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Abstract

Whether dramatic or modest, recovery of neurological function after spinal cord injury (SCI) is
greatly due to neuroplasticity — the process by which the nervous system responds to injury by
establishing new synaptic connections or by altering the strength of existing synapses. However,
the same neuroplasticity that allows locomotor function to recover also produces negative
consequences such as pain and dysfunction of organs controlled by the autonomic nervous system.
In this review we focus specifically on structural neuroplasticity (the growth of new synaptic
connections) after SCI and on the consequent development of pain and autonomic dysreflexia, a
condition of episodic hypertension. Neuroplasticity after SCI is stimulated by the deafferentation
of spinal neurons below the lesion and by the expression of growth-promoting neurotrophins such
as nerve growth factor (NGF). A broad range of therapeutic strategies that affect neuroplasticity is
being developed for the treatment of SCI. At one end of the spectrum are therapeutic strategies
that directly or indirectly increase NGF in the injured spinal cord, and have the most robust effects
on neuroplasticity. At the other end of the spectrum are neuroprotective strategies focused on
supporting and rescuing uninjured, or partially injured, axons; these might limit the deafferentation
stimulus for neuroplasticity. In the middle of this spectrum are strategies that block axon growth
inhibitors without necessarily providing a growth stimulus. The literature supports the view that
the negative consequences of neuroplasticity develop more commonly with therapies that directly
stimulate nerve growth than they develop in the untreated injured cord. Compared to these
conditions, neuroplasticity with negative outcomes is less prevalent after treatments that that
neutralize axon growth inhibitors, and least apparent after strategies that promote neuroprotection.
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Introduction

Neuroplasticity after spinal cord injury (SCI) can encompass a variety of responses within
the injured cord, the brain and the ganglia outside the central nervous system. They range
from structural neuroplasticity (regenerative growth responses of injured motor and sensory
projections, and collateral sprouting of nearby intact fibers), to changes in gene expression
(altered expression profiles of neurotransmitters, neuropeptides, growth factors and their
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associated receptors) (Gris et al., 2009), to changes in membrane ion channels (Bareyre et
al., 2004; Deumens et al., 2008; Frigon and Rossignol, 2006; Ghosh et al., 2010; Hains et
al., 2003; Steward et al., 2003). The primary injury leads to secondary sequellae such as
excitotoxicity, tissue ischemia and inflammation (Tator, 1995; Young, 1993) that further
exacerbate the injury, a process termed secondary injury. Both the primary and secondary
aspects of the SCI can trigger neuroplasticity that potentially promotes recovery from the
injury but it also may have deleterious consequences. Furthermore, as presented elsewhere in
this volume, even post-injury training and rehabilitation can induce plastic changes in the
nervous system; these too may have yet unknown negative consequences. This chapter will
focus on negative aspects of neuroplasticity as it concerns growth of axons and primary
afferent fibers that can be induced by primary and secondary SCI and by therapies designed
to improve neurological recovery by increasing nerve growth.

SCI partially denervates spinal neurons by disrupting ascending and descending pathways to
and from the brain as well as inputs from the dorsal root ganglia. This denervation provides
a stimulus for intact axons of interneurons, white matter tracts and sensory neurons to
replace lost inputs to the spinal neurons that have empty synapses. Moreover, the loss of
connections of intact ascending sensory systems may prompt collateral sprouting in search
of new targets caudal to the injury. Collateral or regenerative sprouting of intraspinal axons
after SCI may allow them to make new connections or to strengthen existing synapses to
partially denervated or other spinal neurons. Indeed, some recovery of motor control after
cord hemisection in cats has been attributed to collateral sprouting of primary afferent axons
(Goldberger et al., 1993; Helgren and Goldberger, 1993) and early studies demonstrating
enlarged excitatory postsynaptic potentials in chronic spinal cats attributed part of the
increase to sprouting of primary afferent fibers (Nelson and Mendell, 1979). Therefore SCI
itself sets the stage for a growth response within the injured cord, and neuroplasticity is a
key feature in spontaneous recovery from SCI. However, maladaptive neuroplasticity is a
feature of many of the negative outcomes of SCI. Examples of this are muscle spasticity,
neuropathic pain, autonomic dysreflexia, urinary bladder dyssynergia, bowel dysfunction,
cardiac arrhythmias and sexual dysfunction (Christensen and Hulsebosch, 1997a; Collins et
al., 2006; de Groat and Yoshimura, 2006; Johnson, 2006; Mathias, 2006; Nout et al., 2006).
These dysfunctions are caused, at least in part, by an imbalance of inhibitory and excitatory
synaptic inputs to spinal neurons and several relate to a loss of coordination of autonomic
and somatic control.

Two conditions, neuropathic pain and autonomic dysreflexia, are common adverse outcomes
of SCI that appear to involve neuroplasticity as part of their etiology. Neuropathic pain after
SCI has many underlying factors such as increases in neuronal excitability due to products
of microglial activation, changes in sodium channel expression, and changes in glutamate
receptor expression (Deumens et al., 2008) but this discourse will address primarily two
factors that involve neural growth, namely collateral sprouting of calcitonin gene-related
peptide (CGRP)-containing primary afferent fibers in the spinal cord dorsal horn
(Christensen and Hulsebosch, 1997b) and aberrant growth of descending serotonergic axons
in the dorsal horn rostral to the cord lesion site (Oatway et al., 2005). This growth can occur
both rostral and caudal to the injury, in parallel with the neuropathic pain that can be evoked
above, at and below the injury site. Autonomic dysreflexia is an abnormality of blood
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pressure control characterized by extreme hypertension accompanied by a pounding
headache and slow heart rate [for review see (Weaver et al., 2006), (Mathias, 2006)]. This
hypertension occurs in response to sensory input entering the spinal cord below the level of
the lesion. This input leads to exaggerated spinal reflex sympathetic (autonomic) responses
that can be associated with an increased CGRP-containing primary afferent arbor in the
dorsal horn (Krenz and Weaver, 1998; Krenz et al., 1999) or, in the presence of a normal
arbor, with loss of descending inhibitory influences on spinal sympathetic reflexes (Gris et
al., 2005). In this condition, the key changes occur below the site of injury.

neuroplasticity in pain and autonomic dysreflexia after SCI

Collateral sprouting of CGRP-immunoreactive small diameter primary afferent fibers into
the laminae I11-V of the dorsal horn after SCI has been linked with the development of
chronic neuropathic pain and autonomic dysreflexia (Christensen and Hulsebosch, 19974,
1997b; Jacob et al., 2001; Krenz and Weaver, 1998; Krenz et al., 1999; Weaver et al., in
press; Wong et al., 2000) (Fig. 1A). Sprouting of larger diameter fibers has also been noted
after SCI (Krenz and Weaver, 1998) and may contribute to dysreflexia as this condition can
also be induced by non-noxious stimuli such as light touch (Marsh and Weaver, 2004).
Primary afferent sprouting may be important near the site of injury, for example in the case
of at-level neuropathic pain, or elsewhere in the cord, for example in the region of input
from pelvic afferent projections that initiate autonomic dysreflexia after a high thoracic
lesion. A caveat that must be introduced is that neuropathic pain and autonomic dysreflexia
are not totally dependent upon this type of primary afferent sprouting. Mechanical allodynia
and hyperalgesia after low thoracic clip compression SCI are not always accompanied by
increased distribution or density of CGRP-immunoreactive afferent arbors (Bruce et al.,
2002) and a study of autonomic dysreflexia in different strains of mutant mice showed
robust dysreflexia in some strains that had no changes in their CGRP-immunoreactive arbor
(Jacob et al., 2003). Because of its robust expression in the dorsal horn of the spinal cord,
CGRP is a ready target for assessment of changes in the primary afferent arbor. However,
CGRP is expressed in less than half of nociceptive dorsal root sensory neurons and this
peptide is also expressed in small myelinated and unmyelinated primary afferent neurons
that are not associated with nociception, demonstrating that changes in CGRP-
immunoreactive populations cannot be associated solely with sensations of pain (Lawson et
al., 2002, 1996). After SCI or dorsal rhizotomy, enlargements can be detected within the
arbors of A8, Ap and C primary afferent fibers and CGRP is expressed by many but not all
of the neurons in these populations (Krenz and Weaver, 1998; McNeill and Hulsebosch,
1987; Wong et al., 2000). A subset of CGRP-immunoreactive C-fiber primary afferent
neurons expresses substance P and is closely associated with nociception (Ju et al., 1987;
Price, 1985). Changes in this afferent population were not detected after a high thoracic
compression SCI (Marsh and Weaver, 2004), but injury of another type or at another spinal
cord location may trigger involvement of this phenotype of neuron. Moreover, loss of small
diameter myelinated primary afferent neurons and changes in the functions of C-fiber
afferent neurons in bladder pathways occur after SCI (de Groat and Yoshimura, 2006).
Similar changes in sensory pathways affecting other targets could contribute to maladaptive
plasticity after SCI but have not been examined systematically. Much remains unknown
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about plasticity within primary afferent populations after SCI. Although sprouting of CGRP-
immunoreactive dorsal horn sensory fibers clearly is not entire story about plasticity in
sensory systems after SCI, this phenomenon is well documented, can contribute to
pathological conditions and is a valid therapeutic target (see below).

For decades investigators have been designing therapeutic manipulations with a goal of
fostering regenerative or collateral growth, pushing the innate recovery systems further. How
does it sometimes go wrong? We will consider three broad categories of treatment and
consider if some types of therapies are more likely than others to lead to the development of
negative consequences associated with neuroplasticity. The first targets injured or spared
axons and promotes regenerative sprouting in the hopes of improving neurological recovery.
The second category of treatment targets the spinal lesion’s microenvironment that actively
inhibits axon growth and includes treatments that remove or block inhibitors of axon growth.
The third category of treatments is broadly termed neuroprotective because they focus on
limiting secondary injury that can be a stimulus for maladaptive plasticity.

SCI treatment strategies that promote axon growth

Many therapeutic strategies for SCI focus on encouraging the growth and regenerative
sprouting of spared and injured axons through the non-permissive environment of the injured
CNS. These strategies include the direct administration of neurotrophins or transplantation
of various cell types that by nature or experimental manipulation express neurotrophins. For
example, transplanting fibroblasts engineered to express NGF into the acute or chronically
injured rat spinal cord induces robust sprouting of primary sensory dorsolateral fasciculus
axons as well as cerulospinal and putative ventral horn motor axons (Grill et al., 1997;
Tuszynski et al., 1996). Whereas this group did not assess possible effects of the increased
growth of CGRP-expressing fibers in the injured spinal cord on neurological outcomes,
others have shown that virally-mediated NGF expression in the uninjured (Romero et al.,
2000) and injured (Cameron et al., 2006) spinal cord correlates with increased CGRP fiber
collateral sprouting and the development of hyperalgesia and increased autonomic
dysreflexia.

NGF expression after SCI has been the target of strategies to reduce the development of
autonomic dysreflexia and chronic pain syndromes in rat models of SCI. NGF expression
does increase after SCI, particularly near the lesion site as shown by immunocytochemical
detection of the growth factor protein and mRNA (Brown et al., 2004, 2007; Krenz and
Weaver, 2000). This NGF is upregulated within ramified microglia, astrocytes, intermediate
grey neurons, pial cells, and leptomeningeal and Schwann cells of the injured cord (Fig. 2).
Furthermore intrathecal delivery of anti-NGF antibodies for weeks after SCI decreases the
size of the CGRP-immunoreactive afferent arbor in models of neuropathic pain (Christensen
and Hulsebosch, 1997a, 1997b) and of autonomic dysreflexia (Krenz et al., 1999) (Fig. 1A).
An antibody to NGF and a trkA-1gG fusion protein both blocked the development of
autonomic dysreflexia in rat models of thoracic SCI (Krenz et al., 1999; Marsh et al., 2002)
(Fig. 3). Moreover, a treatment that inhibits growth of C-fibers, semaphorin 3A, when
delivered into the injured cord also blocked the enlargement of the CGRP-immunoreactive
arbor and reduced autonomic dysreflexia (Cameron et al., 2006) (Fig. 1B). Finally, in
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addition to primary afferent sprouting after SCI, a significant increase in the axon density of
lumbosacral dorsal grey commissural propriospinal neurons has been reported,
demonstrating plasticity of the propriospinal neuronal systems as well (Hou et al., 2008).
This plasticity corroborates electrophysiological evidence for propriospinal plasticity in the
etiology of autonomic dysreflexia (Krassioukov et al., 2002). The propriospinal plasticity
occurs in concert with the responses of the primary afferent arbor but its relationship to the
increased intraspinal NGF after SCI has not been established. All of the above studies
suggest that treatments that might increase NGF within the injured spinal cord generate the
risk of augmenting the development of neuropathic pain and autonomic dysfunction.
Furthermore, increased endogenous NGF in the spinal cord and dorsal root ganglia are
implicated in plasticity that contributes to lower urinary tract dysfunction after SCI (Seki et
al., 2002, 2004).

Strategies to promote neural plasticity also include various cell therapies including olfactory
ensheathing cell and neural progenitor cell transplantation. Olfactory neurons are
continuously renewed thoughout life and extend processes that grow long distances from
their origins in the olfactory mucosa up to their targets in the olfactory bulb. The remarkable
growth of these nerve fibers is attributed to specialized glia, the olfactory ensheathing cells
that enwrap the growing fibers and extend processes that accompany the growing fibers to
their targets (Raisman, 2001). The ability of olfactory ensheathing cells to promote nerve
growth into the adult CNS suggested that these cells may be able to encourage axonal
growth in the injured spinal cord. Many groups have shown that olfactory ensheathing cells
do support axonal growth and recovery after transplantation (Keyvan-Fouladi et al., 2003;
Lu etal., 2002; Ramon-Cueto et al., 2000). However, olfactory ensheathing cell
transplantation has been associated with increased CGRP fiber sprouting and the
development of autotomy in animals (Richter et al., 2005).

Neural precursor cell transplantation has been suggested to improve recovery in models of
SCI by cell replacing cells lost to the injury (Cummings et al., 2005; Hofstetter et al., 2005;
Karimi-Abdolrezaee et al., 2006) and/or by providing trophic support that promotes tissue
sparing (Teng et al., 2002) and neuroplasticity (Lu et al., 2003). Interestingly, whether neural
precursor cell transplantation leads to maladaptive neuroplasticity may depend on their
differentiation in the injured spinal cord. Hofstetter et al. (Hofstetter et al., 2005) found that
neural precursor cell transplantation into the injured rat spinal cord led to increased CGRP
fiber sprouting that correlated tightly with the development of allodynia in these mice.
However this negative effect of neural precursor cell transplantation was avoided when the
neural precursor cells were transduced to express the neurogenin-2 transcription factor
before transplantation. The transplantation of neurogenin-2-transduced neural precursor cells
did not result in CGRP fiber sprouting or allodynia. The authors attributed the different
behavior of transplanted naive neural precursor cells and neurogenin-2-transduced neural
precursor cells to the fact that the naive cells largely differentiated into astrocytes while the
neurogenin-2-expressing cells largely differentiated into neurons and oligodendrocytes but
not into astrocytes. The authors further argued that, as astrocytes are known to secrete
various growth factors including NGF, this trophic effect may account for the CGRP fiber
sprouting and hence allodynia in transplanted animals. This explanation is corroborated by
the demonstration that C17.2 neural stem cells produce NGF after transplantation into spinal
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cord injured rats that correlates with CGRP fiber sprouting (Lu et al., 2003). Furthermore,
when neural precursor cell transplantation into the injured rat spinal cord was coupled with
PDGF-AA administration to encourage oligodendrocyte differentiation, approximately 50%
of the transplanted neural precursor cells expressed oligodendrocyte lineage markers and led
to improved locomotor recovery without accompanying neuropathic pain (Karimi-
Abdolrezaee et al., 2006, 2010).

SCI treatment strategies that block axon growth inhibitors

Two classes of molecules inhibit axon growth and regeneration after SCI. First, several
components of central myelin inhibit axon growth including myelin-associated glycoprotein
(MAG), NOGO, and oligodendrocyte myelin glycoprotein (Omgp). All three of these
inhibitors bind to and act through the same receptor complex consisting of the Nogo
receptor (NgR), p75 and lingo (Zhou and Li, 2007). Blocking Nogo action by the
administration of a neutralizing anti-Nogo antibody increased neuroplasticity and improved
locomotor recovery without the development of hypersensitivity or allodynia (Liebscher et
al., 2005) or muscle spasms (Gonzenbach et al., 2010). A study comparing neurological
recovery in spinal cord injured rats receiving an anti-Nogo antibody or treadmill training or
both demonstrated that two therapies that improve locomotor recovery after SCI may do so
through encouraging different forms of neuroplasticity. This study showed that different
types of neuroplasticity may counteract each other when used in combination (Maier et al.,
2009). The second class is made up of ECM (extracellular matrix) proteins in the scar, of
which chondroitin sulfate proteoglycans are probably the most important (Asher et al., 2001;
Fawcett and Asher, 1999; Galtrey and Fawcett, 2007). CSPGs are a class of ECM
macromolecules that share a common structure comprising a central core protein with a
number of chondroitin sulfate side chains (Morgenstern et al., 2002). CSPGs are present in
the adult CNS (Bignami et al., 1992) and following injury their expression increases greatly
(Lemons et al., 1999; McKeon et al., 1991). Enzymatic digestion of the chondroitin sulfate
side chains found on all CSPGs using the enzyme chondroitinase ABC in spinal cord-injured
rats increases collateral or regenerative sprouting of descending projections and improves
locomotor recovery (Barritt et al., 2006). Whereas chondroitinase treatment in these rats also
increased sprouting of CGRP fibers adjacent to the lesion, this sprouting was mostly found
in the dorsal columns, as opposed to in the grey matter, and was not associated with an
increase in mechanical allodynia or thermal hyperalgesia.

Of the other axon-repelling molecules in the scar Ephs and ephrins are probably amongst the
best known. Eph Receptor tyrosine kinases form the largest family of receptor tyrosine
kinases and are known to mediate repulsive interactions between cells and projecting axons
when activated by their ephrin ligands. Several studies have shown an increased expression
of Ephs and ephrins after SCI. To test the role of increased EphA4 expression in the injured
spinal cord an anti-EphA4 oligonucleotide was administered to rats intrathecally after SCI.
Behavioral testing in treated rats demonstrated that knocking down EphA4 expression in the
injured spinal cord did not improve locomotor recovery but did lead to the development of
mechanical allodynia (Cruz-Orengo et al., 2006). A second group that downregulated
EphA4-ephrin signaling in the injured spinal cord using a peptide antagonist was able to
demonstrate increased locomotor recovery and corticospinal tract sprouting (Fabes et al.,
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2007). The different finding of these two groups probably reflects differences in how the
anti-EphA4 oligonucleotide and blocking peptide work. The intrathecal delivery of the anti-
EphA4 oligonucleotide would be expected to reduce EphA4 expression in spinal neurons
and hence affect only propriospinal axons. The EphA4 blocking peptide would be predicted
to antagonize EphA4 signaling throughout the spinal cord affecting both propriospinal and
descending corticospinal projections. These studies demonstrate that blocking inhibitors of
axon growth has the potential to promote both regenerative and maladaptive sprouting and
that the resolution to this problem may lie in the development of strategies that target
specific neuronal populations or axon projections.

SCI treatment strategies that promote neuroprotection

Anti-inflammatory treatments dedicated to neuroprotection in the acute days after SCI have
been investigated for decades. Indeed the intended action of the well-studied
methylprednisolone treatment for SCI was reduction of inflammation and neuroprotection
(Bracken et al., 1990). The outcomes after SCI are highly dependent upon a fine balance of
growth and death within the injured cord as well as the equilibrium between excitatory and
inhibitory control systems. Our laboratories have promoted an anti-inflammatory treatment
that limits the influx of activated neutrophils and monocytes into the injured spinal cord with
the use of intravenously delivered blocking antibodies that target a key leukocyte integrin,
CD11d/CD18. This treatment limits intraspinal inflammation, reduces oxidative damage and
lesion size and leads to significant improvement in motor function and reduction of
autonomic dysreflexia and neuropathic pain (Bao et al., 2004a, 2004b; Gris et al., 2004;
Oatway et al., 2005; Saville et al., 2004). We anticipated that this treatment would also avert
primary afferent sprouting, as NGF, the likely trigger of this sprouting, is found in the
injured cord in areas of high inflammation (Brown et al., 2004). Unexpectedly, the anti-
CD11d monoclonal antibody treatment did not block the increased arbor of CGRP-
immunoreactive fibers in laminae I11-V of the lower thoracic and lumbar spinal cord after
clip compression injury at the 4th thoracic segment (Gris et al., 2005). Despite this, the
treatment markedly reduced lesion size and, in this study, significantly reduced the
magnitude of autonomic dysreflexia. We concluded that the neuroprotection actually
permitted the primary afferent sprouting response, but the reduction of secondary damage
with sparing of descending pathways was of greater importance in the overall control of
blood pressure. Therefore the neuroplasticity did not yield its possible negative outcome
perhaps because a significant component of supraspinal control of the spinal autonomic
neurons was maintained, sufficient to limit the development of autonomic dysreflexia. Either
sufficient inhibitory influences on the spinal circuits were maintained, or the opportunity for
synapse formation by this exaggerated CGRP-immunoreactive input may have been
minimized. In this study methylprednisolone also permitted the increased arbor of CGRP-
immunoreactive fibers in the dorsal horn, but did not lead to significant tissue sparing near
the lesion and only transiently limited autonomic dysreflexia. These findings suggest that the
possible negative aspects of neuroplasticity depend upon the milieu within the injured cord,
with its specific balance of losses and excesses.

Although the anti-CD11d integrin treatment did not alter primary afferent sprouting in the
dorsal horn, it led to increased projections of serotonergic axons into and through the spinal
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cord lesion and it abolished an accumulation of serotonergic [5-hydroxytryptamine (5-HT)]
axons that develops in the dorsal horn and in deeper layers rostral to a SCI site (Oatway et
al., 2005) (Figs. 4A-D). In an older study we noted clumps of disorganized axons rostral to a
SCI that stained for growth-associated protein-43, suggesting an upregulated growth
response in this region (Weaver et al., 1997). The serotonergic accumulations found more
recently may be part of that growth pattern.

SCI leads to loss of descending serotonergic control of several populations of spinal
neurons. Serotonergic projections from the nucleus raphe magnus to the spinal cord synapse
in the dorsal horn, causing inhibition or facilitation of pain signaling that depends on the
receptor stimulated (Bardin et al., 2000; Calejesan et al., 1998). Thus, loss of descending
serotonergic inputs caudal to the lesion site contributes to neuropathic pain (Hains et al.,
2002). Serotonergic projections to spinal cord autonomic and motor nuclei are also key
regulators of these functions (Chalmers et al., 1985; Saruhashi et al., 1996). The serotonergic
projections are often monitored as a means of determining the efficacy of a treatment in
promoting regeneration or sparing of important descending pathways. Indeed the anti-
CD11d antibody treatment did promote some sparing and projection of serotonergic axons
through the cord lesion site in our study (Oatway et al., 2005). But we speculated that the
mechanism by which this treatment probably blocked neuropathic pain rostral to the injury
site was by limiting the excessive growth of serotonergic axons rostral to the lesion.
Similarly, Inman and Steward (Inman and Steward, 2003) reported a dense accumulation of
5-HT-immunoreactive fibers rostral to a spinal cord lesion site that were “disorganized and
meandering” and unable to extend into the central lesion. They termed this response
“aberrant regenerative sprouting,” defined as the axonal growth that does not culminate in
reconnection of the injured axon with its normal target. The increased density of
serotonergic axons rostral to the SCI in our study appeared to promote at-level neuropathic
pain through actions of the serotonin on pro-nociceptive 5-HT3 receptors (Oatway et al.,
2004) (Fig. 4E and Fig. 5). The anti-CD11d mAb treatment reduced the aberrant growth
response of serotonergic axons rostral to the injury, perhaps because of white matter sparing
at the lesion borders that suggests diminished axon injury, and gray matter sparing that
would increase the availability of target neurons for connection (Gris et al., 2004).
Therefore, whereas regeneration and sprouting of serotonergic pathways through the lesion
into the more distal spinal cord is an important objective, the sprouting immediately rostral
to the lesion is a form of neuroplasticity associated with maladaptive conditions. Perhaps by
reducing the hostility of the lesion environment, and fostering projections of serotonergic
axons through or next to the injury, the anti-CD11d treatment indirectly limited the excess
growth rostral to the lesion. Alternatively, the reduction of inflammation rostral to the injury
may have directly reduced stimuli for excess growth such as upregulated growth factors
produced by inflammatory cells and glia. In the same vein, neurotrophin-induced sprouting
of descending corticospinal tract projections has recently been shown to depend on immune
cell activation (Chen et al., 2008). Thus reduced serotonergic fiber sprouting rostral to the
spinal lesion in CD11d mAb-treated rats and reduction of their neuropathic pain (Fig. 5)
may be partly due to the decreased immune cell activation that normally synergizes with
neurotrophins to facilitate structural plasticity. These examples demonstrate that
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neuroprotective treatments may avert the negative consequences of neuroplasticity by a
variety of mechanisms.

Summary and conclusions

In summary, neuroplasticity is at the root of both the neurological recovery and the
neuropathology that develops after SCI. The number of instances where neuroplasticity
leads to improved locomotor function after SCI is truly remarkable and suggests that axons
stimulated to grow after injury do possess an intrinsic ability to rewire spinal circuits in a
manner that produces functional recovery. The dark side of neuroplasticity is evidenced by
the many cases in which the re-wiring also leads to pain, autonomic dysreflexia and other
negative sequellae of SCI. The literature suggests that we might expect these negative effects
of neuroplasticity under some conditions more than others. For example, treatments or
conditions that directly or indirectly increase neurotrophins, such as NGF, in the spinal cord
seem to be most highly correlated with the incidence of pain and autonomic dysreflexia
probably because of the very strong growth-promoting effects of these molecules. On the
other hand treatment strategies that focus on blocking growth inhibitors seem to be less
associated with negative consequences of neuroplasticity perhaps because they have an
indirect and more moderate effect on axon growth by removing impediments to
neuroplasticity. Finally neuroprotective strategies may be the safest of the treatment
strategies with respect to the development of negative consequences of neuroplasticity as
they focus on sparing descending and ascending tracts and thus may limit the deafferentation
that may act as a stimulus to promote neuroplasticity.

As the field of SCI research matures and therapeutic strategies progress from preclinical
studies to clinical trials it is important to keep in mind that achieving neurological recovery
by promoting neuroplasticity comes with a price. Increasing neuroplasticity to improve
neurological outcomes after SCI should not be abandoned as a strategy, but we must be
mindful that the stronger the drive for neuroplasticity, the greater the potential for negative
consequences.
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Fig. 1.
Photomicrographs of CGRP-immunoreactive fibers in the dorsal horn of a control intact rat

(A1) and of rats 2 weeks after cord transection at the 4th thoracic (T4) segment (A2-6 and
B1-3). A) Cord-injured rats received an intrathecal infusion of nonimmune rabbit 1gG or an
intrathecal infusion of anti-NGF Ab. Transverse tissue sections are from the T6 segment.
Panels 4-6 are magnifications of laminae I11-V from panels 1-3 (boxed area). Scale bars: 1-
3, 100 um; 3-6, 50 pm. The anti-NGF treatment markedly decreased the size of the CGRP*
arbor in the deeper laminae. [Adapted, with permission, from (Krenz et al., 1999)]. B)
Immediately after cord injury adenoviral vectors encoding green fluorescent protein (GFP
adts, B1), or NGF (NGF Adts, B2) or Semaphorin 3A (sema3A adts, B3) were injected into
the lumbosacral spinal cord. These sections of the L6/S1 cord show that NGF
overexpression induced CGRP™ fiber sprouting throughout the dorsal horns and even dorsal
columns. Conversely, Sema3A reduced post-traumatic aberrant CGRP fiber sprouting into
the dorsal horn. Scale bar: 200 um. [Adapted, with permission, from (Cameron et al., 2006)].

Exp Neurol. Author manuscript; available in PMC 2016 April 29.



1duosnue Joyiny YHID 1duosnuely Joyiny JHID

1duosnuely Joymny YHID

Brown and Weaver

Page 16

Fig. 2.
Photomicrographs of NGF immunoreactive cells in longitudinal sections of the T5 spinal

cord at 7 days after T4 spinal cord injury. A-C) NGF is expressed in cells at and below the
pial surface of the cord (A) and is co-localized with the low affinity neurotrophin receptor
p75NTR (B) in cells adjacent to the pia that may be leptomeningeal cells (C, arrow head).
D-F) NGF is expressed in large stellate cells in the white matter (D) that are
immunoreactive for glial acidic fibrillary protein (E, GFAP), identifying them as astrocytes
(F, arrow head). Scale bar in F is 50 um and refers to all panels.

Adapted, with permission, from Brown et al. (2004).
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Fig. 3.
Mean arterial pressure (MAP), pulsatile arterial pressure (AP), and heart rate (HR) in two

rats 2 weeks after T4 clip compression spinal cord injury: after intrathecal treatment with
control 1gG (A) and after intrathecal treatment with an anti-NGF treatment (trkA-1gG) (B).
Colon distension for 60 s (onset and duration marked with a thick line) stimulated an
increase in AP and MAP and a decrease in HR in the control treated rat. In contrast, colon
distension caused only a modest increase in AP and MAP after anti-NGF treatment (B).
Adapted, with permission, from Marsh et al. (2002).
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Fig. 4.
Serotonin (5-HT) immunoreactivity in laminae I-1V of the dorsal horn rostral to a T12

spinal cord injury 4 weeks after the injury. A—C) Photomicrographs of transverse sections of
the dorsal horn in sham-injured, vehicle-treated, and anti-CD11d mAb-treated rats. After
SCl, the distribution and density of 5-HTimmunoreactive fibers were increased significantly,
primarily in the superficial laminas, with punctate fibers in laminas 11l and IV. Anti-CD11d
mADb treatment normalized the distribution of 5-HT-immunoreactive fibers toward patterns
observed in sham-injured animals. Scale bar, 100 pm. D) The area of 5-HT-
immunoreactivity in the dorsal horn rostral to the injury at T12-13 presented as the mean
areatSE of 5-HT-immunoreactivity in the sham injured (/7=6), vehicle-treated (/=5), and
anti-CD11d mAb-treated (/7=6) groups. *, A<0.05 compared with vehicle-treated rats; +,
FP<0.05 compared with sham-injured rats. E) Photomicrograph of 5-HT3-R-
immunoreactivity in a transverse section from the 9th thoracic segment of a rat injured at
T12. Immunoreactivity is primarily localized within the superficial laminae | and 1 of the
dorsal horn with sparse amounts in the deeper laminae. Scale bar=100 um (A) refers to all
sections.

Adapted, with permission, from Oatway et al. (2005).
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The development of mechanical allodynia at the level of a T12 spinal cord injury site.
Testing sessions consisted of 10 stimulations with an innocuous, monofilament stimulus 1
week before injury and at 2, 3, and 4 weeks after injury. Each data point represents the mean
+SEM number of avoidance responses made to 10 stimulations. The number of avoidances
made in response to dorsal trunk stimulation was significantly reduced after anti-CD11d
mADb treatment (filled squares) (7=7) when compared with vehicle-treated animals (open
squares) (/7=8), suggesting the reduction of at-level mechanical allodynia. *, A/<0.05
compared with vehicle-treated rats; +, £/<0.05 compared with mean responses before injury.
Adapted, with permission, from Oatway et al. (2005)
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