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Targeting axon guidance cues for neural
circuit repair after spinal cord injury
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Abstract

At least two-thirds of spinal cord injury cases are anatomically incomplete, without complete spinal cord transection,

although the initial injuries cause complete loss of sensory and motor functions. The malleability of neural circuits and

networks allows varied extend of functional restoration in some individuals after successful rehabilitative training.

However, in most cases, the efficiency and extent are both limited and uncertain, largely due to the many obstacles

of repair. The restoration of function after anatomically incomplete injury is in part made possible by the growth of new

axons or new axon branches through the spared spinal cord tissue and the new synaptic connections they make, either

along the areas they grow through or in the areas they terminate. This review will discuss new progress on the

understanding of the role of axon guidance molecules, particularly the Wnt family proteins, in spinal cord injury and

how the knowledge and tools of axon guidance can be applied to increase the potential of recovery. These strategies,

combined with others, such as neuroprotection and rehabilitation, may bring new promises. The recovery strategies for

anatomically incomplete spinal cord injuries are relevant and may be applicable to traumatic brain injury and stroke.
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Introduction

Spinal cord injury is a devastating condition that

severely impacts the lives of individuals carrying

injury and their families. The total number of people

with spinal cord injury in the US is currently 291,000,

and there are approximately 54 cases per million people

each year in the US (17,730 new cases each year).

Depending on the age when spinal cord injury occurs,

the lifetime costs are as high as $1.1 to $5.0 million per

person, not including indirect costs such as losses in

wages (“Spinal Cord Injury (SCI) 2019 Facts and

Figures at a Glance” 2019 by National Spinal Cord

Injury Statistical Center).
In addition to the loss of sensory and motor func-

tions, cervical and high thoracic spinal injury may

cause other complications, such as respiratory failure,

hypertension due to loss of injury at T6 or higher

(autonomic dysreflexia), and immunodeficiency due to

loss of descending tonic control of the sympathetic pre-

ganglionic neurons, which leads to greater sympathetic

outflow below the lesion.1–3 The quality of life is com-

promised with inability to empty bladder (neurogenic

bladder: incontinence, renal impairment, urinary tract
infection, and stones) and control bowel function at
T12 or higher (reflex bowel or neurogenic bowel), as
well as sexual impairment, cognitive impairment and
negative mood states.4–7 Some two-thirds of individu-
als with SCI sustain chronic neuropathic pain, which
are refractory to drug treatment.8,9 Despite many years
of efforts, including three to four decades of U.S. Food
and Drug Administration (FDA)-approved clinical
studies, there has not been any FDA-approved drug
or treatment.10 The lack of effective treatment of
acute spinal cord injury leads to the continuous
increase of cases at chronic stages.
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Contrary to common intuition, significant repair
and recovery can occur in some people after traumatic
injury, especially with anatomically incomplete spinal
cord injury (without complete spinal cord transec-
tion).11 The underlying mechanisms may be similar to
stroke or traumatic brain injury, where functional
recovery occurs more frequently and sometimes quite
extensively despite acute loss of neurons. These func-
tional recoveries are possible because of the remarkable
malleability of the brain networks to form “new
circuits,” which may be considered “backup circuits.”
This ability appears less extensive in spinal cord injury
than in stroke, but still exists in many cases of incom-
plete spinal cord injury.11 The “new circuits” typically
are not identical to the original circuits before injury.

Research in axon growth and guidance has generat-
ed tremendous amount of new knowledge and tools.
There has been encouraging news that some of the
axon guidance molecules are not only present but
also play significant roles in regulating the growth of
the injured axons or injury-induced axons in adult
spinal cord. At least two-thirds of the spinal cord
injury cases are anatomically incomplete, leaving
spared tissues which can potentially support axon
growth and functional recovery. Complete spinal cord
injury (compete spinal cord transection), which is not
the main focus of this review, is conceivably more chal-
lenging to treat and will require more extensive combi-
natorial approaches. However, once the breakthrough
for complete injury treatment is achieved, the
approaches to enhance plasticity will likely contribute
to the treatment of completely injured individuals.

Spinal cord injury is a complex condition

Spinal cord injury starts with a mechanical injury,
which acutely causes the death of neurons and glia as
well as other cell types.12 The permeability of blood–
brain barrier is increased because of the injury. This
initial injury results in secondary damage due to the
inflammatory responses, which interacts with the vas-
culature system. Immune responses promote angiogen-
esis, which in turn regulates immune responses.13 The
secondary injury, which is also caused by ischemia,
excitotoxicity and oxidative stress, causes even more
cell death, can last from several weeks to a much
longer time. A few days after injury, astrogliosis,
which is now recognized to be both beneficial and det-
rimental, starts to unfold, which results, in part, in the
formation of glial scar in the next several weeks.14

Axon growth also starts around the same time. The
initial growth lasts for a couple of weeks, but some
growth likely continues. New axonal branches can
grow from the proximal segment of the injured axons
or from uninjured axons. But axons or axonal branches

grow in the spared tissue and typically cannot grow

into and across the lesion sites. Once the glial scar

forms and the blood–brain barrier is rebuilt, it is

thought that the secondary injury would be slowed

down and the lesion would be stable. In complete

spinal cord transection, axons will not be able to
grow across the lesion without any help. However, in

anatomically incomplete injury, growth of axons,

including their branches from the injured axons, can

continue to grow, bypassing the lesion, and make

new synaptic connections along the way. The new con-

nections, like in the developing nervous system, need to

be continuously modified to allow for stable functional

recovery to occur. If the new axons find stable synaptic

targets, they will remain connected rather than being
pruned. In light of these many facets of spinal cord

injury, a combination of various treatments tailored

towards individuals and different injuries will likely

be the future of therapy.

Neuroprotection as an approach for

promoting functional recovery

Among the first tissue responses of spinal cord injury is

the death of neurons, glia, and other cells. The second

injury, largely driven by inflammatory responses, ische-

mia, excitotoxicity, and oxidative stress, leads to con-

tinued cell death, expanding the initial injury, which is

a major challenge in spinal cord injury. It is not sur-

prising that most of the past and current trials have
been based on neuroprotection and efforts to reduce

inflammation.12,15 This is relevant to anatomically

incomplete spinal cord injury as blocking cell death

may not only prevent continued loss of function but

also allow more axon growth and greater functional

recovery.
Some of the earlier efforts, such as neuroprotective

agent, GM1 (monosialotetrahexosylganglioside)

Ganglioside, unfortunately showed limited efficacy in

its definitive multicenter prospective randomized trial.

Methylprednisolone, a synthetic glucocorticoid, is a

potent anti-inflammatory agent, which is thought to

be protective, as it can reduce secondary damage.

However, the benefit has also been limited but the

harmful side effects with increased risk of infection

including severe pneumonia, sepsis, and gastrointesti-

nal bleeding seem consistent.10,16 Its use has been aban-
doned by many, although it remains controversial.17

There are currently ongoing clinical trials which are

based on neuroprotection, such as Minocycline,

Riluzole, glial cell line-derived neurotrophic factor,

and hypothermia (moderate intravascular hypother-

mia, 33�C, for 48 h). In addition, there are more

recent promising neuroprotective agents which are
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starting to be tested in spinal cord injury trials, such as

glibenclamide (glyburide), a drug originally for diabe-

tes mellitus type 2. Glibenclamide showed efficacy in

rodent models of ischemic and hemorrhagic stroke,

traumatic brain injury, and spinal cord injury by mech-

anisms including reducing edema formation and sec-

ondary hemorrhage.18,19 If any of the neuroprotective

approaches show benefit, it would be great news for

patients and the SCI community; it is largely expected

that if more tissue were spared at the injury site, it

would be advantageous for downstream regenerative

approaches and neuromodulation strategies.
However, it remains possible that merely mitigating

secondary damage may have limited effects because of

the disruption of axons at the time of injury. More

importantly, studies show that neuroinflammation

may also be necessary for repair and inhibiting inflam-

mation altogether may be detrimental for repair.20

Hence, meaningful restoration of function may be

hard to achieve without interventions to promote

axon growth and neural network restoration.

Targeting axon guidance to promote

functional recovery

After spinal cord injury, the ascending and descending

axon tracts are damaged, whereas the local circuits are

largely intact. These longitudinal connections are hard

to repair, as the spinal cord is narrow and the strong

secondary injury makes it even harder to grow for a

long-enough distance, especially across the injured

areas. The lack of this long-range communication

causes loss of sensory and motor functions as well as

other functions mentioned afore. Although it is known

that neural plasticity is the underlying mechanism of

functional recovery, more and more studies provided

direct evidence that newly grown axons do not need to

make the original connections to achieve functional

recovery.21–24 This type of functional recovery clearly

involves the growth of axons, either as branches from

injured axons or new sprouts from uninjured axons,

and changes of synaptic connections, either by promot-

ing new synapse formation or by changing the func-

tions of existing synaptic connections.
In development, axon guidance molecules play piv-

otal roles in directing axon growth to find their tar-

gets.25,26 Do they play any role on axon growth after

spinal cord injury? After the discovery of the key axon

guidance molecules, several studies showed that many

of them showed increased expression after spinal cord

injury, especially Semaphorins, Ephrins, and Wnts.27

The expression of Sema3A after central nervous

system was the first axon guidance molecule to be

reported to be induced.28 Olfactory nerve regeneration

was found improved by the addition of a small mole-
cule, SM-216289 or xanthofulvin, which inhibits
Sema3A in vivo.29 5-HT-positive raphespinal tract
(RST) axons showed regeneration in the spinal cord
when Sema3A signaling is blocked using this small
molecule inhibitor in a T8 complete transection
model. But the long axons, corticospinal axons, or
ascending sensory axons did not show regeneration in
the injured spinal cord.30 However, double knockout
(KO) of Plexin A3 and A4 did not show any regener-
ation of either 5-HT-positive RST axons or corticospi-
nal tract (CST) axons in the same T8 complete
transection model.31 Therefore, the genetic evidence
suggests that blocking Sema3A signaling is not suffi-
cient to induce axon regeneration. Other classes of
Semaphorins, Sema4D and Sema7A, are also induced
after spinal cord injury.27 We are awaiting genetic evi-
dence to test their functions in vivo. It should be noted
that, so far, the functions of Semaphorins have primar-
ily be tested in the context of regeneration across com-
plete transection but not in axon or axonal branch
growth in the spared spinal cord tissues in anatomically
incomplete injury.

Ephrins family axon guidance molecules were also
found induced in multiple cell types after spinal cord
injury. However, their function on axon growth after
spinal cord injury has not been clear, either. A
function-blocking peptide against EphA4 reduced the
retraction of CST and RST in a dorsal column lesion,
although it did not induce regeneration across the
lesion.32 In EphA4�/�, axon regeneration was
reported in a T12 left hemisection model. However,
because astrogliosis was also found greatly reduced, it
is not clear whether it was the reduced astrogliosis that
affected axon growth.33 However, subsequent work
done by another group and the same group showed
that the changes of astrogliosis and astroglial-fibrotic
scar formation in EphA4 KO were not replicated.34,35

In addition to EphA4, EphA3 and EphA7 are thought
to play roles in astrocytes.27 Astrocyte-specific KO
using GFAP-Cre and ephrin-B2 cKO showed reduced
astrogliosis and increased axon regeneration and func-
tional recovery in a lateral hemisection model.36

Therefore, conditional KO of Eph receptors in neurons
(or Ephrins if it is reverse signaling) will be necessary to
determine whether injured adult axons respond to the
ephrin family axon guidance molecules or whether the
regeneration is caused by reduced astrogliosis.

Wnts were first found to be axon guidance molecules
directing the growth of axons along the anterior-
posterior (rostral-caudal) axis of the rodent spinal
cord in development37,38 and direct dorsal-ventral
topographic mapping in the chick visual system39

(Figure 1(a)). Subsequent work showed that the func-
tion of Wnts in guiding axons along the A-P axis is
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conserved in a number of animal species, including

rodents, chick, zebrafish, and Caenorhabditis ele-

gans,40–45 as well as the function in topographic map-

ping in Drosophila visual system.46 Wnts attract axons

via a non-canonical pathway, planar cell polarity path-

way40,47–51 but repel axons which express Ryk as a Wnt

coreceptor.38,39 For more detailed discussions about

how planar cell polarity pathway mediate Wnt func-

tions in growth cone guidance, please read another

recent reviews.50

In adulthood, the expression level of the Wnt signal-

ing system is drastically downregulated. However, the

Wnt signaling system, including the repulsive Wnt

receptor, Ryk, is rapidly upregulated after spinal cord

injury at the lesion area and in the injured axons.52,53

The induced Wnt-Ryk signaling system causes cortico-

spinal tract axon retraction away from the lesion and

inhibits the growth of axon branches from the proximal

axon segment (Figure 1(b)).52 The Wnt-Ryk signaling

system is also induced in the ascending proprioceptive

axons and inhibits the sensory axon regeneration in the

conditioning lesion paradigm (Figure 1(b)).54 The

increased axon growth leads to improved recovery of

sensory and motor functions in a number of experi-

ments, as shown by antibodies against Ryk, Wnt

inhibitors (sFRP), or conditional knockout of Ryk in

corticospinal tract neurons in a dorsal column lesion

model.24,55 The role of Ryk in inhibiting CST axon

collateral growth has also been observed independently

with a contusion injury model.56

Reorganization of neuronal networks

after traumatic injury

It has long been observed that neuronal networks

undergo massive reorganization after traumatic

injury. The reorganizations are part of the compensa-

tory mechanisms leading to functional recovery.

Understanding the network changes will allow us to

harness the plasticity to improve repair and may also

design therapies to avoid potential detrimental side

effects of brain remapping.
Immediately after C5 dorsal column lesion, the

motor output map expanded such that the motor cor-

tical areas that control the forelimb extensor and the

hindlimb could also stimulate the forelimb flexor and

the forelimb extensor and hindlimb activation were lost

due to the serving of the dorsal CST at C5 (Figure 2

(a)). With functional recovery, measured by forelimb

reach and grasp, over the next two months, the

(a) (b)

Figure 1. The Wnt family axon guidance molecules regulate axon growth after spinal cord injury. (a) An anterior-high-posterior-low
gradient of Wnt proteins (blue) provides directional cues for axon guidance along the anterior-posterior axis during development.
Spinothalamic axons are attracted by Wnts, mediated by a Wnt receptor Frizzled3 in the axonal growth cones (green), to grow from
the spinal cord up to the brain. Corticospinal tract axons are repelled by Wnts, mediated by another Wnt receptor Ryk in the axonal
growth cones (red), to grow from the brain down along the spinal cord. (b) Expression of the Wnt signaling system is downregulated
in adulthood. After spinal cord injury, Wnts and their receptors are rapidly induced in the injured tissue and in longitudinal axons. The
reduced Ryk mediates repulsion by Wnts and inhibits the regeneration and branch growth of ascending and descending axons along
the spinal cord.
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forelimb flexor area reduced back to the original loca-

tion, whereas the forelimb extensor area appeared in

the area that used to be the hindlimb area before injury

(Figure 2a). In the Ryk conditional knockout, the areas

of both flexor and the new extensor were larger than

the control suggesting that increased axon growth in

Ryk conditional knockout led to the recruitment of

more neurons to regulate both the flexor and extensor,

resulting in better recovery of fine motor skills.24 The

fact that the hindlimb motor area became recruited to

control the forelimb extensor illustrates the remapping

as a compensatory mechanism to regain function. It is

interesting that the remapping and functional recovery

did not occur without continued training after the

injury, suggesting that network reorganization also

needs to be functionally guided.24

It is encouraging that the functional recovery

observed when blocking Wnt-mediated inhibition

of axon growth does not require the complete

restoration of the original connections. In fact, a

small number of neurons can support significant func-

tional recovery by rerouting proprioceptive sensory

information via a new connection or strengthening or

repurposing existing connections.55 The vast majority

of the corticospinal tract axons (96%) project from the

brain down the spinal cord in the ventral most part of

the dorsal funiculus (dorsal CST), whereas 3% project

along the dorsolateral funiculus of the spinal cord (dor-

solateral CST) (Figure 2(b)). Ventral CST is minor in

rodents (1%), and its function is even less studied. In

the dorsal column lesion, only the dorsal CST was

injured at cervical level C5. The dorsolateral CST is

spared. When Ryk was conditionally knocked out in

the corticospinal tract neurons, the dorsal corticospinal

tract axon branches showed significantly increased

growth and the recovery of the forelimb reach, and

grasp was also significantly improved (Figure 2c).

After the initial recovery of the cortical control of the

(a) (b)

(c)

Figure 2. Reorganization of neuronal networks mediates functional recovery and is regulated by Wnt-Ryk signaling. (a) After
recovery from dorsal column lesion, some hindlimb cortical neurons were recruited to regulate the forelimb. (b) Ninety-six percent
of the CST in rodents are in the dorsal funiculus; 3% of the CST are in the dorsolateral funiculus; 1% of the CST are in the ventral
funiculus. The red dots indicate the relative locations of the different subtypes of CSTs. Only one side was indicated. (c) In control
animals, dorsal column lesion causes the sprouting of collateral branches as well as strengthening or recruiting new connections (short
red line). Through neuronal networks, some of the information can be relayed beyond the lesion (green). Very few CST axons can
grow around the lesion to below injury. When Ryk is conditionally knocked out in the CST axons, the sprouting of CST collateral
branches was increased, recruiting more neuronal networks to relay information (green and orange). In addition, more CST axons
(still small numbers) were found to grow around the lesion bypassing the glial scar to send information below the injury site in Ryk
conditional knockout (long red line). Dorsolateral CST may also project more branches (short red line) to recruit more networks
(yellow). The network reorganization occurs bilaterally. Only one side was illustrated. CST: corticospinal tract.
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forelimb fine motor function, a second dorsal column
injury at C3 slightly more rostral to the first dorsal
column injury eliminated the enhanced recovery
caused by Ryk conditional knockout, suggesting that
the increased connections involving the dorsal CST are
essential for the maximal recovery.24 Using optogenetic
mapping of the motor output, it was shown that the
newly recovered cortical control of extensor remained
although that of the flexor was eliminated.24 This sug-
gests that recovered cortical control was mediated by a
“new circuit” formed by the new axon branches from
the proximal segment of the injured dorsal corticospi-
nal tract axons (proposed network reorganization in
Figure 2(c)) of the new axon branches and/or synaptic
connections from the dorsolateral corticospinal tract
(the proposed red axon branches from the dorsolateral
CST in Figure 2(c)). The role of the dorsolateral CST in
contributing to the recovered cortical control was
nicely demonstrating by Designer Receptors
Exclusively Activated by Designer Drugs-mediated
transient silencing in a skilled locomotion test.57

Although as increase of axon connections from the
dorsal CST in Ryk conditional knockout has been
observed, whether the connectivity of the dorsolateral
CST was increased in Ryk conditional knockout has
not been directly tested. However, the synapse density
on the CST on the lateral area of the spinal cord below
the lesion site was found increased in Ryk conditional
knockout (unpublished data from the Zou lab).
Therefore, the putative increased sprouting from the
dorsolateral CST is labeled with question marks here,
awaiting future investigation (Figure 2(c)). Another
possibility that an increase of the sprouting from the
ventral CST may also contribute to the better function-
al recovery, especially in the Ryk antibody infusion
experiment in rats,24 as sprouting from the ventral
CST was found to contribute to spontaneous function-
al recovery after the complete lesion of the dorsal CST
in adult rats.58

Conclusion

Several axon guidance systems have been shown to be
induced after spinal cord injury. Among them, the Wnt
system has received the most complete and definitive
evidence that injured adult axons respond to Wnts and
manipulating the responses can lead to improved func-
tional recovery in anatomically incomplete injury.59

Therefore, this further motivates the effort of under-
standing how Wnts signal to guide axons, including
axon attraction, because combining promoting attrac-
tion and inhibiting repulsion may lead to greater func-
tional recovery than inhibiting repulsion alone. Studies
show that it is the planar cell polarity pathway that
directly regulates growth cone polarity and direction

of growth in response to Wnts, making the Wnt/
planar cell polarity pathway a potential therapeutic
target.50,60–62 It will be interesting to ask what are the
signals that reactivate the expression of these develop-
mental programs. Changes of neural activity patterns
would be one possibility. Local environmental changes,
such as inflammatory responses, may lead to the
changes of the expression of axon guidance systems.

It remains to be seen whether other axon guidance
systems than the Wnt system may also play roles
on regulating axon growth, particularly in anatomical-
ly incomplete injury. So far, the role of other axon
guidance systems, such as Semaphorins and ephrins,
remain unconfirmed. However, it should be pointed
out that those systems have so far been tested mostly
in the context of promoting axon growth across
the lesion rather than growing around the lesion
through the spared spinal cord tissue in anatomically
incomplete injury. In addition to axon guidance mole-
cules, other molecules, such as adhesion molecules,
chondroitin sulfate proteoglycan, and myelin-
associated inhibitors all affect axon growth and com-
binatorial approaches of manipulating these pathways
with axon guidance molecules may achieve greater
benefit.

As discussed previously, the complex condition of
spinal cord injury may require even greater combina-
tion of therapeutic strategies. This review focuses
mostly on the progress to promote axon growth in
the spared spinal cord tissue, particularly targeting
axon guidance pathways. This approach would con-
ceivably work better in combination with others,
including neuroprotection, biomaterial, stem cells,
neuromodulation and electrical stimulation, and func-
tional rehabilitation. In particular, neuromodulation
and electrical stimulation may facilitate the formation
of the “new circuits” using the new axons induced by
manipulating axon guidance systems, as those
approaches may provide instructive signaling to func-
tionally shape the connectivity. In addition, under-
standing the neural circuits in the spinal cord and
brain–spinal cord connections will also provide solid
scientific foundation not only to maximize recovery of
the brain–spinal cord communication but also to
reduce potential side effects. At the moment, the con-
cerns about the potential side effects which may be
caused by miswiring through manipulating axon guid-
ance molecules seem remote, because functional rewir-
ing has been only recently achieved with blocking Wnt
repulsion.24,59 It may become a consideration if more
extensive rewiring can be achieved by manipulating
more and more axon guidance molecules. However,
given the observation that the newly emerged axonal
fibers do not contribute to functional recovery unless
the animals undergo continuous training after injury,
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it is possible that proper functional rehabilitation may

not only improve functional recovery but also miti-

gate potential malconnectivity and undesired side

effects.24
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