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m Abstract Activity-dependent plasticity occurs in the spinal cord throughout life.
Driven by input from the periphery and the brain, this plasticity plays an important role

in the acquisition and maintenance of motor skills and in the effects of spinal cord injury
and other central nervous system disorders. The responses of the isolated spinal cord to
sensory input display sensitization, long-term potentiation, and related phenomena that
contribute to chronic pain syndromes; they can also be modified by both classical and
operant conditioning protocols. In animals with transected spinal cords and in humans
with spinal cord injuries, treadmill training gradually modifies the spinal cord so as to
improve performance. These adaptations by the isolated spinal cord are specific to the
training regimen and underlie new approaches to restoring function after spinal cord
injury. Descending inputs from the brain that occur during normal development, as are-
sult of supraspinal trauma, and during skill acquisition change the spinal cord. The early
development of adult spinal cord reflex patterns is driven by descending activity; disor-
ders that disrupt descending activity later in life gradually change spinal cord reflexes.
Athletic training, such as that undertaken by ballet dancers, is associated with grad-
ual alterations in spinal reflexes that appear to contribute to skill acquisition. Operant
conditioning protocols in animals and humans can produce comparable reflex changes
and are associated with functional and structural plasticity in the spinal cord, including
changes in motoneuron firing threshold and axonal conduction velocity, and in synap-
tic terminals on motoneurons. The corticospinal tract has a key role in producing this
plasticity. Behavioral changes produced by practice or injury reflect the combination
of plasticity at multiple spinal cord and supraspinal sites. Plasticity at multiple sites is
both necessary—to insure continued performance of previously acquired behaviors—
and inevitable—due to the ubiquity of the capacity for activity-dependent plasticity in
the central nervous system. Appropriate induction and guidance of activity-dependent
plasticity in the spinal cord is an essential component of new therapeutic approaches
aimed at maximizing function after spinal cord injury or restoring function to a newly
regenerated spinal cord. Because plasticity in the spinal cord contributes to skill acqui-
sition and because the spinal cord is relatively simple and accessible, this plasticity is
a logical and practical starting point for studying the acquisition and maintenance of
skilled behaviors.
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INTRODUCTION

The Cinderella of the Central Nervous System

As the title of this section implies, the spinal cord has always occupied a humble
place in neuroscience (Aminoff 1993). Considered part of the central nervous
system (CNS) by virtue of its meningeal coverings and histology, it is commonly
thought to be merely a waystation between the brain and the periphery, the home
of a few hardwired reflexes and nothing else. This traditional view goes back 1800
years to Galen, who wrote that the spinal cord was essentially a protected bundle
of nerves that connect the brain to the body (see Liddell 1960, Neuburger 1981,
Clarke & Jacyna 1987, Clarke & O’Malley 1996 for historical review). Even its
reflex functions went unrecognized until well after the Renaissance. Reflexes were
believed to be entirely peripheral, produced by activity that passed from sensory
receptors to muscles through anastomoses between peripheral nerves, without the
participation of the brain or spinal cord. Pliny the Elder, who predated Galen, knew
that this was not true, and so did Leonardo da Vinci and Stephen Hales later on, but
the idea persisted until the eighteenth century, when Robert Whytt, studying the
headless frog, observed that “the strong convulsive motions excited by irritation
in the legs and trunk. . . cease as soon as [the spinal cord] is destroyed.”

While Whytt laid to rest the Galenic belief that the spinal cord was only a big
nerve, subsequent developments led to a distinction between the spinal cord and the
brain that is still widely accepted and maintains the spinal cord’s inferior status. In
the early nineteenth century Marshall Hall distinguished between “The Cerebral,
or the Sentient and Voluntary” part of the nervous system and the “True Spinal, or
the Excito-motory” part. The first was the cerebral hemispheres and cerebellum
and produced conscious, or volitional, behavior; the second was the spinal cord
and medulla and produced reflexes. Hall thought these two systems were totally
separate and even had separate sets of afferent and efferent nerves. His reasons
were both scientific and religious: The separation protected the immortal soul,
which resided in the brain, from domination by the external world. He coined the
term “reflex arc” to describe the pathways underlying the fixed behaviors ascribed
to the spinal cord.

Hall's theory of the spinal cord as a reflex center underlies current concepts.
While we now know that spinal reflex pathways do not have a separate set of
peripheral nerves, most neuroscientists retain something like Hall’s distinction be-
tween the voluntary behaviors produced by the brain and the involuntary, or reflex,
behaviors produced by the spinal cord. The spinal cord is often conceived to be a
hardwired system that simply responds quickly and in a stereotyped, or “knee-jerk”
fashion to afferent inputs from sensory receptors in the periphery or to descending
commands from the brain. For example, sudden muscle stretch produces rapid con-
traction of the stretched muscle and ascending activity in dorsal column pathways, a
pinprick to the foot causes rapid limb withdrawal nearly as quickly, and descending
activity from motor cortex rapidly excites spinal motoneurons and produces muscle
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contraction. Such short-latency input-output connections are traditionally believed
to be the full extent of the spinal cord’s capabilities. Activity-dependent plasticity—
defined as persistent CNS modification that results from past experience and
affects future behavior—is considered a supraspinal capacity. Complex motor
performances—standard skills such as walking and writing and special skills such
as dancing and piano playing—that are acquired through practice, and thus reflect
the persistent effects of activity, are generally thought to result from supraspinal
plasticity that simply uses the fixed capacities of the unchanging spinal cord.

Activity-Dependent Plasticity in the Spinal Cord

This traditional view ignores a large body of evidence that has accumulated over
the past century and grown rapidly in recent years. Both clinical and experimental
observations indicate that the spinal cord, like other parts of the CNS, shows
activity-dependent plasticity—that inputs from the periphery or from the brain
can cause lasting changes in the spinal cord that affect its output far into the
future. The spinal cord possesses capacities for neuronal and synaptic plasticity
comparable to those found elsewhere in the CNS.

In spite of the substantial evidence for activity-dependent plasticity in the spinal
cord, its role in the acquisition and maintenance of behaviors in normal states and
in the aftermath of CNS injury has only recently begun to be properly recognized
and explored. This new interest and effort derive largely from two factors. The
first is the remarkable excitement and energy now focused on developing new
treatments for spinal cord injury (Bregman et al 1997, Fawcett 1998, Amar &
Levy 1999, Tuszynski & Kordower 1999). The newly recognized possibilities for
CNS regeneration inevitably raise the issue of how regenerated neuronal tissue is
to become useful, of how it will come to provide normal, or at least acceptable,
function. A normally functioning adult spinal cord is a product of appropriate
activity-dependent plasticity during early development and throughout subsequent
life. Thus, a newly regenerated spinal cord will probably not be properly or even
acceptably configured for effective use (Muir & Steeves 1997). Itis likely to display
diffuse infantile reflexes or other disordered and dysfunctional outputs. As methods
for inducing spinal cord regeneration develop, methods for redeveloping spinal
cord function—for re-educating the newly regenerated spinal cord—will become
essential. This anticipated need compels attention to activity-dependent spinal cord
plasticity, to the processes by which spinal cord neurons and synapses are shaped
to serve important functions as diverse as locomotion, urination, and playing a
musical instrument. Furthermore, recent appreciation of the latent capacities for
plasticity of the injured unregenerated spinal cord provides additional incentive
for exploring activity-dependent plasticity in the spinal cord. Understanding this
plasticity is essential for understanding both the changes that occur after injury
and the processes that can be accessed and guided to restore useful function.

The second factor is the growing recognition, driven by data from a variety
of laboratory models, that the acquisition and maintenance of both normal motor
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performances and the abnormal behaviors associated with disease involve activity-
dependent plasticity at multiple sites throughout the CNS, including the spinal
cord. The peripheral and descending inputs that occur during practice or as a
result of trauma or disease change the spinal cord, and these changes combine
with changes elsewhere in the CNS to change behavior. Thus, knowledge of the
mechanisms of spinal cord plasticity and its interactions with activity-dependent
plasticity elsewhere in the CNS is important for understanding normal behaviors,
as well as for understanding the complex disabilities produced by disorders such
as spinal cord injury.

The Present Review

The focus of this review is activity-dependent spinal cord plasticity (that is, lasting
change in spinal cord function produced by peripheral and/or descending inputs)
and its impact on motor function in health and disease. Other kinds of spinal
cord plasticity—such as the long-term effects of neurotrophins or the processes
triggered by axotomy (e.g. Mendell 1988, 1999; Wilson & Kitchener 1996; Chen
& Frank 1999)—are not addressed. The primary intent is to review the range
of clinical and laboratory phenomena that reflect or elucidate activity-dependent
spinal cord plasticity, with particular attention to its role in normal and abnormal
behaviors.

The first section addresses plasticity induced by sensory input in spinal cord
that has been isolated from descending influence. Activity-dependent plasticity in
this setting provides insight into neuronal and synaptic mechanisms and has great
relevance for the treatment of spinal cord injury. The following section addresses
spinal cord plasticity that occurs in the intact CNS and often involves both sensory
input from the periphery and descending input from the brain. This is the setting
in which spinal cord plasticity usually occurs and is most relevant to motor func-
tion in health and disease. The final section addresses the relationships between
activity-dependent plasticity and behavioral change. Activity-dependent plasticity
at multiple spinal and supraspinal sites underlies the acquisition and maintenance
of both normal and abnormal behaviors, and the relative simplicity and accessi-
bility of the spinal cord facilitates recognition and exploration of this complex
plasticity. Furthermore, the necessity for and inevitability of this complex plasti-
city suggest principles that should guide development of new therapeutic methods
for promoting recovery of function after spinal cord injury.

PLASTICITY PRODUCED BY SENSORY INPUT
IN THE ISOLATED SPINAL CORD

The isolated spinal cord, deprived of descending influence from the brain, has been
a popular and productive experimental model for more than a century, providing,
by virtue of its accessibility and relative simplicity, a large part of present-day
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understanding of CNS neuronal and synaptic function. Many studies have explored
the persistent effects of sensory input. While most have studied the relatively short-
term effects (i.e. minutes to hours) of single inputs or simple combinations of
inputs, more recent studies have investigated the long-term effects (i.e. weeks to
months) of complex sequences of sensory input and are directly related to treatment
of spinal cord injury.

In this work the primary measures of spinal cord function have been the two
most prominent classes of short-latency spinal cord responses to peripheral in-
puts: flexion withdrawal reflexes and proprioceptive reflexes (Matthews 1972,
Baldissera et al 1981, Burke 1998, Kandel et al 2000). Flexion withdrawal reflexes
are mediated by oligosynaptic pathways to spinal motoneurons from unmyelinated
C nociceptive fibers and from small myelinated A-delta fibers that are also activated
by noxious stimuli. They are normally limited to those muscles that withdraw the
body from the painful stimuli. After spinal cord injury or with other disorders, they
may become diffuse and hyperactive and thereby contribute to spasms and postural
abnormalities. Proprioceptive reflexes are mediated by mono- and oligosynaptic
pathways to spinal motoneurons from larger afferents that innervate muscle spin-
dles, Golgitendon organs, and other receptors that reflect muscle length and tension
and limb position. The simplest proprioceptive reflex is the spinal stretch reflex
(SSR), ortendon jerk, which is mediated largely by a monosynaptic pathway made
up of the la afferent fiber from the muscle spindle, its synapse on the motoneuron,
and the motoneuron. It produces contraction in response to sudden muscle stretch,
and descending activity affects its gain through several mechanisms. Other propri-
oceptive reflexes, both excitatory and inhibitory, reflect more complex segmental
responses to muscle length and tension and limb position, and are also regulated
by descending activity.

Simple Sensory Inputs

Flexion withdrawal reflexes in the isolated spinal cord display habituation and
sensitization with a variety of protocols (Mendell 1984). Most research has been
oriented toward clarifying pain mechanisms and has focused on sensitization of
spinal cord responses to C-fiber input. This work is the subject of numerous re-
cent reviews (Pockett 1995, Randi996, Baranauskas & Nistri 1998, Alvares &
Fitzgerald 1999, Woolf & Costigan 1999, Yaksh et al 1999, Dubner & Gold 1999,
Herrero et al 2000) and is only briefly summarized here.

In the most thoroughly studied phenomenon, usually referred to as wind-up,
(Mendell & Wall 1965), repetitive C-fiber stimulation at rate9.3 Hz leads to
progressive increase in the neuronal excitation produced by each stimulus. Short
series of stimuli (e.g. 30 in 30 sec) produce sensitization lasting minutes, and
longer series can produce sensitization lasting much longer. Wind-up is not limi-
ted to the dorsal horn neurons directly contacted by C fibers; other spinal cord
neurons, including motoneurons in ventral horn, may also exhibit it. The under-
lying mechanisms vary across species, neuronal populations, and protocols, and
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multiple processes probably contribute in individual instances. Initially, release of
the excitatory amino acids glutamate and aspartate and tachykinins such as sub-
stance P activates NMDA receptors leading to calcium entry and activates second
messenger systems that affect proteins controlling membrane excitability. Even-
tually, activation of c-fos and other early immediate genes may take place, and
expansion of the receptive fields of dorsal horn neurons and phenotypic conver-
sion of A-beta fibers to C-fiber-like behavior can occur. As illustrated in Figére 1
high-frequency stimulation can produce persistent increases in neuronal excitabi-
lity comparable to long-term potentiation elsewhere in the CNS. The spinal cord
plasticity induced by C-fiber input contributes to the clinical syndromes of spon-
taneous pain, abnormal sensitivity to noxious stimuli, or even innocuous stimuli,
and referred pain that often follow injury to peripheral tissues.

While most evidence for spinal cord plasticity produced by afferent input re-
lates to C-fiber stimulation, activity in other afferent populations has been linked
to change in the spinal cord. Brief periods of high-frequency stimulation of the
largest sensory fibers, la afferents from muscle spindles, produce posttetanic poten-
tiation lasting seconds to minutes, and longer periods of stimulation can produce
potentiation lasting hours (Lloyd 1949, Kandel 1977).

Over the past 70 years, associative conditioning phenomena, both classical and
operant, have been repeatedly demonstrated in the spinal cords of cats, dogs, and
rats (reviewed in Patterson 1976, Kandel 1977, Thompson 2001). These models
normally use stimuli that generate C-fiber input. In a well-characterized classical
conditioning protocol in the isolated lumbosacral spinal cord of decerebrate cats,
Durkovic and colleagues used superficial peroneal nerve stimulation as the uncon-
ditioned stimulus (US), saphenous nerve stimulation as the conditioned stimulus
(CS), and tibialis anterior muscle contraction as the response (Durkovic 1985,
1986). As illustrated in FigureB, paired presentation of the stimuli, with the CS
preceding the US by one second, quickly produced a substantial increase in the
response to the CS alone, while unpaired presentation led only to a decrease in
the response to the CS alone. The phenomenon exhibited the features of classical
conditioning, including characteristic dependence on the delay between CS and
US. The spinal cord plasticity underlying this conditioning appears to involve in-
terneurons conveying the sensory input, rather than the sensory afferents or the
motoneurons themselves.

Training Regimens

Locomotion The rhythmical and sequential activation of muscles that under-
lies locomotion is a characteristic function of the vertebrate CNS, and one in
which the spinal cord plays a central role (Rossignol 1996, Kiehn et al 1998,
Orlovsky et al 1999). Locomotion, whether swimming, flying, or walking, is pro-
duced by interconnected spinal neurons that together constitute alocomotor pattern
generator (LPG). The spinal LPG is activated by supraspinal influences that de-
scend from locomotor regions in the brainstem and thalamus, and its operation is
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continually adjusted and refined by proprioceptive and cutaneous inputs from the
periphery. The existence and importance of the spinal LPG is most apparent in
lower vertebrates such as the lamprey or chick, in which robust locomotion is
evident after removal of all supraspinal influence. Its existence is also evident in
higher vertebrates such as the cat, in which the lumbosacral spinal cord is quite
capable of producing well-coordinated treadmill locomotion after transection of
the thoracic spinal cord has removed supraspinal control. Furthermore, studies in
people with spinal cord injuries suggest the existence of an LPG in the human
lumbrosacral spinal cord (Holmes 1915, Kuhn 1950, Bussel et al 1988, Calancie
et al 1994, Dietz et al 1995, Dobkin et al 1995, Dimitrijevic et al 1998, Rossignol
2000). If the operation of a human LPG could be encouraged and guided—by train-
ing programs, pharmacological agents, sensory stimulation, surviving descending
pathways, or other means—useful locomotion might be restored. In the work moti-
vated by this possibility, impressive new evidence for activity-dependent plasticity
in the spinal cord has emerged.

Fifty years ago, Shurrager & Dykman (1951) reported that treadmill walking
in spinalized cats (i.e. cats with transected spinal cords) improved with training.
Over the past 15 years several energetic research groups have confirmed this phe-
nomenon in spinalized animals and in humans with spinal cord injuries, described
its major features, and begun to reveal its mechanisms and define its potential role
in therapy (Lovely et al 1986, Barbeau & Rossignol 1987, Barbeau et al 1999). In
the typical protocol, cats were subjected to complete spinal cord transection at a
thoracic level and then began a regimen in which they were trained for 30—60 min
per day to walk on a treadmill with their hindlimbs while their forelimbs stood on
a platform. Early in training, coordinated locomotion occurred only when the ex-
perimenter provided weight support for the hindquarters and a strong nonspecific
sensory input such as stimulation of the perineum or tail. The primary observation
was that coordinated locomotion developed and improved over days and weeks.
Animals gradually walked faster, with longer steps, and for longer periods, and
eventually required little or no weight support or sensory stimulation to do so.
Careful electromyographic and kinematic analyses described this locomotion in
detail (Bélanger et al 1996). While subtle differences from normal were found,
spinal locomotion after training was in major respects comparable to that found
prior to injury.

Locomotion was much better in cats exposed to treadmill training than in cats
that received only normal nursing care after injury (de Leon et al 1998a). Although
untrained animals regained some locomotor ability, they were clearly inferior to
trained animals. FigureAillustrates the marked difference. The noradrenergic
alpha-2 agonist clonidine facilitated early training, reducing the need for sensory
stimulation and speeding improvement (Chau et al 1998). The improved locomo-
tion produced by training persisted when training stopped, declining very little
over 6 weeks, and only showing significant loss at 12 weeks (de Leon et al 1999a).

Functional improvement was found to depend quite specifically on the nature
of the training regimen. A regimen in which cats were trained to stand rather than
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to walk clearly improved standing (de Leon et al 1998b). If stand training was
confined to one leg, improvement was focused in that leg. Furthermore, animals
trained to stand did not walk well on the treadmill, and animals trained to walk did
not stand well. Nevertheless, animals trained to perform one task could then be
trained to perform the other. In addition, locomotor deficits produced by muscle
denervation abated with continued training (Bouyer et al 2001). Furthermore,
studies of motor unit properties after spinal cord transection and with or without
training, indicated that the training-induced improvements in walking and standing
were not attributable to peripheral changes in muscle strength or other motor unit
properties (Roy & Acosta 1986; Roy etal 1991, 1998). They appeared to be largely
or wholly due to activity-dependent spinal cord plasticity.

Comparable treadmill training is being evaluated in humans with complete
or incomplete spinal cord injuries (Barbeau & Fung 1992; Harkema et al 1997,
Wernig et al 1995, 1998; Dietz et al 1995; Dobkin 1998; Field-Fote 2000). In peo-
ple who retain some control of leg muscles, treadmill training assisted by weight-
support (with a harness or other device) can improve locomotion, producing greater
speed, strength, coordination, and endurance, and reduce need for assistive devices
(e.g. Figure B). Comparison of spinal cord—injured patients who underwent tread-
mill training with others who simply received conventional rehabilitation indicates
that treadmill training increases walking ability. Improvement has been reported
both in patients recently injured and in those injured a long time ago, and can
persist beyond the cessation of formal training. The encouraging initial studies
await confirmation by randomized clinical trials (Dobkin 1999).

The spinal cord plasticity that underlies training-induced functional improve-
ment clearly depends on the pattern of afferent, efferent, and interneuronal activity
that occurs during training. Recent work provides some insight into crucial aspects
of that activity. A certain minimum level of appropriately timed sensory input ap-
pears to be essential (Rossignol & Bouyer 2001). The importance of sensory input
is evident in chicks with spinal cord hemisection, in which training to walk is much
more effective than training to swim, even though the behaviors are very similar
(Muir & Steeves 1995, Muir 1999). The difference is attributable to the greater
phasic sensory input that occurs during walking—the input produced by foot con-
tact and the excitation of cutaneous and proprioceptive receptors associated with it.
When comparable sensory input was provided during swim training, performance
improved markedly, as illustrated in Figur€2Functional electrical stimulation,
both sensory and motor, can also contribute to spinal cord plasticity and peripheral
change, and can thereby improve performance (Peckham & Creasey 1992, Muir
& Steeves 1997, Stein 1999).

The performance improvements produced by treadmill training in cats appear
to be associated with change in glycinergic inhibition in the spinal cord. The effects
of the glycinergic inhibitor, strychnine, were evaluated in cats that had been trained
over 12 weeks to either walk or stand (de Leon et al 1999b). In cats trained to walk
locomotion proceeded as before. In contrast, in cats trained to stand locomotion
was much improved when strychnine reduced glycinergic inhibition. Furthermore,
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when cats trained first to walk were subsequently trained to stand, so that walking
performance deteriorated, strychnine restored walking. Conversely, if cats first
trained to stand were subsequently trained to walk, strychnine then had no effect
on their walking. These results suggest that locomotor training reduces the level
of glycinergic inhibition in the spinal cord.

Urination and Other Essential Functions Although the effects of spinal cord
injury on locomotion and other voluntary limb movements usually receive the
most attention and have been the focus of most research, its devastating effects
on urinary tract, bowel, and sexual function, and on blood pressure and body
temperature control, are of equal or greater concern to those affected (as well as to
their families and caregivers) and can have greater impact on their lives (Ronthal
1998, Biering-Sgrensen et al 1999, McKinley et al 1999, Teasell et al 2000, Chen
& Nussbaum 2000, Linsenmeyer 2000, Monga et al 1999, Stiens et al 1997, Weld
& Dmochowski 2000). Satisfactory urinary tract function is particularly critical

to the survival and well-being of people with spinal cord injuries. Urinary tract
infections and eventual kidney failure contributed greatly to the dismal prognosis
of spinal cord injury prior to the early twentieth century, and appropriate bladder
management is an essential feature of current rehabilitation and long-term care
protocols.

Normal urinary tract function depends on appropriate reciprocal relationships
between activation of bladder muscle and activation of the urethral sphincter mus-
cles (de Groat et al 1997, Yoshimura 1999). During urine accumulation, bladder
muscle is relatively inactive and sphincter muscles are tonically active. Urina-
tion is triggered by stretch receptors in the bladder wall and executed by spinal
and supraspinal reflex pathways that excite bladder muscles and relax sphincter
muscles. After transection of the cervical or thoracic spinal cord, and after the

Figure 2 Effects of locomotor training of the isolated spinal cor).EElectromyographic activity

on the treadmill in spinalized cats that hab®itom tracesor have not {op trace$ undergone
treadmill training. Consistent rhythmical muscle activation and consistent walking (shown by the
horizontal linesindicating each stance phase) are present only in the trained cat. Rhythmical
muscle activation and walking are imperfect and sporadic in the untrained cat. (C, collapse; St,
semitendinosus; VL, vastus lateralis; IP, iliopsoas; Sol, soleus; MG, medial gastrocnemius; TA,
tibialis anterior.) Scale: 1 sec and 1.0 mV (2.0 for Sol). Modified from de Leon et al (198}a). (
Ambulation performance before and after treadmill training in humans with spinal cord injuries.
Those in classes 0-2 are wheelchair-bound, those in class 5 can &ali&ps without any assistive
device. Ambulation is greatly improved after training. Modified from Wernig et al (1995). (
Knee and ankle excursions during swimming in normal chicks and in the same chicks after
spinal cord hemisection followed by 14 days of swim training whibtfon) or without ¢op)

plantar stimulation during the phase of movement equivalent to the stance phase of walking. After
training movement is closer to normal in hemisected chicks that have received planter stimulation.
Modified from Muir (1999).
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acute period of spinal shock and reflex depression, urination is more frequent
and less effective, owing to changes in sensory afferents from the bladder and in
spinal cord reflex pathways that receive this afferent input. C fibers innervating
the bladder wall, which normally convey nociceptive information and have relati-
vely high firing thresholds, undergo histological and chemical changes that lower
their thresholds and make them the primary trigger for urination. Their change in
threshold is thought to result from change in sodium and potassium channels, due
at least in part to increases in trophic factors such as nerve growth factor (NGF)
caused by chronic bladder distension. The contribution of altered afferent acti-
vity itself to spinal cord plasticity remains unclear, but the demonstrated effects of
altered C-fiber input in other situations (see above) suggest that it also has a role
here. Chronic spinal cord injury also produces loss of the coordinated sphincter re-
laxation that normally accompanies bladder contraction and urination. Spasmodic
sphincter contractions interfere with urine flow and lead to incomplete emptying
and bladder distension. The abnormalities in spinal pathway function that account
for this loss of coordination remain undefined, and the extent to which they reflect
plasticity produced by the known changes in afferent input and afferent neurons
and by the loss of supraspinal reflex pathways remains to be determined.

Activity-dependent spinal cord plasticity probably contributes to the disordered
urinary tract function after spinal cord injury and seems likely to also contribute
to the abnormalities in other functions, such as bowel control and blood pressure
regulation. Functional electrical stimulation to elicit voiding in those with spinal
cord injuriesisin clinical use (Brindley 1995, Rijkhoff etal 1997, Van Kerrebroeck
1998), and a preliminary effort to classically condition urination after spinal cord
injury showed temporary success (Ince et al 1978). Concerted efforts to induce
and guide activity-dependent plasticity to improve these functions after spinal cord
injury, efforts comparable to those now focused on restoring locomotion, are likely
to yield important new therapeutic advances.

PLASTICITY PRODUCED BY DESCENDING INPUT
AND ASSOCIATED PERIPHERAL INPUT

Descending inputs to the spinal cord are a continual barrage of activity in a va-
riety of pathways. The immediate short-term products of this activity—voluntary
movements, responses to peripheral disturbances, activation of the spinal cord
circuitry underlying locomotion, respiration, and urination, task-specific adjust-
ments in spinal reflex pathways—are readily apparent and have received much
attention. The immediate effects of loss or distortion of descending activity due
to supraspinal or spinal trauma are similarly apparent. In contrast, the long-term
effects of descending input on the spinal cord are not so obvious and have re-
ceived less attention. Nevertheless, while the rapid effects of descending input
are easy to see and convenient to study, the gradual effects are also important.
They help establish and maintain spinal cord function in a state most amenable to
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effective performance. Activity-dependent plasticity, driven by descending input
and associated peripheral input, shapes spinal cord function during development
and continues to modify it throughout life.

Abnormal Descending Input

The immediate effects of spinal cord contusion or transection—loss of purposeful
movement and sensation and profound suppression of spinal reflexes below the
level of the lesion—have been known throughout history and are described in the
oldest medical records (Ronthal 1998). Prior to the twentieth century, however,
the long-term effects were largely unknown, because most victims succumbed
rapidly to respiratory or urinary tract infections or to other consequences of im-
mobility and autonomic dysfunction. The wars of the past century spurred deve-
lopment of comprehensive programs for acute and chronic management of the
numerous problems attendant on spinal cord injury. As a result, most people with
severe spinal cord injuries can now have nearly normal life spans, and the long-term
effects of these injuries are extremely significant.

Destruction or severe impairment of spinal cord pathways initiates a sequence
of changes in spinal cord function below the lesion that develops over days,
weeks, and months (Riddoch 1917, Kuhn 1950, Mountcastle 1980, Ronthal 1998,
Hiersemenzel et al 2000). At first, function is severely depressed and reflexes are
difficult or impossible to elicit. This period of spinal shock abates over several
weeks in humans. Then, over a longer period, the reflexes become abnormally
strong. This is commonly manifested by increased resistance to passive muscle
stretch, particularly in antigravity muscles (i.e. leg extensors and arm flexors),
hyperactive tendon jerks, and increased flexion withdrawal responses to painful
stimulation. These signs comprise the syndrome of spasticity and are accompanied
by changes in a variety of electrophysiological measurements. The gradual devel-
opment of these effects reflects spinal cord plasticity caused by the destruction of
supraspinal connections, by the accompanying loss of descending input, and by
associated changes in peripheral input.

Physiological studies give some insight into the mechanisms underlying this
long-term plasticity. After cord transection in cats, la afferent excitatory postsynap-
tic potentials (EPSPs) in triceps surae motoneurons are larger than normal and have
faster rise times, the motoneurons have more positive firing thresholds and shorter
afterhyperpolarizations, and changes occur in motor unit properties and type distri-
butions (Nelson & Mendell 1979, Cope et al 1986, Munson et al 1986, Hochman &
McCrea 1994a—c). These effects differ across muscles. In both humans and animals
spinal interneuronal pathways also change after spinal cord transection or injury
(Boorman et al 1991, Thompson et al 1992, Shefner et al 1992). For example,
both recurrent inhibition, mediated by the Renshaw cell, and reciprocal inhibition,
mediated by the la inhibitory interneuron, appear to be increased. Electron micro-
scopic analysis of motoneuron synaptic coverage after spinal cord injury reveals
changes in specific terminal populations (Tai & Goshgarian 1996, Tai et al 1997).
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These clinical and laboratory data demonstrate that spinal cord injury changes
the distal spinal cord. However, they do not distinguish plasticity due to the change
in descending input from plasticity due to pathway destruction and the accompa-
nying retrograde and anterograde effects, or from plasticity due to accompanying
peripheral changes. Spinal cord plasticity clearly attributable to a more limited
and specific change in descending input was first demonstrated in the 1920s, when
Anna DiGiorgio altered descending input to the spinal cord by lesioning one side
of the cerebellum in anesthetized dogs, rabbits, and guinea pigs (DiGiorgio 1929,
1942). The immediate response was an asymmetric hindlimb posture: One leg
was flexed and the other was extended. After a variable delay she removed the
descending input responsible for this asymmetry by cutting the thoracic spinal
cord. When the delay was short transection eliminated the asymmetric posture.
However, when the delay was longer the asymmetric posture survived transection.
It persisted even though all descending input was gone. Subsequent experiments
in a variety of species confirmed her results and showed that they were not due to
peripheral mediation, such as change in sensory receptor function (Manni 1950,
Gerard 1961). Inthe 1960s Ralph Gerard and his colleagues defined in rats the time
course of the development of asymmetry that survived transection (Chamberlain
et al 1963). Persistent asymmetry did not occur if the delay between cerebellar le-
sion and spinal cord transection was only 30 min, and rose rapidly to its maximum
value as the delay increased to one hour. The authors concluded that a period of 45
min was needed to establish significant persistent asymmetry. This phenomenon
was considered by Gerard and others to be a good model for the fixation or consol-
idation of memory believed to occur at higher levels of the CNS, and was therefore
called spinal fixation. Comparable phenomena occur in the spinal cord with a vari-
ety of supraspinal lesions and can also follow manipulation of labyrinthian sensory
inputs (Giulio 1952, Straka & Dieringer 1995). Clearly, altered descending input
that lasts for sufficient time produces spinal cord plasticity that persists after the
input stops.

Descending Input in Normal Life

Spinal cord plasticity produced by long-term changes in descending activity is
not limited to abnormal or pathological situations. It appears to be a feature of
normal life, both during development and during later life as well. The acquisition
of motor skills, both standard skills such as walking and writing and specialized
skills such as dancing and piano playing, are acquired only through prolonged
practice, which involves specific patterns of activity in descending pathways and
associated patterns of activity in sensory afferents. The continued maintenance
of these skills, in spite of peripheral and central changes associated with growth
and aging, is also likely to involve prolonged adjustments in descending inputs.
Diverse evidence indicates that spinal cord plasticity caused by descending activity
contributes to motor development in childhood and to the learning of motor skills
later in life.
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Shaping of Spinal Cord Reflexes During DevelopmenDescending input dur-

ing the first years of life gradually modifies spinal reflexes and helps produce the
normal adult reflex pattern. Both flexion withdrawal reflexes and muscle stretch
reflexes are shaped by this influence. Schouenborg and colleagues have demon-
strated the importance of descending influence in producing adult flexion with-
drawal reflexes (Levinsson et al 1999). In the normal neonatal rat focal nociceptive
stimulation produces diffuse and often inappropriate muscle contractions and limb
movements. In contrast, in the normal adult such stimulation excites the appropri-
ate muscles, that is, the muscles that withdraw the limb from the painful stimulus.
As Figure Aillustrates, neonatal spinal cord transection prevents development of
the adult pattern, so that nonspecific and inappropriate flexion withdrawal reflexes
remain in the adult.

The importance of descending input during early life in shaping the spinal
cord circuitry that produces muscle stretch reflexes is shown by the effects of
the perinatal supraspinal lesions associated with cerebral palsy. In normal infants
muscle stretch produces very short-latency spinally mediated stretch reflexes in
both the stretched muscles and their antagonists (Myklebust et al 1986, O’Sullivan
et al 1991). Normally, the antagonist stretch reflexes gradually disappear during
childhood, leaving the adult with standard, so called knee-jerk, reflexes, limited
to the stretched muscles. However, in infants in whom supraspinal damage dis-
torts activity in descending pathways, this normal evolution often fails to occur,
so that antagonist stretch reflexes last into adulthood and contribute to motor
disability. Figure B shows agonist and antagonist stretch reflexes from normal
infants and normal adults, and from adults with cerebral palsy. In affected indi-
viduals, the original damage is supraspinal. Thus, the likely explanation for the
abnormal persistence of infantile spinal reflexes into adulthood is the absence
or distortion of the long-term descending input that normally eliminates or sup-
presses these reflexes over the course of development. The development of adult
reflex patterns presumably reflects activity-dependent plasticity produced by ap-
propriate descending input and by the appropriate patterns of peripheral input
that the descending input produces by influencing muscle activation and limb
movement.

Acquisition and Maintenance of Motor Skills The acquisition of motor skills

later in life is associated with less dramatic changes in spinal cord circuitry. In
adults spinal reflexes correlate with the nature, intensity, and duration of motor
training. The strengths of spinal reflexes depend on past physical activity and
training (Rochcongar et al 1979, Goode & Van Hoven 1982, Casabona et al 1990,
Koceja et al 1991, Nielsen et al 1993). The most frequently studied reflexes have
been the spinal stretch reflex (SSR) (produced mainly by a monosynaptic pathway
consisting of the la afferent from the muscle spindle, its synapse on the motoneuron,
and the motoneuron itself), and its electrical analog, the H-reflex, which is elicited
by direct electrical stimulation of the la afferents (Magladery et al 1951, Matthews
1972, Henneman & Mendell 1981, Brown 1984).
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These reflexes differ between athletes and nonathletes and between different
groups of athletes. A particularly valuable study reported H-reflexes in soleus mus-
cles of people who were either sedentary, moderately active, or extremely active,
or were professional ballet dancers (Nielsen et al 1993). Both the H-reflex and
disynaptic reciprocal inhibition were larger in moderately active subjects than in
sedentary subjects, and even larger in extremely active subjects. Because the human
soleus muscle consists almost entirely of slow (i.e. type |) fibers, exercise-induced
change in motor unit properties cannot readily account for the reflex increase seen
with activity. Furthermore, the most remarkable finding, illustrated in Figée 4
was that both the H-reflex and disynaptic reciprocal inhibition were lowest in the
dancers, even though they were much more active than any other group. Their
values were lower than those of sedentary subjects and much lower than those
of active subjects. Noting that muscle cocontraction is accompanied by increased
presynaptic inhibition and decreased reciprocal inhibition, the authors speculated
that the prolonged cocontractions required by the classical ballet postures lead
to persistent decreases in synaptic transmission at the la synapses, and thereby
account for the reductions in H-reflexes and reciprocal inhibition. Viewed from
the perspective of performance, the decreased direct peripheral influence on mo-
toneurons indicated by the smaller reflexes may increase cortical control and allow
more precise movement.

Laboratory evidence for training-induced spinal cord plasticity comes from a
study in which monkeys were trained to make smooth repetitive flexion and exten-
sion movements at the elbow, and random brief perturbations were superimposed
(Meyer-Lohmann et al 1986). Over months and years, the SSR elicited by the
perturbation gradually increased so that it took over the task of responding to
the torque pulse, while later reflex responses gradually disappeared. As illustrated
in Figure 48, the larger SSR was adaptive: it was associated with more rapid
and effective correction of the change in position caused by the perturbation. The

Figure3 Activity-dependent plasticity produced by descending input during development.
(A) Direction of limb movement produced by flexion withdrawal responses to a nociceptive
stimulus in normal adult rats and in adult rats subjected to spinal cord transection just
after birth. Direction is almost always appropriate, i.e. away from the stimulus in normal
adults, but is often inappropriate in transected adults. Neonatal transection prevents normal
shaping of flexion withdrawal reflexes by descending input. Modified from Levinsson et al
(1999). B) Short-latency electromyographic responses of soklil() and tibialis anterior
(dotted) muscles to sudden foot dorsiflexion, which stretches the soleus and shortens the
tibialis anterior, in a normal infant, a normal adult, and an adult with cerebral palsy. In the
normal infant spinal stretch reflexes occur in both muscles. In a normal adult a reflex occurs
only in the stretched muscle, i.e. the soleus. Little or no response occurs in the tibialis
anterior. In contrast, in an adult with cerebral palsy, in whom perinatal supraspinal injury
has impaired the descending input responsible for development of normal adult reflexes, the
infantile pattern persists: Reflexes occur in both muscles. From B Myklebust, unpublished
data (see Myklebust et al 1982, 1986 for comparable data).
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investigators concluded that the results “demonstrate a long-term functional plas-
ticity of the sensorimotor system of adult animals and suggest a growing role
for fast segmental mechanisms in the reaction to external disturbances as motor
learning progresses” (p. 398).

Additional evidence for adaptive spinal cord plasticity during life and in re-
sponse to specific demands comes from studies of reflex changes in humans asso-
ciated with aging, space flight, and specialized training paradigms, and studies of
reflex changes in animals associated with chronic alterations in peripheral input
produced by tenotomy (FiguréZ} or by application of tetrodotoxin to the periph-
eral nerve (Bahek & Hnik 1959, Kozak & Westerman 1961, Robbins & Nelson
1970, Goldfarb & Muller 1971, Gallego et al 1979, Sabbahi & Sedgwick 1982,
DeVries et al 1985, Reschke et al 1986, Webb & Cope 1992, Trimble & Koceja
1994, Angulo-Kinzler et al 1998, Yamanaka et al 1999, Zheng et al 2000).

All these data suggest that gradual activity-dependent changes in spinal cord
function contribute to the acquisition and maintenance of motor skills throughout
life. Their prolonged time course and dependence on repetition probably account
in part for the lengthy periods and intensive practice required for acquisition and
maintenance of athletic skills and other motor skills such as playing a musical
instrument. At the same time, while experiments of the DiGiorgio type demon-
strate that abnormal descending input can modify the spinal cord, the spinal reflex
changes described in this section might conceivably be imposed by concurrent
descending activity and/or might reflect peripheral changes: The spinal cord itself
might have undergone no intrinsic or enduring change. Thus, these data strongly
suggest, but do not demonstrate, that normal descending inputs produce spinal cord

Figure 4 Activity-dependent spinal cord plasticity produced by descending input oc-
curring during skill acquisition or in response to a peripheral lesig).Soleus H re-
flexes are much smaller in professional ballet dancers than in other well-trained athletes
(e.g. runners, swimmers, cyclists). (H-reflexes of sedentary subjects fall in between.) Modi-
fied from Nielsen et al (1993)Bj Working for reward, monkeys performed an elbow
flexion-extension task on which brief perturbations were randomly superimposed. Biceps
electromyographic activity and elbow angle (flexion is upward) for an unperturbed trial (dot-
ted), a perturbed trial early in training (solid), and a perturbed trial late in training (dashed)
are shown. Early in training perturbation produces both a spinal stretch reflex (SSR) and a
long-latency polysynaptic response (LLR). After intermittent training over several years the
SSRismuch larger and the LLR has disappeared. The SSR has gradually taken over the role
of opposing the perturbation. This improves performance: The perturbation of the smooth
course of elbow flexion is smaller and briefer. Modified from Meyer-Lohmann et al (1986).
(C) Tenotomy in cats increases the monosynaptic ventral root response to stimulation of the
nerve from a tenotomized muscleatched after 1-4 weeks. The response to stimulation

of the nerve from a nontenotomized musdelid) does not change. The increase does not
occur in cats in which the spinal cord was transected just prior to tenotomy. Thus, descend-
ing input in response to tenotomy appears to induce the spinal cord plasticity. Modified
from Kozak & Westerman (1961).
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plasticity. A simple laboratory model provides more direct evidence of activity-
dependent spinal cord plasticity with skill acquisition.

Skill Acquisition in a Laboratory Model Most of the evidence suggesting that
descending and peripheral inputs during development and later in life change the
spinal cord consists of changes in spinal cord reflexes, principally SSRs, H-reflexes,
and flexion withdrawal reflexes. While these reflexes normally function as parts
of complex behaviors, they are in themselves simple behaviors, the simplest be-
haviors of which the mammalian nervous system is capable, and adaptive changes
in them are essentially simple skills that can be used as laboratory models for
the plasticity underlying skill acquisition. Operant conditioning of the SSR, or its
electrical analog the H-reflex, which has been demonstrated in monkeys, rats, and
humans, has furnished clear evidence of activity-dependent spinal cord plasticity
and is providing insight into its mechanisms (Wolpaw et al 1983, Evatt et al 1989,
Wolpaw 1997).

In the standard protocol, used in monkeys, rats, and humans, SSR or H-reflex
amplitude is measured as electromyographic activity, and reward occurs when
amplitude is above (for up-training) or below (for down-training) a criterion value.
The primary observation is that imposition of the reward criterion changes reflex
amplitude appropriately over days and weeks. This adaptive change appears to
occur in two phases, a small rapid phase 1 in the first few hours or days and
a much slower phase 2 that continues for weeks (Figaj¢\Wolpaw & O’Keefe

Figure 5 Course of training of the spinal stretch reflex (SSR) pathway and associated
spinal cord plasticity.A) Two-phase course of SSR up-or down-training in monkeys. Rapid
phase 1 change, reflecting appropriate change in descending influence over the reflex arc,
occurs within 6 h. Gradual phase 2 change, reflecting spinal cord plasticity produced by
the continuation of the altered descending input, develops over at least 40 days. Modified
from Wolpaw & O’Keefe (1984).B) Probable sites of spinal cord plasticity and altered
descending input with SSR or H-reflex training. “MN” is the motoneuron, and each “IN” is
one or more spinal interneuron types. Open synaptic terminals are excitatory, solid ones are
inhibitory, half-open ones could be either, and the subdivided one is a cluster of C terminals.
Dashed pathways imply the possibility of intervening spinal interneurons, and the dotted
pathway is uncertain. The monosynaptic and possibly disynaptic H-reflex pathway from
la and Ib afferents to the motorneuron is shown. The hypothesized sites of plasticity are
circled with solid lines. Starting at the left and moving clockwise, these are: the motoneuron
membrane (i.e. firing threshold and axonal conduction velocity), C terminals on the mo-
toneuron, the la afferent synaptic connection, and terminals conveying disynaptic group |
inhibition or excitation to the motoneuron. The corticospinal tract (CST) is shown, and the
probable sites of action of the descending input responsible for the plasticity in the H-reflex
pathway are circled with dashed lines. These are: connections on interneurons mediating
presynaptic inhibition of the la synapse, supplying C terminals to the motoneuron, and/or
conveying disynaptic Group | inhibition or excitation to the motoneuron. From Wolpaw
(1997).
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1984). Phase 1 appears to reflect rapid mode—appropriate change in descending
influence over the spinal arc of the reflex, while phase 2 appears to reflect gradual
spinal cord plasticity produced by the chronic continuation of the descending input
responsible for phase 1. This descending input is conveyed by the corticospinal
tract (Chen & Wolpaw 1997, Chen et al 2000). Training is possible in humans
with partial spinal cord injuries, but does not seem to occur in those with strokes
involving sensorimotor cortex (Segal & Wolf 1994, Segal 1997).

Once established, the reflex asymmetry created by this training survives re-
moval of descending input: It persists after the spinal cord is isolated from the
brain (Wolpaw & Lee 1989). Thus, the training changes the spinal cord. This spinal
cord plasticity includes changes in motoneuron properties (Carp & Wolpaw 1994,
Halter et al 1995, Carp et al 2001). Down-training is accompanied by a positive
shift in motoneuron firing threshold and a reduction in axonal conduction velocity.
Both changes suggest a positive shift in sodium channel activation voltage, and the
changeinthreshold could accountin large part for the smaller reflex. While activity-
dependent synaptic plasticity has traditionally received the most attention as the
probable basis of learning, the possibility that learning can also involve changes in
neuronal voltage-gatedion channels has recently drawn interest (Spitzer 1999). The
shiftin motoneuron threshold produced by down-training appears to be an example
of such neuronally based learning. Additional physiological and anatomical stud-
ies suggest that SSR or H-reflex training also affects the la afferent-motoneuron
synapse, other synaptic terminals on the motoneuron, and interneurons that convey
oligosynaptic group 1 input to the motoneuron (Carp & Wolpaw 1995, Feng-Chen
& Wolpaw 1996). Down-training and up-training are not mirror images of each
other, but rather have different mechanisms. Figldsiimmarizes current knowl-
edge of the multi-site spinal cord plasticity produced by SSR or H-reflex training.

SPINAL CORD PLASTICITY AND THE
PRODUCTION OF BEHAVIOR

As the preceding sections indicate, clinical and laboratory evidence indicates that
activity-dependent plasticity occurs in the spinal cord throughout normal life as
well as in response to trauma and disease. The sites of plasticity include synaptic
connections made by incoming fibers, interneuronal populations interposed be-
tween these inputs and motoneurons, synaptic connections on motoneurons, and
the motoneurons themselves. Because spinal motoneurons are, in Sherrington’s
phrase, “the final common path” for all movements, understanding spinal cord
plasticity is central to understanding both simple and complex behaviors (Clarke
& O’Malley 1996).

Furthermore, the same attributes responsible for the traditionally inferior sta-
tus of the spinal cord—separation from the rest of the CNS, simpler structure,
obvious role as a connector, and responsibility for simple reflex behaviors—
facilitate studies of its plasticity, provide access to supraspinal plasticity, and allow
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exploration of how spinal and supraspinal plasticity interact to support acquisition
and maintenance of motor skills. The technical accessibility of the spinal cord
and its inputs and outputs permit localization and definition of plasticity occurring
within it. Moreover, the well-defined pathways that connect it to the rest of the
CNS and can be interrupted in the laboratory allow studies to focus on the impact
of supraspinal plasticity and the manner in which it generates and interacts with
spinal cord plasticity. These advantageous features of the spinal cord clarify fun-
damental principles of skill acquisition and maintenance and provide guidance for
the design and implementation of new methods for restoring function after injury.

A Change in Behavior Involves Plasticity at Multiple Spinal
and/or Supraspinal Sites

The fact that activity-dependent plasticity is ubiquitous in the CNS suggests that
persistent changes in peripheral or descending input to the spinal cord—whether
changes associated with development, skill acquisition (i.e. practice), trauma, or
disease—uwill cause plasticity at multiple sites, both spinal and supraspinal. By
taking advantage of the anatomical separation of the spinal cord from the rest of
the CNS, several recent studies provide clear examples of behaviors that reflect
multi-site activity-dependent plasticity.

Arecent study of treadmill locomotion in cats compared the effects on treadmill
locomotion of spinalization (i.e. spinal cord transection) followed several weeks
later by unilateral denervation of ankle flexor muscles with the effects of dener-
vation followed by spinalization (Carrier et al 1997). Spinalization followed by
denervation (or denervation alone) had minimal persistent effects on the pattern
or bilateral symmetry of leg movement during locomotion. Increases in hip and
knee flexion soon compensated for the decrease in ankle flexion, so that locomo-
tion was only slightly disturbed. In contrast, denervation followed by spinalization
produced markedly abnormal and asymmetrical locomotion. After spinalization,
the increases in hip and knee flexion that had followed denervation alone were
magnified and accompanied by other marked abnormalities in amplitude and tim-
ing of muscle activity, so that locomotion was greatly disturbed and did not recover
with practice. Figure Aillustrates the difference in muscle activity during locomo-
tion between a cat in which denervation followed spinalization and one in which
spinalization followed denervation. The difference implies that the plasticity that
occurred after denervation alone and was responsible for the recovery of nearly
normal locomotion included modifications at both spinal and supraspinal levels.
Spinal and supraspinal plasticity combined to compensate for the effects of den-
ervation. After spinalization removed the influence of the supraspinal plasticity,
the spinal cord plasticity functioned by itself, and the result was grossly abnormal
spinal locomotion.

Another recent study described a related phenomenon and provided some in-
sight into its mechanism (Whelan & Pearson 1997). During the stance phase of
walking in the cat, stimulation of group | afferents in the nerves innervating ankle
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Figure 6 Evidence for multi-site activity-dependent plasticit) (Timing of muscle activation

(i.e. ipsilateral sartorius) during one step cycle of treadmill locomotion in cats before and af-
ter denervation followed by spinalization (i.e. spinal cord transection) or spinalization followed
by denervation. Timing of activation is nearly normal when denervation follows transection and
profoundly abnormal when transection follows denervation. The difference implies that den-
ervation results in both spinal and supraspinal plasticity, which together compensate for the
deficit caused by denervation. When spinalization removes the contribution of the supraspinal
plasticity so that the spinal cord plasticity functions in isolation, locomotion becomes grossly
abnormal. Modified from Carrier et al (1997B)(Contralateral monosynaptic reflex responses
(+/— SEM) under anesthesia and with cord transection in monkeys in which the ipsilateral re-
flex had been increased or decreased by training over 50 days. The contralateral reflexes are
much larger in down-trained animals than in up-trained animals [or in naive aniopds Cir-

cle anddotted ling]. This finding was unexpected, because in the awake behaving animals the
contralateral reflexes had changed little over the course of training. It indicated that training pro-
duced plasticity in the contralateral spinal cord that affected behavior only after anesthesia and
transection removed descending input and/or suppressed tonic activity in the spinal cord and
thereby eliminated the compensatory effect of supraspinal and/or other spinal cord plasticity.
(The reflex increase in the first 15 hours is a nonspecific effect of anesthesia and surgery.) Modi-
fied from Wolpaw & Lee (1989).
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extensor muscles, the LGS nerve to the lateral gastrocnemius and soleus, and the
MG nerve to the medial gastrocnemius excites leg extensor muscles and delays the
transition to the swing phase. Normally, LGS stimulation is more effective than MG
stimulation. However, whenthe LGS nerve was cut and the cat continued to practice
walking on the treadmill, the ability of LGS nerve stimulation to prolong the stance
phase decreased to nearly zero over one month, while the effectiveness of MG nerve
stimulation increased markedly in 5 days and remained high. Mostimportant, when
the cat was spinalized, the decreased effect of LGS nerve stimulation persisted
in all cats and the increased effect of MG nerve stimulation persisted in some,
indicating that, depending on the cat, spinal cord plasticity was wholly or partly
responsible for the changes in the effectiveness of nerve stimulation. Spinal cord
plasticity comparable to thatrevealed here, and/or other denervation-induced spinal
cord plasticity, presumably accounted for the profoundly abnormal locomotion that
occurred when spinalization followed ankle flexor denervation (Carrier et al 1997)
(Figure 60).

As Figure B summarizes, spinal stretch reflex (SSR) or H-reflex training is
associated with plasticity at multiple sites in the ipsilateral spinal cord. Additional
evidence that the behavioral effects of this training depend on multi-site plasti-
city came from measurement of the contralateral reflex in trained monkeys. Over
the 50-day course of up-training or down-training of the ipsilateral H-reflex, the
contralateral H-reflex remained close to its initial, or control, size (Wolpaw et al
1993). Thus, the behavioral effect of conditioning was focused on the ipsilateral
H-reflex. However, when trained monkeys were anesthetized and the spinal cord
was transected the contralateral reflex of down-trained animals was at least twice as
large as the contralateral reflex of up-trained animals or the reflexes of naive animals
(Wolpaw & Lee 1989). As shown in FigureB6 anesthesia and cord transection
uncovered a hidden effect of the training: It changed the contralateral side of
the spinal cord. In the awake behaving monkey, this plasticity was not apparent,
presumably because its effect on the contralateral H-reflex was cancelled out by
plasticity at another site, which could be spinal or supraspinal. Anesthesia and
spinalization, by removing descending influence and/or by quieting tonic activity
in the spinal cord, eliminated the cancelling effect of this additional plasticity
and revealed the presence of plasticity that changed the size of the contralateral
reflex. What this contralateral plasticity might be and how it might relate to the
H-reflex on the trained side are questions as yet unanswered. A similarly puzzling
effect occurs in humans who suffer strokes affecting sensorimotor cortex of one
hemisphere (Thilmann et al 1990). In addition to the well-known increased reflexes
in the contralateral arm, these individuals also display decreased reflexes in the
ipsilateral arm. Furthermore, unilateral hindlimb denervation in cats appears to
affect contralateral as well as ipsilateral reflexes (Gossard et al 1999).

These clear demonstrations of multi-site plasticity were made possible by the
anatomical separation of the spinal cord and by its capacity to produce simple
behaviors in reduced preparations and in the presence of deep anesthesia. The
unique central position of the spinal cord in the production of almost all behavior
provides insight into the origins of multi-site plasticity.
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Multi-Site Plasticity is Necessary and Inevitable

That behavioral changes as apparently simple as a larger or smaller H-reflex are
associated with plasticity at multiple sites was initially surprising: The common
expectation was that a simple change in behavior would be associated with a simple
change in the CNS. However, the occurrence of multi-site plasticity appears to be
a general principle that applies to even the simplest learning. It has been found
as well in other ostensibly simple learning in vertebrate and invertebrate models
(Lieb & Frost 1997, Thompson et al 1997, Cohen et al 1997, Lisberger 1998,
Garcia et al 1999, Pearson 2000). As discussed below, multi-site plasticity would
seem to be both necessary and inevitable, particularly for the spinal cord.

Together with its homologous brainstem nuclei, the spinal cord is the final
assembly point for all neuromuscular behaviors, both simple and complex. For
example, the motoneurons, interneurons, and synapses in the lumbosacral spinal
cord execute all the different forms of locomotion and postural maintenance, pro-
duce a variety of specialized movements, withdraw the legs from painful stimuli,
participate appropriately in actions involving all four limbs, etc. The fact that the
normal spinal cord is able to support these many behaviors satisfactorily, as well as
to incorporate new behaviors throughout life, suggests that its neuronal and synap-
tic function is appropriately adjusted and continually readjusted to accommodate
the current behavioral repertoire. That such adjustments occur on a short-term
basis as the CNS shifts from one behavior to another or cycles through the differ-
ent phases of a single behavior is known from studies such as those showing the
differences in presynaptic inhibition across standing, walking, and running or the
changes that occur in the responses to group | afferent input during the step cycle
(Capaday & Stein 1987, Stein 1995, Rossignol 1996, Faist et al 1996, Pearson &
Ramirez 1997). The data reviewed in the preceding sections show that long-term
adjustments also occur. Activity-dependent plasticity, driven by descending and
peripheral inputs, is presumably responsible for maintaining spinal cord circuitry
in a functional state appropriate for the execution of its current roster of behaviors.
This long-term effect, a consensus produced by the different patterns of activity
associated with these different behaviors, serves essentially as a coarse adjustment,
establishing ranges over which the fine adjustments specific to each behavior are
made. At any point in time, for example, the possible strength of la input to soleus
motoneurons has a range that includes values appropriate to standing, walking,
and running.

In this setting the neural activity that adds a new behavior to the repertoire
(whether the activity is produced by daily practice and the behavior is an athletic
skill, or the activity results from a peripheral or central lesion and the behavior
represents or compensates for a functional deficit) is likely to cause plasticity
that accommodates the new behavior as well as plasticity that maintains the old
behaviors. For example, the stronger motoneuron response to la afferent input
that underlies a new behavior (e.g. Figui®) 4s likely to affect the many other
behaviors that involve primary afferent input to the motoneuron. These effects are



Annu. Rev. Neurosci. 2001.24:807-843. Downloaded from www.annualreviews.org
Access provided by New Y ork State Department of Health on 06/23/15. For personal use only.

ACTIVITY-DEPENDENT SPINAL CORD PLASTICITY 833

likely to trigger additional activity-dependent plasticity that restores these other
behaviors. Furthermore, simply because activity-dependent plasticity can occur
at numerous sites in the spinal cord, the changes in activity caused by plasticity
that supports the new behavior or maintains old behaviors are likely to trigger
additional plasticity at other sites. For example, the larger reflex contralateral to
an H-reflex that has been down-trained, evident only with anesthesia and spinal
cord transection (Wolpaw & Lee 1989), or the smaller stretch reflexes found in
the apparently normal arm contralateral to an arm paralyzed by a hemispheric
stroke (Thilmann et al 1990), may represent reactive plasticity caused by change
in activity in segmental pathways connecting the right and left sides of the spinal
cord. The additional plasticity that maintains a nearly normal contralateral H-reflex
in the awake behaving monkey might be compensatory, restoring normal function.

Thus, acquisition of any new behavior, whether it is a skill developed through
prolonged practice or an abnormal response associated with supraspinal disease, is
likely to involve three categories of plasticity: primary plasticity responsible for the
new behavior, compensatory plasticity that maintains previous behaviors despite
the impact of the primary plasticity, and reactive plasticity caused by the changesin
activity resulting from primary and compensatory plasticity. This etiological cate-
gorization helps explain the multi-site plasticity associated with even the simplest
change in behavior by indicating that multi-site plasticity is both necessary—to
maintain the full repertoire of behaviors—and inevitable—due to the widespread
capacity for activity-dependent plasticity. It also helps explain why some examples
of plasticity (such as the contralateral spinal cord plasticity with H-reflex training)
may bear no apparent relationship to the behavioral change with which they are
associated. Furthermore, recognition of these different etiological categories of
plasticity helps define factors controlling the effectiveness of therapeutic methods
and thus helps guide therapeutic research.

Engagement of Spinal Cord Plasticity in
Restoration of Behavior

The ultimate goal of treatment for spinal cord trauma or disease is a spinal cord
that once again has normal structure and produces normal behavior. In practice,
this single goal separates into two different and not necessarily compatible goals:
restoration of normal structure (that is, normal neurons and glia, and intrinsic
and extrinsic synaptic connections that display normal strengths and elicit nor-
mal neuronal responses) and restoration of normal behavior (that is, the normal
repertoire of motor performances). Restoration of structure will guarantee restora-
tion of behavior only if the restoration of structure is complete, is accompanied by
restoration of normal peripheral and descending inputs, and is coupled with a com-
prehensive re-education program that eliminates the plasticity induced by injury
or disease and induces the activity-dependent plasticity that occurs during normal
development. Partial restoration of structure (for example, normal corticospinal
tract connections to motoneurons and interneurons without normal interneuron
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connections to motoneurons, or hormal interneuron connections without normal
distribution of peripheral inputs) or restoration of connections without appropriate
activity-dependent adjustment of their strengths is likely to have complex and not
necessarily beneficial effects on behavior. Nevertheless, it seems clear that partial
restoration of structure and imperfect re-education is all that will be possible in
the near future.

At the same time, it is equally clear that restoration of behavior does not neces-
sarily require restoration of normal neuronal and synaptic function. Nearly normal
locomotion returns after selective muscle denervation even though the underlying
CNS activity is different, and operant conditioning of one H-reflex does not affect
the contralateral H-reflex even though the contralateral spinal cord is changed
(Carrier et al 1997, Wolpaw & Lee 1989). Restoration of behavior might be
achieved without restoration of normal structure. Restoration of useful locomo-
tion or of acceptable bladder, bowel, or sexual function might be achieved more
quickly by focusing directly on restoring them rather than focusing on restoring
the neuronal and synaptic structure that produced them prior to injury.

In this context, the spinal cord’s capacities for activity-dependent plasticity are
both a challenge and an opportunity. On the one hand they contribute to the dis-
abilities that follow spinal cord injury and will certainly affect the outcomes of
new therapeutic methods that promote regeneration. On the other hand they offer
the opportunity to guide restoration of neuronal and synaptic function and should
allow imperfect regeneration to support substantial behavioral improvements. For
both these reasons, the productive engagement of activity-dependent plasticity in
the spinal cord is likely to be a key component of new therapeutic programs for
spinal cord injury and other chronic neuromuscular disorders. As the preceding
sections indicate, the induction and guidance of activity-dependent spinal cord
plasticity requires training protocols that induce appropriate patterns of peripheral
and descending inputs to the spinal cord. These protocols may benefit from incor-
poration of pharmacologic agents and/or artificial or exaggerated sensory inputs
and from attention to injury-associated changes in spinal cord elements such as
specific receptor populations (e.g. Chau et al 1998, Giroux et al 1999, Muir 1999).

The laboratory development and clinical application of activity-dependent spi-
nal cord plasticity is still at the earliest stage. Explorations of the mechanisms of
this plasticity and development of its clinical uses have just begun for locomo-
tion and are still less developed for other important behaviors, such as urination.
The methods and results of this work will be greatly affected by what is per-
haps the most distinctive feature of activity-dependent spinal cord plasticity as it
functions in normal life and in the presence of disease: the slow rate of its effect
on behavior. Despite the rapidity of processes such as long-term potentiation, the
changes in behavior that result from activity-dependent spinal cord plasticity occur
gradually. In the spinal cat the improvements in treadmill locomotion produced by
training develop over weeks of daily exposure. Operant conditioning of the SSR or
H-reflex in rats, monkeys, or humans occurs gradually over days and weeks. The
reflex changes that occur during normal development and those associated with
skills such as ballet develop over months and years. This characteristic is, of course,
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fortunate—rapid large changes in spinal cord function would wreak havoc with
movement control and require prodigious supraspinal compensation.

The characteristically gradual effect of activity-dependent spinal cord plasti-
city on behavior has practical implications. Firstand most obviously, laboratory and
clinical manipulations and observations of this plasticity need to extend over suffi-
cienttime periods. Second, because of the ubiquity of activity-dependent plasticity
and the inevitable interaction between primary, compensatory, and reactive types,
the concordance between short-term and long-term effects of any intervention
(e.g. Figure B), cannot be assumed in every situation. Short-term gains will not
necessarily evolve into long-term improvements. Third, while spinal cord plasticity
may support restoration of walking or standing (de Leon 1998b), it may not support
the concurrent restoration of both behaviors. The capacity to switch rapidly and
appropriately from one behavior to another may require supraspinal participation.

CNS Plasticity and Behavior

The substantial capacity for activity-dependent plasticity in the spinal cord has
wide implications. First, as already noted, it suggests that most or all motor skills
that are acquired gradually through prolonged practice involve spinal cord plas-
ticity. Thus, these skills cannot be understood or explained simply by studying the
changes that occur in cortex, cerebellum, or other supraspinal areas. The changes
in the spinal cord need to be defined as well. Second, the fact that these motor skills
depend on activity-dependent plasticity throughout the CNS suggests that gradu-
ally acquired intellectual skills, such as language mastery or mathematical facility,
may also depend on widely distributed plasticity that develops slowly. The rapid
changes in behavior that have traditionally engaged mostresearch attention, such as
the one-trial acquisition of a new word, may reflect minor adjustments in patterns
of plasticity gradually acquired through prolonged practice, adjustments analo-
gous to the change in presynaptic inhibition that accompanies the transition from
standing to running, or the alteration in descending influence responsible for phase
1 change in the spinal stretch reflex (Figufg.8Jnderstanding of most skilled be-
haviors may require exploration of gradually acquired activity-dependent plasticity
comparable to the plasticity most readily recognized and studied in the spinal cord.

CONCLUSIONS

The traditional concept of the spinal cord as a hardwired structure that simply
provides rapid stereotyped responses to sensory inputs and to commands from the
brain is not correct. Ample and diverse evidence indicates that activity-dependent
plasticity occurs in the spinal cord during development, with skill acquisition and
maintenance later in life, and in response to trauma and disease. In the isolated
spinal cord, appropriate peripheral stimuli can produce a variety of persistent
effects including habituation, sensitization, several forms of long-term potentia-
tion, and both classical and operant conditioning, and treadmill training regimens
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can greatly improve locomotion. Abnormal descending input produced by spinal
cord injury or supraspinal disorders gradually changes the spinal cord. Normal
descending influence guides development of spinal cord reflexes early in life and
throughout later life produces spinal cord plasticity that contributes to skill ac-
quisition and maintenance. The spinal cord plasticity produced by peripheral and
descending inputs affects input connections, interneuronal pathways, and mo-
toneurons. Both synaptic and neuronal properties can change, and even simple
behavioral changes are associated with changes at multiple spinal and supraspinal
sites. This complex plasticity serves to support new behaviors and preserve old
behaviors, and also reflects the ubiquity of the capacity for activity-dependent plas-
ticity in the CNS. Engagement of activity-dependent spinal cord plasticity is a key
component of new therapeutic approaches to restoring function after spinal cord
injury. Appropriate guidance of this plasticity can maximize residual function and
will be essential for re-educating a newly regenerated spinal cord. In these practical
efforts restoration of useful behaviors might be achieved without full restoration
of normal neuronal and synaptic structure, and the typically gradual development
of the behavioral effects of activity-dependent spinal cord plasticity will be an im-
portant factor. Finally, activity-dependent spinal cord plasticity may help elucidate
mechanisms of learning throughout the CNS.
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