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ABSTRACT

Spinal cord injury (SCI) research continues to make substantial progress in
identifying both neuron-intrinsic and neuron-extrinsic mechanisms that limit
central nervous system (CNS) plasticity and regeneration. The identification of
these mechanisms has in turn led to several novel strategies for therapeutically
enhancing recovery of the injured CNS. Despite this progress, clinical translation
remains a challenge for several reasons, including: 1) problems in projecting
beneficial outcomes from small animal models to primate systems, 2) a lack of
robust improvement in functional outcomes in animal models, and 3) difficulty
replicating published reports in the field. Collectively, while the field has seen
great progress, reconstructing the exquisite circuitry of the injured human CNS
will require yet greater progress in both understanding of basic mechanisms
underlying axonal growth and guidance, and testing of optimized therapies in
models more predictive of potential human benefit.

Introduction

Moving toward the goal of developing useful therapies for SCI,
over the past few decades there has been great success in identifying
multiple mechanisms that limit the plasticity and regeneration of
injured adult axons. While this progress has been impressive and
expansive, ithas yet to achieve successin the clinical arena, even as an
increasing number of novel and creative therapies undergo clinical
translation. This is a prescient moment to review fundamental
advances in our understanding of mechanisms underlying abortive
regeneration in the adult CNS, and to chart a path forward that might
optimize the potential to generate detectable benefits to humans in
future SCI clinical trials.

Mechanisms of axonal growth and regeneration in the adult
cns

Neural development teaches us that the extending axon both
express and respond to a precisely orchestrated series of events
that ultimately guide the growing axon to its target, leading to the
formation of functional synapsesand the elimination ofinappropriate
or dysfunctional synapses!. The developing environment, in turn,
must express a set of extracellular matrix molecules, cell adhesion
molecules, and cells that guide and respond to actively extending
axons?. Thus, successful axonal extension and target finding during
development occur as a consequence of an exquisite orchestration
of signals, both intrinsic and extrinsic to the developing neuron.
Perturbation of any of these events can disrupt the architecture of
the mature CNS.
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Intrinsic Mechanisms

Following injury, cell-intrinsic growth programs are
activated that lead to axon regeneration and new synapse
formation. Identifying axonal growth-promoting genes in
adult CNS neurons is the subject of active and extensive
study, as most CNS neurons display limited regeneration.
Successful axonal regeneration employs networks of
interrelated genes concomitant to the activated state of the
neuron, including transcription activators and functional
networks related to growth-specific signaling pathways3”.
A recent study using RNA sequencing technology
indicated that successfully regenerating peripheral
neurons coordinately express genes within regeneration
networks®. This coordinated regulation of molecules is
considered a hallmark feature of successful regeneration.
In contrast, CNS neurons upregulated discordant networks
after injury, suggesting an orchestrated expression of
networks is necessary for successful axon regeneration.
Proteomic network analysis in axotomized retinal ganglion
cells further identified new regulatory hubs involved in
survival and regeneration, where these molecules did not
show significance in sensory neurons®. Given the multiple
mechanismsthatlimitadult CNS plasticityand regeneration,
the discordant expression of signalling networks and
the molecular signature of adult central neurons may be
significant contributors to limited regeneration.

Extrinsic Mechanisms

Because sites of SCI lack permissive substrates for
axonal growth, a number of experimental approaches have
placed substrates to support axonal attachment and growth
in lesion sites: including fetal neurons!!, bioengineered
scaffolds??, sciatic nerve bridges®3, and neural stem cells'*
to name a few. Each of these methods establishes a physical
matrix in an injury site that permits the attachment and
growth of certain classes of hostaxons, includinglocal spinal
projections and some axonal systems projecting from the
brainstem to the spinal cord. Corticospinal (CST) axons are
among the host axonal systems that regenerate into neural
stem cell grafts'!, a finding of critical importance because
this is the most important system in humans for voluntary
motor control. CST axons only regenerate into neural stem
cell grafts that are driven towards a caudal, spinal cord
fate, suggesting the molecular blueprint established during
development is maintained in adulthood.

These observations generate a set of conditions in
which we can utilize modern techniques of neuroscience to
identify an unprecedented level of detail of the mechanisms
by which adult neurons orchestrate communication
with its permissive environment after injury to activate
developmentally established growth mechanisms.

Methods of discovery

Due to the complexity of coordinated signalling and

communication between cells wherein most events do
not function in isolation, a systems level analysis based on
transcriptomic, proteomic, and connectomic mechanisms
is needed. An omic analysis can be described as follow:
macromic where big-data analytics reveal neural tract
adaptation in response to injury and regeneration and
system wide motor-sensory adaptation; mesomic where
the connectome of newly formed synapses are mapped
as structure-function models, revealing new circuitry
between the regenerating axon and grafted substrates in
the lesion site; micromic where the molecular identity
of regenerating neurons and permissive substrates are
established through the utilization of transcriptomic and
proteomic network analysis. We are only now beginning to
understand micromic analysis. Identifying causal pathways
linking proteomic events to transcriptional states will allow
us to more precisely determine the pathophysiology of a
successful regenerating axon. Further connecting genomic
perturbations to gene expression changes will allow us to
better understand the limitations of an adult CNS axon and
how to manipulate its growth state.

Conclusion

Great progress has been made in understanding basic
mechanisms underlying the refractory state of axonal
plasticity and regeneration after adult CNS injury. The
identification of significant regulators of axonal growth
will most likely be revealed through a systems level omics
approach and genetic animal models. The next several years
are subjecttoyield testing of top candidates, or combinations
of candidate genes, to enhance the intrinsic growth state of
the injured adult CNS neuron. Moreover, given the multiple
mechanisms that converge to limit adult CNS plasticity and
regeneration after injury, combination therapies will be
required to measurably improve human outcomes after
SCI; more research emphasis on combination approaches
is needed. Finally, translation to the clinical arena may
anticipate most success when a candidate therapy, or “set”
of combination therapies, meets the criteria of: 1) validation
in a severe rodent contusion model, 2) demonstration of
efficacy in a larger animal model of regeneration, and 3)
clear replication by independent investigators. The field
awaits development of such therapies.
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