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Abstract
Spinal cord injury (SCI) has devastating physical and socioeconomical impact. However, some
degree of functional recovery is frequently observed in patients after SCI. There is considerable
evidence that functional plasticity occurs in cerebral cortical maps of the body, which may account
for functional recovery after injury. Additionally, these plasticity changes also occur at multiple
levels including the brainstem, spinal cord, and peripheral nervous system. Although the
interaction of plasticity changes at each level has been less well studied, it is likely that changes in
subcortical levels contribute to cortical reorganization. Since the permeability of the blood-brain
barrier (BBB) is changed, SCI-induced factors, such as cytokines and growth factors, can be
involved in the plasticity events, thus affecting the final functional recovery after SCI. The
mechanism of plasticity probably differs depending on the time frame. The reorganization that is
rapidly induced by acute injury is likely based on unmasking of latent synapses resulting from
modulation of neurotransmitters, while the long-term changes after chronic injury involve changes
of synaptic efficacy modulated by long-term potentiation and axonal regeneration and sprouting.
The functional significance of neural plasticity after SCI remains unclear. It indicates that in some
situations plasticity changes can result in functional improvement, while in other situations they
may have harmful consequences. Thus, further understanding of the mechanisms of plasticity
could lead to better ways of promoting useful reorganization and preventing undesirable
consequences.
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INTRODUCTION
Spinal cord injury (SCI) results in transient or permanent interruption of motor, sensory, or
autonomic function. The outcome after injury is largely determined by the topographical
organization of the spinal cord and the site of the insult. For instance, disruption of nerve
fiber bundles that convey ascending sensory and descending motor information is especially
devastating, since it leads to pronounced sensorimotor dysfunction of all body parts below
the lesion site.

SCI primarily affects young adults. Fifty-three percent of SCI occurs among individuals
between 16 and 30 years of age, and the mean age at injury is 32.6. In the United States, the
causes of traumatic SCI are multiple (Fig. 1): motor vehicle crashes account for 40.9% of
the SCI cases reported. The next largest contributor is falls (22.4%) followed by acts of
violence (21.6%) and recreational sporting activities (7.5%). It has been estimated that the
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annual incidence of SCI is about 40 cases per million population in the United States or
about 11,000 new cases each year. The number of people in the United States who have SCI
reached about 243,000 persons as of December 2003.

Patients with severe SCI can be quadraplegic (paralysis of the four limbs) or paraplegic
(paralysis of the lower part of the body). Quadraplegia results from high cervical lesions
while paraplegia results from lesions below the cervical level. SCI can also be classified as
complete or incomplete. Both classes of injury represent different challenges for clinical
treatment and for research. In cases of complete spinal cord lesion, the main challenge is
regeneration of fibers across the lesion site. However, lack of adequate regeneration in the
adult central nervous system (CNS) often leads to permanent functional deficits. Essentially,
there are two main explanations for this: the CNS neurons themselves lack the capacity to
undergo axonal regeneration and they are repressed by an inhibitory CNS microenvironment
[1]. Both of these may contribute to the failure of regeneration.

Fortunately, there has been a growing awareness that the capacity of neurons and their axons
to regenerate is extensively preserved throughout adulthood. Supporting this issue is the
observation that manipulations of the environment of an injured neuron or its lesioned axon
prevent cell death and induce axonal growth to a certain extent. Actually, even without
treatment and despite the presence of axonal growth-inhibitory molecules at the lesion site,
functional recovery can be seen in about 40% of SCI patients [2,3], as well as in SCI animal
models [4,5]. It is now clear that in addition to compensatory behavioral strategies,
spontaneous injury-induced structural reorganization (plasticity) in the adult CNS can occur
over a protracted time course, which at least partially contributes to functional recovery.

The process of plasticity consists of changes in the activation pattern either of structure or
function that involves alteration of the strength of existing connections and sprouting of new
neural connections. There is now considerable evidence that cortical representation of body
parts is continuously modulated in response to activity, behavior, and skill acquisition [6,7].
Reorganization of cortical representation occurs after CNS injuries such as stroke [8] or SCI
[9], which may account for recovery of function after injury. Although it is likely that some
of the reorganization after injury takes place in the cortex, plasticity changes may also occur
in subcortical structures such as the thalamus, brainstem, and spinal cord.

This review concentrates on neural plasticity after SCI. We will first describe changes after
chronic injury since most studies in experimental animals and human beings have focused
on these changes; this is followed by a review of acute changes occurring immediately after
injury, which have received less attention. Findings from experimental animals and human
beings are presented in sequence. We will then discuss the possible mechanisms involved.
Finally, we will examine the functional significance of these changes.

NEURAL PLASTICITY AFTER CHRONIC INJURY
Because longstanding injuries tend to cause extensive cortical map changes, most work has
focused on the changes observed weeks, months, or years after injury. In addition to the
causes leading to traumatic SCI described above, chronic injuries may be caused by many
pathological conditions, such as spinal cord degeneration, mechanical compression by tumor
or severe spondylosis, and vascular insufficiency caused by hypoxia, ischemia, or
hemorrhage. The pathophysiology generally involves edema, inflammation, and cell death.
The injuries can affect an individual in many ways. Symptoms are related to the level of
cord injury and damage to specific neuronal tracts within the cord. Damage to sensory
afferents cause a lack or altered response to pain and temperature stimuli, two-point
discrimination, vibration, and proprioception, whereas those to motor efferents result in
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weakness or immobility. However, cortical reorganization and functional recovery after SCI
have been observed both in animals and human studies.

Experimental Animal Studies after Chronic SCI
Most studies on cortical plasticity after SCI have focused on the somatosensory cortex
[10,11]. Each subdivision of this cortical area, such as the anterior parietal cortex and
cytoarchitectonic areas 3a, 3b, 1 and 2, contains a systematic map of body parts. Since the
representations of sensory inputs in the somatosensory cortex are topographic, the loss of
input from any given body part deactivates a portion of each representation, the size of
which reflects the number of afferents that have been injured. This specific property makes
it possible to assess somatosensory cortical reorganization after injury.

The most detailed analyses of somatosensory cortical plasticity after SCI in monkeys focus
on changes after dorsal column sections at cervical levels C3-5 [12,13]. Six to eight months
after a complete unilateral section, the hand map in cortical areas 3a, 3b, and 1 is largely
reactivated by uninjured input from the lower face and other parts that typically enter above
the section. This also has been observed in monkeys with incomplete sections, in which
neurons responding to the few spared areas of input from the hand also become responsive
to the face [13]. Thus, responsiveness to hand afferents do not prevent these neurons from
subsequent plasticity. In less extensive injuries, more rapid reactivation of the area 3b hand
map by spared hand input has been seen within weeks. These findings suggest that changes
in the cortical map depend on the availability of spared connections and postinjury survival
time. Therefore, more confined injuries with greater sparing of input from the hand tend to
earlier expansion of these hand maps, whereas larger injuries tend to greater expansion of
the face maps after prolonged recovery periods.

The topographical organization of the primary motor cortex (M1) is not static, but undergoes
considerable reorganization after SCI as well as other types of central and peripheral lesions.
For instance, several studies have reported a reorganization of M1 after peripheral nerve
lesions or limb amputation in rats and monkeys [14-17]. These plasticity changes also have
been seen after focal ischemic infarcts in adult monkeys [18] and SCI in rats [18,19].
Regardless of the species used, the results show that motor cortical territories controlling
intact body parts tend to enlarge and invade those that have lost their peripheral targets (Fig.
2) [19].

Spinal cord injuries cause structural changes in subcortical substrates. Thalamic changes
generally resemble the cortical changes mentioned above. For instance, 20 months after
cervical sections, the facial representative area has expanded into a region that would
normally represent the hand in the ventroposterior lateral (VPL) nucleus [18]. Brainstem
sprouting of new peripheral input also has been seen in monkeys after chronic cervical
section [12].

At the cellular level, while the primary injury clearly leads to cell death, the secondary
injury is likely to induce a spread of damage. In dorsal column and other spinal cord regions,
chronic SCI often leads to degeneration, apoptosis, atrophy, and transneuronal changes
[20-22]. For example, rat studies show that both neurons and glia undergo apoptosis that
persists for weeks [22-25]. The same pattern is observed in monkeys after SCI, with
apoptotics cells located all along the degenerating ascending and descending tracts [22]. In
addition, there is an important immune component to the secondary damage, which may
result from a damaged blood-brain barrier (BBB), microglial activation, and cytokine release
[26]. Regardless, spinal regeneration and sprouting are often observed simultaneously after
chronic SCI [20], again supporting the presence of neural plasticity as well as reactive
changes [21,27].
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Human Studies after Chronic SCI
Compared with experimental injury in animals, human SCI, although frequently involving
damage to the dorsal columns, is less anatomically restrictive. Thus, most of the human
results are derived from patients with more diffuse tissue injury than experimental SCI. Like
what is seen in monkeys and rodents, somatosensory cortical plasticity also is present after
chronic SCI in human beings. Cortical reorganization after chronic human SCI can be
assessed by functional magnetic resonance imaging (fMRI) and transcranial magnetic
stimulation (TMS) [28,29].

In patients eight years after complete thoracic transection, fMRI analyses of primary
somatosensory cortical activity indicate that tactile stimulation of the forelimb leads to
appropriate activation in the cortical forelimb map [9]. In addition, forelimb stimulation also
triggers abnormal activation in the cortical area of the denervated trunk, which is not
adjacent to the forelimb map [9]. Similarly, cross-activation of the cortical map representing
a denervated lower limb also is seen when the forelimb is stimulated [30]. Thus, stimulation
of a body part above the SCI level causes activation of the cortex that normally represents a
body part below the level. This indicates substantial reorganization of the somatosensory
cortical maps after SCI [30]. Not surprisingly, this cortical reorganization also causes
functional mismatches in cortical receptive and projection areas. For instance, transcortical
magnetic stimulation of areas representing denervated legs evokes perceptual projection
fields that remain located on the legs in patients with either complete or incomplete thoracic
SCI [31]. This indicates cross-talk of the motor and sensory pathways.

Positron emission tomography (PET) and electroencephalography (EEG) are valuable tools
to determine functional cortical plasticity after human SCI. PET studies can measure glucose
metabolism, cerebral blood flow, oxygen metabolism, and various other physiological
processes in the nervous system after injury. Chronic SCI is related to regional changes in
glucose metabolism in cortical as well as subcortical regions [32]. The sequential changes
suggest that SCI alters subcortical sensory input, which in turn affects cortical inhibition and
excitability, and eventually leads to cortical reorganization. In measurements of cerebral
blood flow by PET during a hand movement task, SCI patients show larger area of
activation of somatosensory regions than normal controls. The abnormal activation extends
from the cortical hand map into the cortical leg map [33]. High-resolution EEG also has
been used to study cortical activation. In patients after SCI, hand movements can evoke
abnormal posterior potentials in the primary somatosensory cortex, again indicating cross-
talk of the motor and sensory pathways that probably result from reorganization [11].

In addition to the enlargement of somatosensory representative areas and greater excitation
of the sensory cortex by locomotor activity after SCI, as discussed above for the cortex, the
subcortical areas also show neural plasticity. This includes the thalamus [34-36] and spinal
cord [37]. The subcortical changes could be either structural or neurochemical after chronic
SCI. At the cellular level, human chronic SCI is accompanied by pathological changes such
as compromised spinal circulation, edema, and increased interstitial pressure; it is typically
characterized by a combination of demyelination, atrophy, degeneration, necrosis, and
apoptotic changes that broadly affect spinal substrates [38-43]. Apoptosis can occur several
hours to months after human SCI [44]. Immune responses also occur after human SCI that
can have beneficial or detrimental consequences. Overall, human SCI is related to limited
spinal regeneration or sprouting [38,45-49].

NEURAL PLASTICITY AFTER ACUTE INJURY
While the effects of chronic injuries extend over a long time lasting from many days to
weeks, sensory dysfunction and abnormal feelings are likely to emerge during the first hours
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to days after injury. These sensory abnormalities might be caused by an acute reorganization
of brain function.

Experimental Animal Studies after Acute SCI
Cortical functional plasticity has been studied in acute experimental SCI by
electrophysiological approaches, mainly extracellular microelectrode recordings. Although
there is immediate silencing of a large portion of cortical neurons in the post-central gyri
after acute cervical dorsal hemisection in monkeys, tactile stimulation to an area below the
lesion induces discharge in a small portion of neurons [50]. The activating effect of tactile
afferents, which mainly ascend in the posterior column, suggests a topographical
reorganization either in the spinal column or higher cerebral regions. This means that lower
limb inputs might have ascended in the anterolateral column in these monkeys after SCI.
The close-to-normal latency and summation after repetitive stimulation further support the
likelihood that the new anterolateral inputs have replaced the lost dorsal column inputs [50].
These findings suggest that acute functional changes occur in the monkeys’ cortex after
dorsal column injury, and the input from the anterolateral column, including the
spinothalamic tract, contributes to the plasticity. A potential pitfall in the experimental
design, however, is that the lesion model may not be applicable without removal of spinal
cord tissue and a precise anatomical margin.

The concept of “acute neuroplasticity” is further supported by studies with somatosensory
evoked potentials (SEPs) indicating that SCI rapidly changes the interactions of ascending
inputs [51]. The configuration of the SEPs recorded in the forelimb cortex is modulated by
the preceding sensory input from the hindlimb, which serves as a conditioning stimulus.
Thus, cortical SEPs from forelimb input are a sum of afferents from the forelimb and
interactions between the hindlimb and forelimb. After a bilateral thoracic dorsal column
lesion, the ascending dorsal column is interrupted but the anterolateral afferents from the leg
remain intact. In this situation, the amplitude of the SEPs recorded in the forelimb cortex
appears to be slightly enhanced, indicating that the dorsal column pathway is not solely
responsible [51]. This acute enhancement is probably related to a release mechanism;
whereas hindlimb input by way of the dorsal columns exerts a tonic inhibition on the firing
patterns of forelimb inputs, disinhibition increases the amplitude of the cortical SEPs from
the forelimb.

It is conceivable that cortical reorganization differs between complete and incomplete SCI
by section in monkeys [13]. Unilateral complete section of the dorsal columns at a high
cervical level leads to immediate and complete deactivation of areas 3a, 3b, and 1 of the
somatosensory cortex that persists over a period of months. During this period, the cortical
hand region is completely unresponsive to tactile stimuli, and there is a lack of a reactivation
by the intact spinothalamic system. By contrast, incomplete lesions have produced different
results. Immediately after partial section of the dorsal columns, which leaves a few inputs
from a finger or part of the palm, the surviving afferents activate only the portions of areas
3b and 1. Over the next few weeks, however, these few afferents come to activate the rest of
the hand representations in these fields, so that the hand regions soon become completely or
nearly completely responsive to the preserved afferents [13]. Hand use improves over the
same time period, and it often appears to approach that of normal monkeys. Thus, the
reactivation and reorganization of the hand cortex by a few intact afferents represents a
typical plasticity that may be functionally beneficial.

The importance of the thalamic relay is demonstrated by the block of visceral pain in cancer
patients after a minor dorsal column lesion [53]. After dorsal column section and graded
colorectal distension stimuli, the VPL shows selective responsiveness to visceral pain input
in monkeys [52]. With respect to other subcortical substrates, there are few brainstem or
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spinal cord results on the acute effects of spinal cord injury in monkeys. Nonetheless, acute
changes in neurochemistry and structure have been reported at the spinal and brainstem
levels [21,54,55]. At the cellular level, acute SCI leads to immediate cell necrosis, lipid
peroxidation, lysosomal enzyme release, and cell membrane damage [54].

Human Studies after Acute SCI
As discussed above, human SCI is seldom restricted to the dorsal column and often involves
concurrent injuries that require immediate medical attention. The complexity of the lesion
and acute medical intervention are confounding factors in attempts to understand the
mechanisms and physiological changes after human SCI. Although limited, there is evidence
that acute SCI causes cortical functional changes in human beings.

Cortical SEP analysis is a main technique used to study brain plasticity after acute SCI in
human beings and a main source of existing results. For example, cortical SEPs have been
studied in the early hours to first day after SCI with the goal to estimate spinal damage and
predict subsequent recovery [56,57]. Alterations of the configuration of cortical SEPs have
been reported, which reflect either an abnormal dorsal column function [58] or a
spinothalamic tract contribution [59,60]. These alterations also may result from loss of
cortical responses and acute reorganization. Evidence comes from the observations that
changes in cortical SEP properties emerge within minutes after damage or dysfunction of the
dorsal columns [61]; in addition, the sensorimotor cortex may have undergone
reorganization within the first days after SCI [62].

Acute SCI leads to immediate structural and neurochemical/molecular changes in
subcortical substrates in human beings. Acute structural alterations in the human spinal cord
include necrosis, atrophy, apoptosis, demyelination, and edema-related changes
[44,46,47,63-65]. These structural changes are reflected by a wide range of rapid
neurochemical/molecular changes in such substances as amino acids, cytokines,
neurotrophic factors, ions, oxygen free radicals, endogenous opiates, as well as in microglial
activation [66]; many of these changes may be involved in the induction of cell death
[44,64,67-69]. Functional changes also are rapidly triggered in subcortical substrates
[70-72].

MECHANISMS OF NEURAL PLASTICITY
The above animal and human studies have shown that the adult body and cerebral cortex are
in a constant and intimate interaction. Injuries to spinal cord that convey ascending or
descending information disrupt this interaction and cause plasticity changes at the cortical
level. But cortical functional changes are only one component of a larger combination of
functional, structural, and neurochemical/molecular changes at multiple levels of the
somatosensory core (Fig. 3) [73]. Further details of how the subcortical changes relate to
cortical changes remain limited. However, clues to mechanisms by which subcortical
changes may contribute to cortical changes have been found in some experimental studies.
For example, after a period of time of recovery from a cut of the median nerve to the hand of
monkeys, the cortex formerly activated by the glabrous hand becomes responsive to
somatotopically matching parts of the dorsal hand [74]. A similar change also occurs in the
cuneate nucleus of the medullary relay [75], and this recovery is relayed to the
ventroposterior nucleus of the thalamus where more extensive recovery is observed [76].
Thus, when glabrous hand afferents are removed, dorsal hand afferents rapidly substitute at
the brainstem and thalamic levels, which in turn contribute to cortical reorganization.

This is further supported by studies examining the neurochemical/molecular changes after
SCI in spinal substrates. Plasticity changes at each level are clearly based on changes at the
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cellular level. At the center of the injury, both neurons and glia die by necrosis induced by
direct insults, such as membrane disruption, vascular damage, and hemorrhage. Besides
blood elements that escape from the broken vessels, recruitment of immune mediators
occurs early after injury. A large number of macrophages and activated microglia are
present at the lesion site. The activated microglia may participate in the apoptotic death of
oligodendrocytes, which extend along the degenerating fiber tracts extending into regions
far remote from the lesion [45]. It is now clear that the immune response is an important
component of the secondary insult arising from SCI [26]. Although the CNS has been
presumed to be an immunologically privileged organ, immune responses are easily triggered
when the BBB is damaged or its permeation to peripheral factors is selectively changed.
Thus, a number of cytokines, growth factors and neurotrophic factors induced by SCI can
contribute to either cell death or regeneration in spinal substrates, eventually affecting the
functional outcome. In our laboratory, we have measured the permeability of the BBB and
the blood-spinal cord barrier (BSCB) to the cytokine tumor necrosis factor alpha (TNFα)
after SCI. The transport system for TNFα at the BBB and BSCB is selectively upregulated
[77,78] and this enhanced entry of TNFα at one week after SCI is concurrent with
sensorimotor and gait improvement of the mouse. These findings suggest that selective
permeation of TNFα may facilitate functional recovery after SCI. Other factors, such as
neurotrophins also are seen to promote regeneration after SCI [79,80].

Several mechanisms may contribute to plasticity changes at each level after peripheral nerve
and spinal cord injury. Unmasking of previously present connections and growth of new
connections (collateral sprouting) are two main mechanisms proposed to explain
reorganization. While growth of new connections takes time and mainly contributes to
chronic plasticity changes, unmasking of previously present connections may contribute to
both chronic and acute reorganization. Unmasking can be explained by several mechanisms
including changes in neuronal membrane excitability, removal of local inhibition, and
changes in synaptic efficacy (both excitatory and inhibitory). The synaptic changes probably
involve ion channels, at least for acute changes; while chronic change involves long-term
potentiation (LTP) [81]. Of the several candidate mechanisms, removal of inhibition and
changes of synaptic efficacy have been favored to explain many physiological phenomena,
such as underlying learning and memory, as well as cortical plasticity.

Mechanisms of Acute Changes
Unmasking of latent excitatory synapses may contribute to the rapid changes that occur
within minutes to hours after transient deafferentation in human beings [82-84] or nerve
lesions in animals [85,86]. Among several possible mechanisms, such as increased
excitatory neurotransmitter release, increased density of postsynaptic receptors, decreased
inhibitory input, or removal of inhibition from excitatory input, the evidence is strongest for
removal of GABAergic inhibition to excitatory synapses, in mediating acute changes in
plasticity [87].

GABA is the most important inhibitory neurotransmitter in the brain [88]. GABAergic
neurons are conspicuous elements of cortical organization, which constitute 25~30% of the
neuronal population in the motor cortex [88,89]. Many studies have shown that modulation
of GABAergic inhibition plays a substantial role in cortical plasticity. For example, during
pharmacological blockade of GABAergic inhibition in the forelimb area of the M1
representation, forelimb movements are evoked by stimulation in the adjacent vibrissa area.
This finding suggests that GABAergic inhibitory circuits are crucial in maintaining or
readjusting the form of cortical motor representation [90]. In addition, deafferentation of the
somatosensory [91] or visual cortex [92] leads to a marked reduction in the number of
neurons containing GABA or its synthesizing enzyme, glutamic acid decarboxylase,
enabling these areas to retain a greater degree of plasticity than previously recognized.
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These findings suggest that modulation of GABAergic inhibition is a potential mechanism
for the cortical plasticity.

Intracortical inhibition and facilitation in human beings can be assessed by the technique of
paired-TMS with a subcortical conditioning pulse followed by a suprathreshold test pulse
[93]. The conditioning stimulus can suppress responses produced by the test stimulus at
short interstimulus intervals of 1-6 ms [93]. Similar inhibition has been observed in studies
using cervical epidural recordings of the evoked corticospinal volleys [94]. This inhibition
of the test stimulus by the subthreshold conditioning stimulus has been shown to be a
cortical phenomenon. However, the intracortical inhibition is reduced when the subthreshold
conditioning TMS pulse is applied to the biceps muscle during transient deafferentation,
while the motor threshold remains unchanged. These changes are thought to be related to a
reduction in GABAergic inhibition, since drugs that enhance GABAergic inhibition can
increase intracortical inhibition but have no effect on TMS motor threshold [95,96]. These
findings suggest that changes in GABAergic inhibition can be rapidly induced in human
beings after injury, indicating rapid cortical plasticity.

Mechanisms for Chronic Changes
Plasticity that occurs over a longer time likely involves mechanisms in addition to the
unmasking of latent synapses. Following Hebbian rules [97], a commonly used model to
explain important features of plasticity [98], experience-dependent cortical plasticity usually
involves changes of synaptic efficacy, another important mechanism contributing to cortical
plasticity after peripheral nerve and spinal cord injury. It has been shown that LTP at the
synapses of horizontal collaterals influences cortical plasticity by increasing cortical
synaptic efficacy [99,100]. Axonal regeneration and sprouting with alterations in synapse
shape, number, size and type also may be involved[7].

LTP is the fundamental cellular mechanism for learning in the hippocampus, and this has
also been shown in normal somatosensory, motor, and visual cortices [101]. Use-dependent
sensorimotor learning mechanisms, including LTP, have been shown to contribute to
cortical plasticity during skills learning, even after supraspinal injury [102]. The connections
across the primary motor cortex are strengthened by LTP that produces excitatory synaptic
transmission in both the horizontal cortico-cortical connections and ascending cortical
pathways [103,104]. Moreover, motor learning also involves the formation of connections
between the sensory cortex and the motor cortex [105]. Similarly, the connections are
diffuse at first, producing contraction of unnecessary muscles, but become specific by
producing LTP through practice. During this period of time, increases in cortical synaptic
efficacy among the neuronal assemblies are likely to accompany the reorganization. These
studies suggest that LTP might be involved in the mechanisms of functional cortical
plasticity during motor learning after SCI.

Slow and large-scale map changes also involve anatomical changes, such as the growth of
new horizontal connections, the expansion of axonal arbors, or structural alterations of
synapses, as shown in several sensory areas in different animal models [106-108]. Members
of the growth factor families might play a crucial role in axonal sprouting. For example,
neural activity associated with physical activity in rodents has greatly increased the
expression of neurotrophins such as brain-derived neurotrophic factors and nerve growth
factors [109]. This expression likely affects the molecular and cellular events that influence
cortical plasticity, including greater synaptic efficacy and axonal sprouting.
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FUNCTIONAL SIGNIFICANCE OF PLASTICITY AFTER INJURY
The experimental and clinical results described in the preceding sections indicate that
plasticity reorganization occurs in the mammalian cortex in response to peripheral and
central injury. Thus, it raises the important question of whether such reorganization may
play a functionally compensatory role, or on the contrary, be harmful.

The functional role of reorganization after peripheral never injury still remains unclear.
However, there is evidence that the reorganization may play a compensatory role. For
instance, reactivation of cortical neurons by the remaining peripheral input from a skin
surface is shown to result in improved sensory perception and discrimination [73]. In this
case, the reactivated neurons would be reassigned to functional circuits mediating
perceptions from the innervated skin. Additionally, in some studies when training or sensory
experience lead to an increase in the size of cortical representations, improved behavioral
performances also are observed [110-112]. Similarly, there also is evidence that cortical
plasticity after central injury plays a functionally compensatory role. For example, visually
deprived cats perform better at sound localization than normal cats. In human beings,
hearing and sound localization also may be better in blind than in sighted subjects. Although
these plasticity changes cannot compensate for visual loss, they are particularly useful in
enhancing other sensory perceptions. Another example is that plasticity reorganization of the
brain after stroke leads to functional improvement.

Nevertheless, these ideas are speculative because in most situations the functional
significance of reorganization after injury remains to be demonstrated. For instance, when
the reactivated neurons are neither integrated into functionally relevant circuits nor
distinguished from their original sources, misperceptions occur and persist. Thus, human
beings with a missing limb typically feel that the missing limb is still present, and touch on
the stump of the limb or on the face also may be felt on the missing limb [113]. The
reasonable explanation is that cortical neurons are abnormally activated by input from intact
parts of the body, and they continue to contribute to cortical circuits that are normally
activated by stimuli from the missing parts of the body [114]. Although most of these
misperceptions are easily tolerated, some patients with the perception of pain in missing
limbs (phantom pain) are less fortunate. Therefore, it is important to be able to promote or
prevent cortical reorganization at different periods of time after injury so as to obtain the
most desirable clinical outcome [115].

CONCLUSION
Experimental and clinical studies have demonstrated that structural and functional plasticity
occurs in the adult nervous system in response to spinal cord injury. These plasticity changes
occur at multiple levels: cortical, subcortical, brainstem, and spinal cord. Although the
interaction of the plasticity changes at each level has not been extensively studied, it is
probable that changes at the subcortical level contribute to cortical reorganization. The
short-term reorganization that is rapidly induced by acute injury is probably based on the
mechanism of the unmasking of latent synapses because of modulation of neurotransmitters,
particularly GABAergic inhibition. By contrast, the long-term changes after chronic injury
may involve changes of synaptic efficacy induced by LTP, axonal regeneration, and
sprouting with the expression of neurotrophins and other growth factors. It is important to
identify which plasticity changes are beneficial and which ones may be harmful. A better
understanding of the mechanisms of plasticity should facilitate the design of appropriate
strategies to modulate plasticity changes and eventually promote recovery of function after
SCI.
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ABBREVIATIONS

BBB Blood-Brain Barrier

BSCB Blood-Spinal Cord Barrier

CNS Central Nervous System

EEG Electroencephalography

fMRI functional Magnetic Resonance Imaging

LTP Long-Term Potentiation

PET Positron Emission Tomography

SCI Spinal Cord Injury

SEPs Somatosensory Evoked Potentials

TMS Transcranial Magnetic Stimulation

TNF Tumor Necrosis Factor

VPL Ventroposterior Lateral Nucleus
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Fig. (1).
Etiology of SCI since 1990.
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Fig. (2).
Organization of the motor cortex.
a. Normal macaque monkey. B. Macaque monkey with long-standing amputation of a
forelimb. These partial motor output maps include the representation of the face to the upper
trunk. X indicates that no response could be elicited. (D, dorsal; M, medial; R, rostral.)
(Adapted with permission from Raineteau et al., Ref. 19. © 2001 Nature Publishing Group).
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Fig. (3).
Evidences of changes at each level of the somatosensory core after chronic SCI. A symbol
indicates there is evidence for that particular type of change at the level. No symbol
indicates lack of evidence for that type of change at that level. (Information extracted from
Wall et al., Ref. 73, Fig. 3c. © 2002 Elsevier Science B.V.).
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