:
Exp Neurol. 2008 February ; 209(2): 333–342.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



During development, axon pathfinding and target recognition are guided by both positive
(permissive and attractive) and negative (inhibitory and repulsive) cues, which operate at short-
or long-range (Tessier-Lavigne and Goodman, 1996). This gives rise to four different guidance
mechanisms: contact attraction, chemoattraction, contact repulsion and chemorepulsion.
Specific guidance decisions reflect the combination of all four mechanisms. The growth cone
integrates signals of multiple cues presented simultaneously in the environment, and reacts to
the relative balance of the attractive and repulsive forces (Tessier-Lavigne and Goodman,
1996). The expression of these guidance molecules is under tight genetic control, orchestrating
complex and precise patterning of connections in the CNS. The precision by which the guidance
program is maintained within the normal adult CNS or recapitulated after injury has only
recently begun to be studied. Many of guidance factors and their receptors persist into
adulthood; however, their distribution, particularly after injury, shows incongruities with
developmental expression patterns (Koeberle and Bahr, 2003). These variations in patterning
could compromise accurate reconstruction of circuits. In addition, the environment in the adult
CNS after injury is much more hostile to regenerating axons than during development. Axons
navigate through a terrain that is replete with debris, reactive immune cells and cytokines, and
contains high levels of inhibitory molecules, reactive astrocytes, extracellular matrix (ECM),
and reactive oxygen species - all of which could alter growth cone responsiveness to
endogenous cues (Silver and Miller, 2004). Although many factors including neurotrophins,
morphogens, and extracellular matrix molecules are involved in axon growth and guidance,
we will focus on the best-characterized of these ligand-receptor pairs, that belong to the families
of ephrins, netrins, semaphorins, and slits.

II. Guidance cues during development
Ephrins

Ephrins belong to a family of membrane bound guidance molecules that consist of eight
mammalian members divided into A- and B-subclasses based on membrane linkage properties.
Mammalian ephrinA1-ephrinA5 are attached to the membrane via a
glycosylphosphatidylinositol (GPI) anchor, whereas ephrinB1-ephrinB3 are transmembrane
proteins (Flanagan and Vanderhaeghen 1998; Goldshmit et al. 2006; Kullander and Klein
2002). Ephrin ligands bind transmembrane receptor tyrosine kinase receptors (Eph). There
have been 13 mammalian Eph receptors identified to date; EphA1-EphA-8 and EphB1-EphB4,
and EphB-6 (Flanagan and Vanderhaeghen 1998; Goldshmit et al. 2006; Kullander and Klein
2002). The receptors are classified based on sequence homology and the ephrin ligands they
bind, although it has recently been shown that receptors EphA4 and EphB2 can bind either A
or B class Ephrins (Himanen et al. 2004).

Ephrin/Eph receptor complexes can mediate bi-directional signaling such that propagation of
the signal can occur in the cell expressing the receptor (forward signaling) and/or the cell
expressing the ligand (reverse signaling). Ephrin/Eph signals can be attractive or repulsive and
require clustering of the ligand for initiation (Hattori et al. 2000). Ephrin/Eph signaling is
involved in targeting of corticospinal tract axons (Dottori et al. 1998; Kullander et al. 2001a;
Kullander et al. 2001b; Yokoyama et al. 2001), retinotectal mapping (Ellsworth et al. 2005;
Feldheim et al. 2000; Feldheim et al. 2004), and guidance of axon tracts of the anterior
commissure (Cowan et al. 2004; Henkemeyer et al. 1996; Kullander et al. 2001a).

Netrins
Netrins make up a small family of diffusible guidance molecules that mediate long or short
range chemoattraction and chemorepulsion in the developing nervous system of worms, flies,
and vertebrates(Barallobre et al. 2005; Kennedy 2000). Mammalian members of the netrin
family include netrin-1(Metin et al. 1997), netrin-3(Wang et al. 1999a), netrin-4(Yin et al.
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2000)(also called β-netrin) (Koch et al. 2000)and netrin-G1 (Nakashiba et al. 2000). Although
secreted, netrins can bind ECM and cell membranes and their local affinity for such substrates
determines the range of netrin diffusion and signaling (Kennedy 2000). The nature of netrin
signaling - attractant or repellant - is determined by activation of different netrin receptor
complexes. The deleted in colorectal cancer (DCC) family of netrin receptors primarily
mediates netrin attraction, whereas the UNC-5 family of netrin receptors mediates netrin
repulsion, either alone or in combination with DCC receptors and as-of-yet unidentified co-
receptors (Barallobre et al. 2005; Cooper et al. 1999; Hong et al. 1999; Keleman and Dickson
2001; Stein et al. 2001). Netrins play an important role in attracting axons to the midline of
animals with bilateral symmetry. They are also involved in guidance of a wide range of axon
populations during development including, but not limited to, spinal commissural neurons
(Serafini et al. 1996), olfactory bulb axons (Koch et al. 2000), and retinal ganglion neurons
(Deiner et al. 1997).

Semaphorins
The family of semaphorin guidance molecules is made up of more than 30 secreted and
membrane-bound members that are divided into 8 sub-classes based on membrane linkage and
phylogenetic associations (Semaphorin Nomenclature Committee 1999). Vertebrates express
secreted (class III, 3, subgroups 3A, 3B, 3C etc.), transmembrane (classes IV – VI), and GPI-
linked (class VII) semaphorin proteins. Semaphorins primarily mediate repulsion of axons via
binding receptors from the neuropilin and plexin families (Bagnard et al. 1998; Huber et al.
2003; Raper 2000; Song et al. 1998). Studies, in vitro, have implicated semaphorins in the
repulsion of several types of axons including cortical, olfactory, hippocampal, and
pontocerebellar neurons (Raper 2000). While knockout mice demonstrated a role for
semaphorin signaling in midline guidance (Zou et al. 2000), information regarding the role of
specific semaphorins in targeting other axon types during development has been difficult to
interpret, presumably due to redundancy of guidance signaling. Alternate, more specific,
dominant negative approaches, however, were successful in showing that individual
semaphorins are involved in appropriate targeting as well as timing of olfactory axon
innervation of the olfactory bulb(Renzi et al. 2000).

Slits
Slits are the most recently identified family of axon guidance molecules. They are large secreted
proteins that bind the family of roundabout (robo) transmembrane receptors to mediate
signaling. To date three slits, slit1-3, (Brose et al. 1999; Itoh et al. 1998; Li et al. 1999) and
four robo receptors, robo1-4, (Huminiecki et al. 2002; Kidd et al. 1998a; Yuan et al. 1999)
have been identified in mammals. Slits in cooperation with robos play a major role in regulating
guidance of commissural axons at the midline. Several studies combined show that Robo1 and
2 mediate repulsion once axons have crossed the midline, and robo3 serves to attract axons to
the midline and allow crossing by inhibiting slit/robo1 signaling (for review see Dickson et.
al. 2006) (Dickson and Gilestro 2006; Long et al. 2004; Marillat et al. 2004; Plump et al.
2002; Sabatier et al. 2004; Stein and Tessier-Lavigne 2001). Recently, a mutation in Robo3
identified in humans was shown to be responsible for failed axon crossing within the brainstem
and spinal cord, resulting in the disorder of horizontal gaze palsy with progressive scoliosis
(HGPPS) (Jen et al., 2004). Slits have also been implicated in the formation of the optic chiasm
(Plump et al. 2002), and in mediating repulsion of olfactory axons (Li et al. 1999), forebrain
axons (Nguyen Ba-Charvet et al. 1999), and retinal ganglion cell axons (Niclou et al. 2000).
In contrast, slits appear to play a positive role in cortical dendrite remodeling (Whitford et al.
2002) and sensory axon elongation and branching (Wang et al. 1999b).
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III. Guidance cues in the intact and/or injured adult CNS
CNS circuits are formed during development through intricate and tightly regulated processes.
External guidance molecules provide navigational instructions by binding and signaling
through receptors on growth cones, which then decide whether to continue on the current path,
turn, stall, collapse, or retract. Importantly, several components including the temporal, spatial,
and environmental context of these cues must be summated by the growth cone before a
molecular signal can be translated into a physiological response. Aberrant expression of critical
guidance molecules could lead to premature termination or misguided growth. Given that
successful regeneration following injury to the adult CNS requires appropriate axon targeting,
it is critical that we understand the context of guidance factor and receptor expression in the
injured adult CNS and its potential influence on regenerating axons.

Developmental guidance cues associated with failed regeneration
The immature nervous system has a relatively good regenerative capacity when compared to
the adult. For example, transection of the lateral olfactory tract in neonates results in successful
regeneration whereas the same injury in adults does not (Pasterkamp et al. 1999). Interestingly,
semaphorin III mRNA and its receptor neuropilin-1 are highly expressed in the adult CNS, but
absent in the neonate following lateral olfactory tract transaction (Pasterkamp et al. 1999). This
relationship is also reflected by the expression profile of inhibitory versus positive netrin
receptors in the adult versus embryonic CNS. Inhibitory netrin receptors from the UNC-5
family show increased expression in the adult compared to the embryonic CNS and conversely,
positive netrin receptors DCC and neogenin show reduced expression in the adult compared
to the embryonic CNS (Manitt et al. 2004). Taken together, these data suggest that some
developmental alterations in expression of chemorepulsive signaling molecules and their
receptors following injury could contribute to regeneration failure in adults.

Injury to the adult CNS results in widespread changes in gene expression, many of which
involve guidance cues and their receptors. Several Eph receptors including, EphA3, A4, A6,
A7 and A8 show an increase in mRNA and immunoreactivity compared to controls following
spinal cord injury (Willson et al. 2002). Axotomy of intramedullary motoneurons results in
persistent up-regulation of semaphorin3A mRNA and protein (Lindholm et al. 2004) and, after
spinal cord lesions, semaphorin4D expression is transiently up-regulated in oligodendrocytes,
but not astrocytes, microglia, or oligodendrocytes precursors (Moreau-Fauvarque et al.
2003). Furthermore, netrin-1, slit-1, and 3, and their receptors; unc5h-1, 2 and 3, robo-1, 2 and
3, are expressed following injury to the cerebellum and spinal cord (Wehrle et al. 2005). Such
changes in expression often correlate with a lack of regeneration. For example, comparison of
mRNA levels by in situ hybridization between the intact and transected adult lamprey spinal
cord revealed a down-regulation of netrin and up-regulation of semaphorin near the transection
site (Shifman and Selzer 2007), possibly accounting for regenerative failure of approximately
50% of the transected spinal axons. Semaphorin 3A was also recently shown to be expressed
in terminal Schwann cells preferentially associated with fast-fatigable muscle fibers following
injury. These fibers do not demonstrate plasticity during injury induced remodeling of
neuromuscular junctions (De Winter et al. 2006). In both of these scenarios, the loss of positive
guidance cues and/or gain of negative cues correlated with failed regeneration. Eph/ephrin
signaling has recently been correlated with failure of cortical spinal axon regeneration (Fabes
et al. 2006). EprhinB2, an EphA4 receptor ligand, is normally expressed flanking the
corticospinal tract in adults. Following a dorsal hemisection lesion ephrinB2 is up-regulated
in the astrocytes of the glial scar and injured cortical neurons accumulate the EphA4 receptor.
It is proposed that retraction of corticospinal axons and inhibition of their regeneration
following spinal lesion may be due, in part, to the repulsive Eph/ephrin signaling resulting
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from the ephrin-rich lesion site and localization of the Eph receptor to injured neurons (Fabes
et al. 2006).

In some cases, axon inhibition has been specifically localized to regions expressing repulsive
guidance molecules. Following transection of the thoracic dorsal columns, semaphorin3A is
persistently up-regulated by fibroblasts in the lesion. Tract tracing and immunohistochemistry
demonstrated that dorsal root ganglion neurons expressing semaphorin3A receptor
components, neuropilin-1 and plexin-A1, failed to invade glial scar regions occupied by
semaphorin3A-positive fibroblasts (Pasterkamp et al. 2001). Similarly, other class 3
semaphorins are expressed by fibroblasts in the glial scar following lesions of the adult rat
spinal cord and most neurons of the cortico- and rubrospinal tracts expressing receptor
components for class 3 semaphorins are not able to penetrate the semaphorin positive portion
of the glial scar formed at the lesion site (De Winter et al. 2002). The high lethality of Sema3A
−/− mouse precludes analysis of the contribution of semaphorin 3A inhibition to regenerative
failure; however, a small molecule (SM-216289) that inhibits Sema3A induced
chemorepulsion and subsequently enhanced axon regeneration beyond a spinal cord lesion
(Kaneko et al., 2006). Although axons from several neuronal populations regenerated using
this paradigm, regrowth of corticospinal axons was not observed, reinforcing the possibility
of redundant inhibitory mechanisms preventing axon regeneration.

Molecular or genetic studies showing functional role for cues in regeneration
More recent studies have demonstrated functional roles for Eph/ephrin signaling in either
formation of the glial scar (Bundesen et al. 2003) or inhibition of corticospinal tract growth
(Benson et al. 2005). Bundesen et. al. showed that ephrin-B2 and EphB2 are expressed by
astrocytes and meningeal fibroblasts, respectively, in the intact and injured adult spinal cord
(Bundesen et al. 2003). A timeline was established for scar formation that involves bi-
directional signaling between ephrin-B2-expressing reactive astrocytes at the lesion surface
and infiltrating EphB2-containing fibroblasts in the early days following thoracic transection
of the spinal cord. At one week, boundaries begin to form between cell types and by two weeks
the astroglial-meningeal fibroblast scar is fully developed with an established segregation of
ephrin-B2-expressing astrocytes from EphB2-positive meningeal fibroblasts. Segregation of
cell types also corresponds with a decrease in EphB2 and ephrinB2 activation, suggesting that
cell contact-mediated bidirectional EphB2/ephrinB2 signaling functions in the formation of
the glial scar (Bundesen et al. 2003). Further evidence for a functional role of ephrin guidance
molecules in the CNS response to injury comes from studies looking at ephrinB3 (Benson et
al. 2005). EphrinB3 is expressed at the midline during development and acts as a repellent for
EphA4 positive CST axons. Knockouts of either ephrinB3 or EphA4 induce abnormal midline
crossing of CST axons (Dottori et al., 1998) and rhythmic disruption of the central pattern
generator resulting in a stereotypic rabbit-like hopping gait (Kullander et al., 2003). In adults,
however, ephrinB3 is expressed in the white matter of the spinal cord where it is concentrated
around the mature CST. Immunocytochemical co-labeling experiments showed that ephrinB3
was expressed by myelinating oligodendrocytes, but not by neurons or astrocytes (Benson et
al. 2005). Furthermore, ephrinB3 was shown to play a role in myelin-based inhibition of axon
growth, since growth on myelin from ephrin-B3 knockout mice alleviated the inhibition
typically seen when EphA4-positive primary CST axons were grown on myelin from wildtype
mice. In agreement with those studies, unilateral hemisection of the dorsal columns in EphA4
knockout mice showed regeneration of CST axons and some return of function (Goldshmit et
al., 2004). Co-cultures of neurons and astrocytes isolated from these knockout mice showed
increased neurite growth when compared to neurons grown on wildtype astrocytes.
Interestingly, these mice also showed a lack of glial scar formation, which further reduced the
inhibitory environment of the lesion site; however, it remains uncertain if developmental
abnormalities in the EphA4 null mutants contributed to functional recovery. Together these
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findings indicate that the ephrinB3/EphA4 signaling system functions in inhibition of CST
regeneration following SCI.(Benson et al. 2005).

Expression of guidance cues following injury to the visual system
The development and precise topographic wiring of the visual system has been extensively
studied and involves guidance by netrins, semaphorins, slits, ephrins, and their respective
receptors. Briefly, developing retinal ganglion cells, which express the netrin receptor DCC,
are guided out of the eye and into the optic nerve by the presence of netrin in the optic disc.
Semaphorins promote axon fasciculation in the optic nerve, whereas ephrin B2 expression at
the optic chiasm prevents Eph B1 ipsilateral projections from crossing the midline (Williams
et al., 2003). Finally, precisely mapped expression gradients of EphAs in the retina and
complimentary gradients of ephrin-As and ephrin-Bs in the superior colliculus regulate
topographical synapse formation (for review see McLaughlin and O’Leary 2005). With the
cessation of visual development in mammals, many of these molecules are down regulated;
however, after optic nerve injury partial re-expression is observed (Wizenmann et al. 1993).
Unlike mammals, optic nerve lesions in goldfish result in complete restoration of
developmental guidance cues. It is particularly useful to compare the differences seen between
lower vertebrates, such as goldfish, that have the capacity to functionally regenerate, and
mammals such as rats that do not.

Several studies in adult goldfish have shown a correlation between the maintenance or
appropriate re-expression of developmental guidance cues and successful regeneration
following optic nerve injury (King et al. 2003; Petrausch et al. 2000; Rodger et al. 2000; Rodger
et al. 2004). This is in contrast to the situation observed in adult rats where the optic nerve does
not demonstrate functional regeneration (Ellezam et al. 2001; Knoll et al. 2001; Petrausch et
al. 2000; Rodger et al. 2001; Symonds et al. 2007). Expression of netrin-1 is maintained at the
optic disc in normal and post-lesion adult goldfish (Petrausch et al. 2000). Furthermore, retinal
axons express netrin receptors as shown by netrin-1 Fc fusion protein binding to regenerating
axons, suggesting the presence of a functional netrin-1 guidance system. In contrast, optic nerve
lesion in adult rats results in expression of netrin-1 in retinal ganglion cells and glial cells in
the optic nerve(Ellezam et al. 2001), but not in the optic disc (Petrausch et al. 2000), where it
is expressed during development. Down regulation of the netrin receptors DCC, UNC5H1 and
UNC5H2 was also observed in these animals, leading one to speculate that ineffective or
incomplete restoration of the netrin signaling system may contribute to failed regeneration
(Ellezam et al. 2001; Petrausch et al. 2000). Application of a peripheral nerve graft to promote
cell survival and regeneration did not prevent the down regulation of netrin receptors, even in
those axons that regenerated. Thus, it is possible that netrin signaling does not contribute to
retinal axon regeneration induced by peripheral nerve graft in adult rats. Further studies
examining the presence of factors that are known to regulate netrin signaling such as
intracellular levels of cAMP, (Ming et al. 1997; Shen et al. 1999), or the ECM protein laminin
(Hopker et al. 1999), are needed to fully interpret role of netrin in peripheral nerve induced
regeneration in adult rats. Although netrins function in optic nerve guidance, Eph/Ephrin
signaling is a major determinant of appropriate topographic mapping in the developing visual
system (McLaughlin and O’Leary 2005).

Similar to the results from studies looking at netrin, the Eph/ephrin signaling system in goldfish
appears to be maintained or restored following injury, again correlating with functional
regeneration (King et al. 2003; Rodger et al. 2000; Rodger et al. 2004; Symonds et al. 2001).
A rostral(high)-caudal(low) gradient of ephrinA2 in the tectum of the developing goldfish
visual system plays an important role in retino-tectal mapping. This gradient persists in mature
goldfish presumably to maintain appropriate mapping of newly generated axons as retinal and
tectal neurogenesis continues beyond development. During optic nerve regeneration, the
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ephrinA2 rostrocaudal gradient expression throughout the tectum is transiently increased at
one month and returns to normal levels by 3 months (Rodger et al. 2000). This upregulation
corresponds to restoration of the topographical map and is thought to be initiated by innervation
of retinal ganglion cell axons (Rodger et al. 2000). In turn, examination of gradient expression
in the retina during nerve regeneration reveals ascending naso-temporal EphA3 and EphA5
gradients and a uniform expression of ephrinA2 (King et al. 2003). Such Eph gradients in the
retina are also coincident with restoration of the topographical map. Finally, studies using
injections of recombinant EphA3 receptor or phospho-inositol phopholipase-C to disrupt
EphA/ephrin-A interactions during optic nerve regeneration demonstrated aberrant mapping
along the rostrocaudal axis in the tectum, suggesting that such interactions are required for
proper restoration of topographical mapping in goldfish (Rodger et al. 2004).

Studies in adult rats show an incomplete restoration of guidance cues in addition to aberrant
expression of inhibitory cues. Restoration and/or maintenance of an ephrin-A gradient in the
superior colliculus following injury coincides with a loss of EphA receptor gradient in the
RGCs. The net result is an incomplete set of cues for restoration of topographic mapping
(Knoll et al. 2001; Rodger et al. 2001). However, the authors suggest that EphA could serve
to mask the gradient in normal rats and this decrease in receptor level could uncover ephrin-
A gradient for appropriate topographical targeting should retinal ganglion cell (RGC)
regeneration occur. Application of a peripheral nerve graft following optic nerve lesions
rescued RGC, restored the EphA5 gradient in the retina and subsequently supported
regeneration through the graft to the superior colliculus, it failed to support topographic
reconstruction in the superior colliculus. Failure, however was due to upregulation of ephrinA2
on astrocyte surrounding the insertion site of the peripheral nerve graft that prevented
regenerating axons from leaving the graft (Symonds et al. 2007).

V. Recapitulating developmental cues for repair of the CNS
Manipulation of developmental guidance cues for repair of the injured CNS is a daunting task.
Many potential obstacles need to be considered if such an approach is to be successful. Perhaps
the most difficult hurdle is organizing the complex spatial and temporal expression gradient
patterns required to precisely target regenerating axons, particularly within the overtly growth
inhibitory environment of the adult CNS. Furthermore, precise topographic mapping most
likely will require cues from multiple guidance factors as occurs during development of the
floor plate or visual system. But as observed with the visual system, some of these expression
patterns are conserved in the adult or re-established after injury, so it might only be necessary
to modify a few factors. Another consideration is whether growth cones of injured axons
express the appropriate receptors and signaling mechanisms required for the appropriate
response to guidance cues. Whether cues are interpreted as attractive and/or repulsive is
regulated by several factors including, receptors expressed by the navigating growth cone
(Kidd et al. 1998b; Shirasaki et al. 1998; Stein and Tessier-Lavigne 2001), the ECM molecules
with which the cues are associated (Hopker et al. 1999; Nguyen-Ba-Charvet et al. 2001), the
presence or activity of proteases known to cleave such cues (Galko and Tessier-Lavigne
2000; Hattori et al. 2000; Janes et al. 2005; Nguyen Ba-Charvet et al. 2001; Webber et al.
2002), and the intracellular cyclic nucleotide levels of the axon (Cai et al. 2001; Ming et al.
1997; Nguyen-Ba-Charvet et al. 2001; Rodger et al. 2005; Shen et al. 1999; Song et al.
1997). It is also clear from the information discussed above that the adult and certainly the
injury environment are very different from that which axons encounter during development.
In the adult, circuits and tracts are already established resulting in a drastically altered
extracellular environment, and the distances required for axons to travel to reach their targets
following injury are much greater. Therefore, understanding the effect such differences have
on regulation of guidance cue signaling is of paramount importance if such an approach is to
be successful.
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One region where the exogenous expression of developmental guidance cues has resulted in
successful manipulation of sprouting or regenerating axons is the dorsal root entry zone. This
region is high amendable because of the short distances axons are required to regenerate prior
to establishing functional synapses, and many of the guidance molecules and their receptors
have been characterized both during development and in the adult. During development
primary peptidergic nociceptive sensory axons grow into the spinal cord through the dorsal
root entry zone (DREZ) and terminate primarily in laminae I and II of the dorsal horn (Ozaki
and Snider, 1997). Their ingrowth and lamina specific termination are partially determined by
a ventral-dorsal gradient of semaphorin 3A, which acts as a chemorepulsive factor to prevent
growth of these nociceptive axons into the deeper dorsal lamina (Messersmith et al., 1995; Fu
et al., 2000). In the adult, these neurons and their growing axons retain the receptors and
responsiveness to semaphorin 3A (Tanelian et al., 1997; Gavazzi 2001), but the semaphorin
3A gradient in the spinal cord has diminished. This condition permits the experimental use of
semaphorin 3A as a guidance molecule to control axon sprouting and regeneration after injury
to the nervous system. After spinal cord injury, uninjured calcitonin gene-related peptide
(CGRP) containing nociceptive axons can sprout into deeper dorsal laminae to aid the
development of two detrimental conditions, autonomic dysreflexia and chronic pain
(Christensen and Hulsebosch, 1997; Krenz et al., 1998; Tang et al., 2004b; Cameron et al.,
2006). Autonomic dysreflexia is the conversion of a nociceptive input from below the injury
into a sympathetic response that results in unregulated elevation of blood pressure, with
simultaneous decreases in heart rate. Injection of adenovirus-encoding semaphorin 3A into the
deep dorsal horn prevented sprouting of CGRP + axons and reduced the severity of both the
autonomic response and chronic pain induced by NGF (Tang et al., 2004b; Cameron et al.,
2006). In contrast, over-expression of NGF, which is a growth factor for these axons, caused
the opposite effect. Thus, strategic placement of a chemorepulsive factors can potentially be
used to control injury induced sprouting that leads to detrimental effects of the lesion.

This model has also been used successfully to target regenerating nociceptive axons to their
appropriate laminae (Tang et al., 2007). Numerous studies have shown that neurotrophins aid
regeneration of many systems, and could be thought of as providing attractive guidance cues
(Ramer et al., 2000; Romero et al., 2001; Taylor et al., 2006). After dorsal root rhizotomy,
axons regenerate within the peripheral nerve (PN) but stop abruptly at the PN/spinal cord
transition zone, known as the DREZ, failing to regenerate into the spinal cord (Liuzzi and Lasek
1987; Kliot et al., 1990). Addition of neurotrophins to the spinal cord enhances regeneration
of axons through the DREZ and into the spinal cord where they form functional connections
(Ramer et al., 2000, Romero et al., 2001; Tang et al., 2004a). Viral over-expression of NGF in
the dorsal horn led to robust regeneration specifically of CGRP+ axons; however, these axons
failed to terminate within laminae I and II, and instead grew abnormally throughout the entire
dorsal horn (Romero et al., 2001; Tang et al., 2004a), most likely due to the loss of semaphorin
3A expression in the adult. To target regenerating nociceptive axons and recapitulate their
developmental lamina specific patterning, slightly overlapping gradients of NGF and
semaphorin 3A were established in the dorsal horn (Tang et al., 2007). For these experiments,
recombinant adenovirus was used to control both the temporal and spatial aspects of the two
gradients, which were important to obtain appropriate termination within laminae I and II. This
resulted in targeted regeneration of about 25% of the lesioned nociceptive axons showing a
pattern of synaptic terminals very similar to their normal distribution within the uninjured
animal and improved the overall functional efficiency of these connections. Thus, faithful
reconstruction of regenerating circuits could be important for functional recovery.

Neural replacement strategies could also benefit from establishment of guidance pathways to
direct the growth of axons from the transplant site to the target locations. Numerous studies
have demonstrated that transplant of exogenous neurons from either fetal or stem cell sources
often fail to fully integrate within the host tissue and rarely reconstruct the damaged circuit in
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adults (Grimaldi et al., 2005). Often transplanted neurons will extend dendrites and receive
synaptic connection from host neurons; however, eventhough axons from transplanted neurons
grow into the host, most fail to find their appropriate targets (Triarhou et al., 1992). More
recently we have investigated the possibility of using guidance molecules not only to target
regenerating axons but also axons from transplanted neurons. In this study, a preformed
guidance pathway was established along the corpus callosum using adenovirus to overexpress
growth promoting factors (Fig. 3). In the contralateral hemisphere the pathway turned toward
a target in either the striatum or the cortex. Expression of fibroblast growth factor-2 (FGF2)
along the pathway leading to an NGF target produced the best growth, with about 50% of the
axons turning. The number of axons turning out of the corpus callosum and into the striatum
was enhances when semaphorin 3A was co-expressed distal to the turning point. This study
shows the feasibility of directing axon growth for circuit reconstruction with neuronal
replacement strategies.

VI. Conclusions
During development, guidance cues within the CNS play an important role in shaping the
formation of neural circuits. With the cessation of development, some of the developmental
guidance cues are lost, reduced, or altered. Injury to the CNS can further augment the
expression patterns, leading to increased inhibition at the lesion site. While it is tempting to
assume that recapitulation of the developmental guidance process in the injured adult CNS
would enhance functional recovery, it must be taken within the context of the adult
environment. Alterations in the developmental expression patterns, receptor repertoire on
growth cones, and the generally inhospitable environment after injury need to be taken into
consideration. Since axonal guidance required multiple factors acting in concert, it seems
important that the approaches enhance and not interfere with any endogenous attempts at
reforming appropriate circuits. Strategic replacement of key guidance molecules in the
appropriate spatial and temporal conformation could, thus, be exploited to reduce inappropriate
or detrimental sprouting, while inducing more appropriately targeted growth.
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Figure 1.
Spinal cord injury increases guidance factor expression that effects glial scar formation and
axon regeneration. A) Fibroblasts (red) migrating into the wound cavity express EphB2
receptors (v) on fibroblasts and ephrin B2 ligand (▲) on astrocytes (green). The binding of
EphB2 to ephrinB2 restricts cell migration and results in segregation and boundary formation
between these two cell types. B) Fibroblasts migrating into the wound cavity secrete
semaphorins (o) that act as chemorepulsive agents inducing growth cone collapse and stopping
regenerating axons (blue). In addition, Eph/ephrin interactions between growing axons and
either astrocytes or myelin (purple) prevent axons from regenerating.
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Figure 2.
Overlapping gradients of NGF and semaphorin 3A restrict the regeneration of CGRP+
nociceptive axons to laminae I and II. A) Injection of NGF adenovirus into the dorsal horn of
the spinal cord induces expression of a neurotrophin gradient (blue). B) This gradient supports
the regeneration of peptidergic (CGRP+) nociceptive axons (red) throughout the entire dorsal
horn, generating an abnormal innervation pattern. C) Co-expression of NGF (dorsally) and
semaphorin 3A (ventrally, green) establishes slightly overlapping gradients that supports axon
regeneration into the dorsal horn. D) As axons regenerate into the dorsal horn they encounter
increasing amounts of semaphorin 3A that prevents their growth into deeper dorsal laminae to
produce a reinnervation pattern similar to normal.
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Figure 3.
Schematic diagram of coronal cross sections of the rat brain. (A) Adenovirus encoding a target
neurotrophic source is injected into the striatum (blue). A pathway of nine smaller injections
(green) of a second adenovirus is created from the striatum to the corpus callosum that follows
the corpus callosum to the opposite hemisphere. DRG neurons (red) are transplanted above the
corpus callosum in the hemisphere contralateral to the target two days post-injection. (B) If
the pathway supports growth, axons (red) should grow along the corpus callosum into the
contralateral hemisphere and turn toward the target neurotrophic source. To increase the
number of axons turning semaphoring (brown circles) are placed at the distal end of the
pathway, just after the turning point.
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