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bstract: Decades of basic science have clearly demonstrated the capacity of the central
ervous system (CNS) to structurally and functionally adapt in response to experience. The
eld of neurorehabilitation has begun to use this body of work to develop neurobiologically

nformed therapies that harness the key behavioral and neural signals that drive neural
lasticity. The present review describes how neural plasticity supports both learning in the

ntact CNS and functional improvement in the damaged or diseased CNS. A pragmatic,
nterdisciplinary definition of neural plasticity is presented that may be used by both clinical
nd basic scientists studying neurorehabilitation. Furthermore, a description of how neural
lasticity may act to drive different neural strategies underlying functional improvement
fter CNS injury or disease is provided. The understanding of the relationship between these
ifferent neural strategies, mechanisms of neural plasticity, and changes in behavior may
acilitate the development of novel, more effective rehabilitation interventions.

PM R 2010;2:S208-S219

NTRODUCTION

edical advances have increased the average life expectancy in North America by more than
0 years in the past century. Increased survival from traumatic central nervous system
CNS) injury and an ever-aging population has significantly increased the number of
ndividuals receiving treatment for neurologic impairments, which in turn has highlighted
he unfortunate, much slower progress in neurorehabilitation. Although some improve-
ents in treating various neurologic disorders and diseases have occurred, we have yet to
ake the types of gains observed in other medical disciplines such as cardiology and

mmunology.
Most major medical advances can be traced back to basic science research that first

etermined the fundamental properties of the dysfunctional biological system and then
eveloped an appropriate treatment. The biological system and causes of dysfunction that
eurorehabilitation deals with are far more complicated and diverse than those associated
ith diabetes or influenza. The CNS is the most complex biological system on the planet and

he sources of functional impairment are many, ranging from the sudden loss of tissue
esulting from a stroke or spinal cord injury to the decades-long neurodegeneration
ssociated with Parkinson disease or amyotrophic lateral sclerosis.

A second issue is the historical lack of interaction between basic and clinical rehabilita-
ion scientists. In academic settings, physical therapy, occupational therapy, and physical
edicine departments are isolated from basic science departments such as neuroscience,

iochemistry, or physiology. These scientists publish in different scientific journals, attend
ifferent scientific conferences, and speak different scientific languages, and this lack of

nteraction has hindered the ability to develop effective, clinically relevant interventions that
re informed by basic neurobiology.

During the past several years, however, all of this has begun to change. This change is
ccurring not because basic science has suddenly discovered some critical aspect of CNS
unction that can be immediately translated into treatment. Rather, neuroscientists are
imply beginning to more fully characterize a fundamental property of the CNS that was
ecognized more than a hundred years ago: the capacity for neurons to structurally and

unctionally adapt to reorganize neural circuits. The purpose of the present review is to
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escribe some of the key issues related to how an understand-
ng of neural plasticity might guide the development of more
ffective rehabilitation interventions.

ISTORICAL PERSPECTIVE

he first use of the term “plasticity” to describe the nervous
ystem can be traced back to William James more than a
entury ago. In his classic textbook Principles of Psychology
1890), James stated, “Plasticity, then, in the wide sense of
he word, means the possession of a structure weak enough
o yield to an influence, but strong enough not to yield all at
nce. Organic matter, especially nervous tissue, seems en-
owed with a very extraordinary degree of plasticity” [1a].
ames borrowed the term from material science, where it was
sed to describe the ability of certain physical materials to
lter their shape in response to outward forces or inward
ensions. With sufficient repetition and force, a piece of metal
ould be bent or molded into a different shape. James pro-
osed that similar changes could occur in the nervous system

n response to outward forces such as behavioral training or
nward tensions such as disease or injury. He referred to the
rain as “an organ in which currents pouring in from the
ense organs make with extreme facility paths which do not
asily disappear.” During the same period, the work of sev-
ral neurobiologists, including Ramon Y. Cajal and Charles
herrington, demonstrated that the nervous system was indeed
omposed of individual units (neurons) that were connected by
pecialized junctions (synapses) [1b,1c]. Neurobiological evi-
ence now existed for the pathways in the nervous system that
ames proposed were capable of plasticity.

As new techniques were developed for measuring neuron
tructure and function, empirical evidence for the neural
lasticity hypothesis began to accumulate. It was shown that
lectrical stimulation of nerve fibers could strengthen synap-
ic responses in the spinal cord [1] and then the brain [2].
ubsequent studies showed that the enhanced cognitive abil-
ties observed in rats raised in enriched environments were
ccompanied by increases in synapses in the cerebral cortex
3,4]. More specific behavioral training paradigms induced
he same types of changes in neuron structure in a variety of
rganisms, including insects [5], invertebrates [6,7], and
rimates [8,9]. It is now widely accepted that experience-
ependent neural plasticity is an evolutionarily conserved,
undamental property of all nervous tissue.

EFINING NEURAL PLASTICITY

eural plasticity is usually defined in the context of a specific
xperimental manipulation, neurobiological assay, or region
f the CNS that reflects the biases of different research areas.
o universally agreed upon definition of neural plasticity

xists in the field of physical medicine and rehabilitation; as

any definitions exist as there are review articles on the i
opic. However, if the term is going to be used to under-
tand the neurobiological mechanisms that mediate neu-
orehabilitation-dependent functional improvement, then
definition that is not biased by a specific region of the
NS, experimental manipulation, or measure is needed.
eeping this in mind, neural plasticity can be defined as
ny change in neuron structure or function that is ob-
erved either directly from measures of individual neurons
r inferred from measures taken across populations of neu-
ons. This definition is not specific to any region of the CNS
r any one experimental approach or assay. However, the
efinition does specify a measurable change in neuron struc-
ure or function, and thus according to this definition,
hanges in behavior are not, on their own, measures of neural
lasticity. Many studies claim to be examining neural plas-
icity by measuring changes in sensory, motor, or cognitive
erformance. Although it is true that these behavioral
hanges are certainly mediated by neural plasticity (the cen-
ral tenant of this article), measures of behavior are not
hemselves direct measures of neural plasticity. This point is
mportant for neurorehabilitation because behavioral mea-
ures alone do not tell us exactly how the CNS is adapting
uring treatment. Conversely, measures of neural plasticity
lone do not tell us how behavior is adapting during behav-
oral training. We need both sets of information to determine
ow neural plasticity supports the improvements in function
ssociated with neurorehabilitation.

EURAL PLASTICITY REFLECTS CHANGES IN
EURAL CIRCUITRY

ehavior reflects the coordinated activity of neural circuits
ithin specific brain areas. The pattern of activity of individ-
al neurons within these circuits is determined by the action
f the synaptic inputs they receive. Therefore synapses are
he key players in determining which neurons fire, when they
re, and how often they fire. Synapses might be considered as
he atoms and neurons, or molecules, of behavior. Unfortu-
ately, studying synapses in the context of behavior is not
rivial. First, synapses are very small, measuring less than half
f one millionth of a centimeter across (Figure 1). Second, the
rocess of synaptic transmission is incredibly complex, in-
olving the coordinated opening of ion channels and the
obilization of synaptic vesicles to release 1 of the 100
ifferent neurotransmitters into the synaptic cleft so they can
ind to postsynaptic receptors, all within a few milliseconds.
inally, all of this is happening at each of the 10,000 individ-
al synapses on the approximately 100 billion neurons in the
uman brain. Thus the difficulty in studying the relationship
etween changes in neural circuitry and behavior becomes
lear. Neuroscientists, therefore, have devised alternative,
ore practical ways to measure changes in neural connectiv-

ty. We measure changes in the function or structure of

ndividual neurons or populations of neurons that suggest
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hanges in neural connectivity. If we accept this definition of
eural plasticity, then 4 categories emerge that are defined by
he different approaches used for measuring changes in neu-
on structure and function (Table 1).

igure 1. Schematic illustration of a synaptic contact betwee
ontact with the dendrite of the lower neuron. The presynaptic

ransmission involves the release of neurotransmitters into the s
ocated on the postsynaptic element. These receptors then sig
euron will increase or decrease its activity. Electron microgra

able 1. Categories of neural plasticity*

Individual Neurons Population of Neurons

tructural Dendritic arbor Structure thickness
Spine density Gray matter density
Synapse number
Synapse size
Axonal arbor
Receptor density

unctional EPSP Sensory map
Neural activity Motor map
Intrinsic excitability EEG

fMRI
PET
MEG
MEPs
EPSP

PSP � excitatory postsynaptic potential; EEG � electroencephalography;
MRI � functional magnetic resonance imaging; PET � positron emission
omography; MEG � magneto-encephalography; MEP � motor-evoked
otential.
*The definition of neural plasticity as any change in neuron structure that is
bserved either directly at the level of the individual neuron or inferred from
easures across populations of neurons creates 4 categories of neural
clasticity.
UNCTIONAL IMPROVEMENT AFTER CNS
NJURY IS A RELEARNING PROCESS

estoring function after CNS injury or disease is not trivial,
nd although neuroscience has made major advances, we are
ar from understanding brain circuitry at the level needed to
lace new neurons and synapses in just the right places to
estore lost function after damage. One way to approach the
roblem is by recognizing that functional improvement after

njury is a relearning process. During therapy, patients are
uided through practice to try to re-acquire the ability to
roduce behaviors lost after injury. As such, the CNS will rely
n the same fundamental neurobiological processes it used to
cquire the behaviors initially. The basic rules governing how
eural circuits adapt to encode new behaviors do not change
fter injury. Studying learning-dependent neural plasticity in
he intact CNS, therefore, provides some insight into how the
njured CNS may adapt during rehabilitation.

HE CHALLENGE OF CAUSALLY RELATING
EURAL PLASTICITY AND BEHAVIOR

his review is based on the premise that persistent changes in
ehavior are supported by persistent changes in neural cir-
uitry. Although this idea is far from new, demonstrating it is
ot trivial. The first issue is to identify the specific neural

urons. The axon of the top neuron (gray) is forming a synaptic
nt contains small bags of neurotransmitters (vesicles). Synaptic
c cleft where they seek out and bind to specialized receptors
anges in the postsynaptic neuron that influence whether that
the right shows the actual structure of a synapse.
n 2 ne
eleme
ynapti
nal ch
ircuit(s) that encodes a particular kind of experience: “the
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ngram.” Neuroscientists are constantly debating about
hich brain areas are necessary and sufficient for the produc-

ion of specific behaviors. Indeed, motor training should
ngage motor systems, and cognitive training should engage
ognitive systems. However, even within a behavioral do-
ain, multiple areas may be involved. For example, learning

killed hand movements engages numerous brain areas, in-
luding the primary motor cortex, supplementary motor
ortex, premotor cortex, cerebellum, somatosensory cortex,
nd several subcortical areas. The second issue is determin-
ng what type of neuroplastic change should be measured,
iven the different ways that neural plasticity can manifest,
nd then relating those changes to the appropriate elements
f behavior. Finally, experience-dependent plasticity is a
ynamic process. It is a complex cascade of molecular, cellu-

ar, structural, and physiological events that change over
ime. Certain forms of plasticity appear to precede and even
epend upon others. Thus the nature of the plasticity ob-
erved and its behavioral relevance may depend on when one
ooks. Despite all of these issues, considerable evidence indi-
ates that for each new learning event, some necessary and
ufficient neuroplastic change in the CNS supports the learn-
ng.

XPERIENCE-DEPENDENT NEURAL
LASTICITY

complete review of all the evidence for experience-depen-
ent neural plasticity is outside the scope of this article.
owever, because much of what therapists deal with involves
otor rehabilitation, some well-characterized examples

aken from studies of motor training will be described.
Virtually all of our daily behaviors, from speaking to tying

ur shoes, involve the expression of some acquired motor
kill. The capacity to produce skilled movements also persists
n the absence of continued training, which demonstrates
hat motor skills are encoded as enduring neurobiological
hanges within the CNS. A wealth of empirical evidence now
xists that shows motor learning-dependent neural plasticity
ithin various motor regions (Table 2).
Much of the work investigating motor learning-dependent

lasticity has been conducted in rats because of their highly
volved motor systems and extensive repertoire of motor
bilities. Compared with animals that simply walk up and
own a flat runway, rats that are trained to traverse an
bstacle course consisting of various ladders, thin rods, and
opes have more synapses within the motor cortex [10] and
erebellum [11,12]. Animals trained to perform a skilled
eaching task show dendritic growth [4,13-15], synaptogen-
sis [16,17], and enhanced synaptic responses [18-20]
ithin the forelimb motor cortex (Figure 2). Compared with

ontrol subjects, reach-trained rats also exhibit an expansion
f wrist and digit movement representations in the motor

ortex [21] that is localized to regions of the motor cortex that i
lso undergo synaptogenesis [16]. Similar changes have been
bserved in squirrel monkeys trained to pull a small food
ellet out of a tiny well. After several weeks of training, these
nimals show an increase in the area of finger representations
n the primary motor cortex [22]. Each of these different

otor learning tasks has a similar pattern of neural plasticity
hat reflects the increased dexterity. The neural circuits that
ontrol the trained movements reorganize by adding syn-
pses, which results in an expansion in the amount of cortex
nvolved in controlling these movements.

Transcranial magnetic stimulation (TMS) also has been
sed to demonstrate similar learning-dependent neural plas-
icity in the human motor cortex with skill training. Subjects
rained to perform a 1-handed, 5-finger piano-playing task
how an increase in the area of motor cortex that controls the
uscles of the hand trained during the task, along with
otor-evoked potential (MEP) amplitudes [23]. Training

ubjects to perform skilled ankle [24] or tongue [25] tasks
lso increases movement representation area and MEP am-
litude of the trained muscles compared with untrained
ontrol subjects. Cross-sectional studies have revealed com-
arable changes among individuals with varying degrees of
otor skill. For example, highly skilled racquet players have

arger representation of muscles of the trained hand and
arger MEP amplitudes in these muscles in comparison with
ess proficient players and nonplaying control subjects [26].

MPLICATIONS OF BRAIN ORGANIZATION

o understand the neural substrates of neurorehabilitation, it
s first important to recognize the basic functional scaffold
pon which neural plasticity operates. Although we are far
rom understanding with any great precision how the CNS
upports behavior, it is clear that the brain is incredibly
nterconnected and that this interconnectivity plays an im-
ortant role in supporting functional reorganization after an

able 2. Neural plasticity and motor learning*

Individual
Neurons

Population of
Neurons

tructural Dendritic arbor
Spine density
Synapse number
Synapse size
Receptor density

Structure thickness
Gray matter density

unctional Intracellular EPSP
Neural activity
Intrinsic excitability

Motor maps
fMRI
Field EPSP
MEPs

PSP � excitatory postsynaptic potential; fMRI � functional magnetic
esonance imaging; MEP � motor-evoked potential.
*Examples of the 4 categories of neural plasticity that occur in response to
otor skill learning in the central nervous system.
njury or disease occurs. A significant degree of functional
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verlap within and across brain regions creates redundancies
hat can contribute to the brain’s ability to adapt to injury.

edundancy as a Fundamental Property
f Brain Organization

he functional redundancy previously described can be ob-
erved both within brain areas (internal) and across brain
reas (external). Examples of internal redundancy are most
eadily observed in primary cortical areas. Independent clus-
ers of neurons that respond to similar information regarding
timulus orientation, frequency, and color are repeated
cross the primary visual cortex [27,28]. Stimulation within
ne area of the visual field causes numerous clusters of
eurons to become active [29]. Somatosensory representa-
ions of individual body parts are repeated multiple times
ithin primary somatosensory cortex [30]. Several areas of
rimary auditory cortex respond to sounds of the same
requency [31], and the same movements can be elicited by
timulating different areas within the primary motor cortex
32,33]. This internal redundancy is believed to enhance
eural integration of information and improve sensory
nd/or motor functions [34]. However, this internal redun-
ancy also may serve to enhance the brain’s ability to improve
otor function after brain injury through functional recruit-

igure 2. Schematic diagram showing the structural and func
orelimb training. Trained animals show an increase in the are
omparison with control animals. Training also induces dendrit
ent and compensation. s
External redundancy can be observed as the same func-
ions being represented across distinct brain areas. This phe-
omenon is sometimes referred to as parallel processing, and

ike internal redundancy, it is believed to enhance the capac-
ty for information integration. External redundancy can
ccur across brain regions that work in one general modality
arm movement, for example) or across brain regions that
ork in different modalities (audition versus vision). For

xample, no fewer than 16 visual field maps are found within
he occipital lobe [35]. Complete, separate somatosensory
aps [36] of the body exist within the parietal cortex and

eparate motor maps exist within the primary motor, premo-
or, and supplementary motor cortex. External redundancy
lso can be observed across the different sensory modalities,
hich is often referred to as cross-modal processing [37]. For

xample, neurons within the primary auditory cortex can
rocess visual [38,39] and somatosensory [40] information.
ikewise, neurons in primary somatosensory cortex can pro-
ess visual information [41], and neurons in the primary
isual cortex can process auditory [42] and somatosensory
nformation [37]. A fascinating perceptual phenomenon re-
ated to the ability of the brain to mix sensory information is
ynesthesia, in which stimuli lead to a sensation in two or
ore sensory modalities at the same time [43]. For example,

l plasticity that occurs within the rat motor cortex after skilled
the cortex occupied by wrist-digit representations (green) in
wth in motor cortex neurons, as illustrated on the right.
tiona
a of
ome people claim they can hear color or taste sound; this
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henomenon often is reported with the use of psychedelic
rugs such as lysergic acid diethylamide or mescaline. We
ention this phenomenon not to suggest that synesthesia (or

aking psychedelic drugs) is the gateway to understanding
ow the brain adapts during rehabilitation but as an example
f how interconnected the brain must be if different sensory
odalities can be intermixed in this manner.

edundancy Provides a Platform For
unctional Reorganization

lthough functional redundancy likely exists to enhance
ensory, motor, and cognitive processing within the brain, it
lso enhances the ability of the brain to adapt to injury. Some
f the best examples of how functional redundancy can be
arnessed to contribute to functional improvement come
rom neuroimaging studies of individuals who are blind or
eaf. The visual cortex of subjects who are blind shows

ncreased activation during nonvisual tasks such as verb
eneration [44,45] and Braille reading [46,47] that is not
bserved in sighted subjects. Furthermore, stimulating the
isual cortex with use of TMS induces tactile sensation [48]
nd disrupts Braille reading in blind but not sighted subjects
48]. Thus rather than simply leaving the visual cortex dor-
ant, the brains of blind subjects recruit it to perform non-

isual functions. Such reorganization also can be observed in
ighted individuals with short periods of blindfolding. Five
ays of blindfolding leads to recruitment of the primary
isual cortex for tactile and auditory processing [49]. The
ecruitment of the visual cortex for tactile processing in blind
ersus blindfolded subjects is not likely to be mediated by the
ame neural mechanisms. The speed of the functional
hanges in blindfolded individuals is such that these changes
robably involve existing pathways rather than the formation
f new cortical connections. In other words, somatosensory
nd auditory connections to the occipital cortex must already
e present and are unmasked through visual deprivation.

HE ISSUE OF RECOVERY VERSUS
OMPENSATION

istorically, several conflicting, misinterpreted, or poorly

able 3. Behavioral and neural recovery in the World Health

Recovery

eural Restoring function in neural tissue that w
initially lost because of injury or diseas

ehavioral: body
function
(impairment)

Restoring the ability to perform movem
the same manner as it was performed
injury or disease

ehavioral: activity
(disability)

Restoring the ability to perform a task in
the same manner as it was performed
injury or disease

Description of recovery versus compensation at both the neural and behavio
ody function and activity levels as put forth by the World Health Organizat
efined terms that describe recovery and compensation have a
een used by scientists across several disciplines and by
linicians [50].

The different terminologies used to describe these con-
epts, particularly in the context of neural plasticity, are a
otential barrier to interdisciplinary communication. Most
euroscientists would argue that true recovery never occurs
ecause once neural tissue is gone it does not return and,
herefore, any functional improvement must be accom-
lished through compensation. On the other hand, many
herapists argue that functional improvements represent re-
overy because the patients can now perform tasks they
ould not perform after immediately after injury, such as
rinking from a cup or brushing their teeth. We need defini-
ions that allow neuroscientists and therapists to use a com-
on language and that encompass underlying aspects of
echanism to be meaningful for neurorehabilitation. Levin

t al [50] recently proposed unambiguous definitions of
ecovery and compensation for motor function by using the
ramework of the World Health Organization International
lassification of Function framework (Table 3). The Interna-

ional Classification of Function distinguishes between the
nderlying pathophysiology of the health condition, impair-
ents at the body-function level, and disability at the activity

evel. Thus the definitions recognize that recovery and com-
ensation can be observed at both behavioral and neural

evels. Further, they differentiate behavioral measures of
ovement ability (body function) from task performance

activity). Distinguishing recovery from compensation at
oth a neural and behavioral level is a key aspect of under-
tanding the relationship between neural plasticity and reha-
ilitation-dependent changes in function. It provides insight

nto the specific neural strategies an individual patient may
se or be guided toward through rehabilitation.

EURAL STRATEGIES FOR MOTOR
MPROVEMENT AFTER CNS INJURY

eurorehabilitation therapists face several variables that can
ontribute to the capacity for functional improvement when
reating neurologic injury or disease. These variables include
atient health status, age, lifestyle, and time after injury in

ization International Classification of Function Model*

Compensation

Residual neural tissue takes over a function lost
because of injury or disease

e
Performing movement in a manner different from how
it was performed before injury or disease

tly
e

Performing a task in a manner different from how it
was performed before injury or disease

ls. Behavioral recovery and compensation can be furthered described at the
national Classification of Function model.
Organ

as
e
ent in
befor

exac
befor

ral leve
ddition to the nature and locus of the CNS injury. All of
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hese factors compound to produce an incredibly diverse
ange of impairments, even within the same injury domain,
nd lead to further heterogeneity in the way that the residual
rain areas adapt to the injury and potentially respond to
herapy through neural recovery and compensation. How-
ver, different neural strategies can be identified that involve
eural recovery and/or compensation and take advantage of
he inherent functional redundancy within the brain. These
trategies include restoration, recruitment, and retraining (Ta-
le 4). Because these strategies are not mutually exclusive and
ccur in concert with one another during rehabilitation,
learly dissociating them can be difficult, especially in clinical
tudies. Although examples of these strategies can be found
n all behavioral domains, including sensory and cognitive
rocessing, they are most clearly shown in cases of motor
ehabilitation after stroke. Motor recovery refers to the capac-
ty to perform a previously lost or impaired motor task in
xactly the same manner as before the injury. Motor compen-
ation refers to the use of new movements or movement
equences to perform a task in a manner different from that
sed before the injury. Studies of motor cortex plasticity after
troke have revealed that both recovery and compensation
an be observed at a neurophysiological level. Recovery refers
o the restoration of motor function within an area of motor
ortex that was initially lost after injury. Compensation oc-
urs when areas of motor cortex adapt to take on motor
unctions lost after the injury. Collectively, 3 neural strategies
an be related to the processes of neural recovery and com-
ensation within the motor cortex after a stroke occurs.

estoration

esidual brain areas undergo profound neurobiological
hanges after brain injury or disease, resulting in dysfunction
ithin structurally intact brain areas both proximal and distal

o the infarction. This phenomenon, which was first de-
cribed by Von Monakow [50a], was termed diaschisis and is
ue to a number of pathological changes in metabolism,
lood flow, inflammation, edema, and neuronal excitability.
t is particularly evident during the acute phase [51]. Func-
ional improvement during this phase can occur in response
o the progressive resolution of these secondary factors,
hich allows the motor cortex to return to a more normal

able 4. Neural strategies of functional improvement*

Restoration

trategy Re-engaging residual brain areas initia
dysfunctional after injury or disease

unctional platform Internal and external redundancy
eural mechanism Recovery

The 3 different neural strategies observed by the central nervous system to s
dvantage of the internal and external functional redundancy that exists with
nd/or compensation.
unctional state and begin contributing to motor improve- a
ent. However, restoration is not limited to the acute phase
fter stroke; one of the consequences of damage within the
otor system is learned nonuse. Many patients will avoid
erforming movements that engage compromised but intact
egions of motor cortex because it is simply too difficult or
ounterproductive. Patients may adopt compensatory behav-
ors that avoid the use of the compromised regions of the

otor cortex that continue on well after the acute phase. This
henomenon of avoiding some movements and adopting
ompensatory behaviors has distinct consequences for motor
ap topography, because the motor representations that

orrespond to the ignored movements may degrade, despite
aintaining some residual function. Rehabilitation training

hat forces or encourages the use of the avoided movements
an re-engage the neglected neural circuits within the motor
ortex and reinstate these movement representations. This
e-engagement and reinstatement has been demonstrated in
oth animal models and human patients. Randy Nudo’s

aboratory published a series of seminal articles that demon-
trate restoration, recruitment, and retraining in squirrel
onkey motor cortex after focal cortical infarctions [51a].
he experiments involve the use of intracortical microstimu-

ation to create very detailed maps of hand-movement repre-
entations. A small cortical infarction stroke is then produced
y devascularizing an area of cortex that contains wrist and
igit representations. The monkeys exhibit difficulty in pro-
ucing skilled wrist and digit movements when tested with
se of a Klüver board, which requires the retrieval of food
ellets from a small well. The initial motor impairments are
ccompanied by a loss of hand representations that extends
nto undamaged areas of the map [52]. However, with several
eeks of training on this task, the monkeys progressively

mprove, and the wrist and digit representations can be
artially restored within the undamaged cortex. The restora-
ion of function likely occurs because neural connectivity is
e-established within these areas. Studies in rat motor cortex
how that, within 24 hours of a creating a small focal isch-
mic infarction within approximately 30% of forelimb move-
ent representations in rat motor cortex, an additional loss

f movement representations occurs within the remaining
0% of the motor map that is in undamaged cortex (Figure
). The loss of movement representations is accompanied by

Recruitment Retraining

Engaging new residual
brain areas

Training residual brain areas to
perform new functions

External redundancy Internal and external redundancy
Compensation Compensation

functional improvement after injury or disease. These 3 strategies each take
ntral nervous system and in turn use either mechanisms of neural recovery
lly

upport
in the ce
loss of synapses, presumably from the neurons within the
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nfarction. Thus the neurons within these circuits have not
een lost but have become dysfunctional because of a lack of
ynaptic input. With several days of motor rehabilitation,
oth the movement representations and the synapses can be
estored.

In clinical studies, similar restoration of motor maps can
e shown with use of TMS. Motor maps are smaller in
atients with more severe impairments [53], and increases in
otor map size and corticospinal output are correlated with
otor improvement [54]. Some of these changes also are

eminiscent of those evidenced in healthy subjects during
otor skill learning [55]. In other words, the neural circuits

hat normally contribute to the performance of arm move-
ent were not being engaged after a stroke occurred. This

ack of engagement may reflect diaschisis or learned nonuse
n these areas resulting from the injury. Motor rehabilitation

ay serve to re-engage these circuits and works to return
hem to a more normal state that is manifested as a restoration
f movement representations and an overall expansion of the
otor map area.

ecruitment

ecruitment refers to enlisting motor areas that have the

igure 3. Schematic illustration of the structural and functio
ehabilitation after a cortical stroke. Animals receiving motor re
s associated with synaptogenesis in comparison with animals
apacity to contribute to the lost motor function but may not d
ormally have been making significant contributions to that
ehavior before the injury. These areas are asked to play a

arger role in the performance of the impaired motor behav-
or that has been compromised because of stroke but are not
ecessarily acquiring new function (retraining). Within the
otor cortex, recruitment can be demonstrated through the

xpansion of movement representations within areas outside
f the original motor map. For example, recovery of dexterity
fter unilateral motor cortex lesions in macaques appears to
e mediated by the premotor cortex in the damaged hemi-
phere, because inactivation of this region abolishes recov-
red movement but does not affect performance in nondam-
ged animals [56]. Large infarctions within the primary
otor cortex of squirrel monkeys cause a profound expan-

ion of movement representations within the premotor cor-
ex [57].

In comparison with healthy control subjects, stroke pa-
ients can show significant increases in contralesional motor
ortex activity during movement of the affected foot [58] or
rm [59]. Although the contralesional hemisphere has the
apacity to contribute to movement on the ipsilateral side
60], it normally does not make any significant contribution.
ome of the increased activity also occurs in the ipsilesional

lasticity that occurs within the rat motor cortex with motor
tion show an increase in the area of residual motor maps that

ceiving rehabilitation.
nal p
habilita
orsal premotor cortex [61], and TMS-induced disruption of
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he function within this area impairs recovered movement of
he stroke-affected hand [62], which suggests that such ac-
ivity is functionally relevant.

etraining

n some cases, areas of the motor cortex may be asked to
dapt existing function or take on additional functions to
upport functional improvement. This strategy is integrally
elated to restoration and recruitment in that neural circuits
o not simply use their existing functions to contribute to
ehavior but begin to perform novel or additional functions.
s previously described, focal lesions within the motor cor-

ex cause a loss of movement representations within residual
ortical areas that can be restored with motor rehabilitation.
hese same studies also provide clear examples of retraining.
or example, when an area of the motor cortex that contains
igit representations is removed, digit representations can be
bserved to re-emerge in areas of the remaining cortex that
sed to contain elbow or shoulder [63].

LINICAL IMPLICATIONS

he goal of this research area is to gain sufficient knowledge
f the key behavioral and neural signals that drive neural
lasticity to be able to develop patient-specific therapies that

ncrease the opportunity for functional improvement. Neu-
oscience has identified several such signals and treatments
hat have become prevalent in clinics, such as deep brain
timulation for Parkinson disease and constraint-induced
ovement therapy for persons who have had a stroke. Pre-

linical studies in animals also have identified several phar-
acologic- and device-assisted therapies that hold promise

or translation into clinical trials. Again, much of this work
as come from studies of motor impairment after stroke.
hese studies are based on the hypothesis that synaptic
lasticity mediates rehabilitation-dependent functional reor-
anization within the CNS and, therefore, plasticity-enhanc-
ng interventions should improve functional outcome. Fur-
hermore, the field of neurorehabilitation is beginning to
ecognize the importance of individualizing therapy for indi-
idual patients. Characterizing the specific behavioral and
eural impairment profiles for each patient may guide the
evelopment of specific therapies that maximize the oppor-
unity for neural plasticity within specific domains and ulti-
ately enhance functional outcome.

arnessing Endogenous Plasticity With
djuvant Therapies

ne approach to enhancing neurorehabilitation is to use
harmacologic manipulations that upregulate the endoge-
ous intracellular signaling pathways that drive synaptic

lasticity. Although numerous signaling pathways have been m
dentified, the most well characterized is the cyclic adenosine
onophosphate/cyclic adenosine monophosphate respon-

ive element-binding protein (cAMP-CREB) pathway. A va-
iety of experimental models and systems have established
hat the cAMP-CREB signaling pathway is a key regulatory
athway in experience-dependent synaptic plasticity. Phar-
acologic agents that inhibit this signaling pathway impair
emory formation [64]. Conversely, administration of the

ype IV-specific phosphodiesterase inhibitors (PDE 4) that
nhance cAMP-CREB signaling facilitate memory in normal
nd aged rodents [65]. PDE4 inhibitor treatment in combi-
ation with motor rehabilitation after a focal stroke signifi-
antly enhanced motor recovery [66]. Further, the drug
ncreased the motor map area in the residual cortex (restora-
ion), increased the proportion of the maps occupied by
istal forelimb representations (retraining), and expanded
ovement representations into new cortical areas (recruit-
ent).
In addition to drugs that enhance plasticity, several neu-

ochemicals have been identified that may block plasticity-
nhibiting processes such as axonal sprouting. For example,

yelin-associated inhibitory factors (such as Nogo-A) that
lock neurite outgrowth after damage are present in neural
issue. When antibodies for Nogo-A (IN-1) are applied to the
otor cortex after an ischemic lesion occurs, an increase in

pical and basilar dendritic arborization and spine density is
bserved [67]. In addition, new projections to the de-affer-
nted striatum [68] and red nucleus [64] have been ob-
erved. Intracortical microstimulation (ICMS) mapping of
he intact hemisphere after treatment with monoclonal anti-
ody IN-1 results in a substantial increase in ipsilateral
ovements [69]. Such manipulations could facilitate com-
ensation through recruitment of distal brain areas.

Some of the very first demonstrations of neural plasticity
nvolved the use of electrical stimulation to enhance synaptic
trength. A growing body of evidence indicates that electri-
ally stimulating the motor cortex facilitates recovery of mo-
or function after CNS injury, particularly stroke. After a
ortical stroke occurs, an imbalance exists between the cere-
ral hemispheres whereby the affected side becomes inactive
nd the unaffected side becomes overactive. Repetitive TMS
as been used to excite the affected hemisphere and inhibit
he unaffected hemisphere to restore balance and promote
unctional reorganization in the affected hemisphere. This
pproach has been used successfully in some stroke patients
o enhance motor performance with rehabilitation [70].
ranscranial direct cortical stimulation provides a longer,
ore sustained method for driving plasticity within the cor-

ex and has been shown to improve motor function in pa-
ients with chronic motor impairments when anodal current
s delivered over the motor cortex affected by a lesion or
hen cathodal current is delivered over the contralesional

otor cortex [71].
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The efficacy of cortical stimulation at enhancing motor
ecovery after stroke also has been demonstrated in rats
72,73] and monkeys [74]. The enhanced motor recovery is
ssociated with increased cortical dendritic hypertrophy [73]
nd synaptogenesis [75] compared with animals in standard
ehabilitation. The increased postsynaptic space is also ac-
ompanied by an enlargement of the polysynaptic compo-
ent of motor cortical evoked potentials [76]. Finally, corti-
al stimulation also induces a greater expansion of movement
epresentations in rats [72] and monkeys [74], which sug-
ests that cortical stimulation has the potential to upregulate
lasticity within the cortex affected by a lesion to promote
unctional reorganization.

ndividualizing Therapy

o enable our ever-expanding knowledge of neural plasticity
o be useful for therapists, several things need to happen.
irst, we need to realize that CNS injury is a highly individual
edical disorder that requires individualized treatment

ased on neurobiological and behavioral assessments. Sec-
nd, we need a better understanding of how to harness
eural plasticity through training and adjuvant therapies that
ptimize compensatory and recovery mechanisms (both at
he behavioral and neural levels) to allow for the greatest
unctional gain. Finally, we need to approach the treatment
f CNS injury in the same way that we approach every other
edical disorder—as a lifelong endeavor that requires con-

tant monitoring and adaptation, depending on how individ-
al patients respond. Neurorehabilitation should be a pro-
ess like any other medical approach that involves a clear
iagnosis, the development of a specific treatment based on
hat diagnosis and continued monitoring to assess the suc-
ess of that treatment. A key element in this process will be
he incorporation of interventions that promote neuroplastic
hange in the appropriate neural circuits. This process will
nvolve, first, a careful neural assessment to identify the
amaged and intact systems by using various neuroimaging
nd stimulation techniques. This assessment would allow for
argeting of the optimal neural strategies to improve function
iven a specific pattern of dysfunction. It might also incorpo-
ate genetic testing to identify the presence or absence of key
enes related to neural plasticity. This testing would be
ombined with a careful behavioral assessment to identify
hich behaviors are intact and any compensatory strategies

hat may be used by the patient. All of this information would
e used to develop an individual treatment regimen that
argets specific behaviors and enhances neural plasticity
ithin the neural systems that mediate the behaviors. Finally,

he patient’s progress should be monitored over time
months to years) both neurally and behaviorally to assess
erformance and guide the delivery of additional therapies if
eeded. Such a comprehensive approach would have the

otential to incorporate our knowledge of brain-behavior
elationships to develop novel, more effective therapies that
aximize the opportunity for neural plasticity and functional

utcome after CNS injury or disease.
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