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Abstract

The work of recent decades has shown that the nervous system changes continually throughout life. Activity-
dependent central nervous system (CNS) plasticity has many different mechanisms and involves essentially every
region, from the cortex to the spinal cord. This new knowledge radically changes the challenge of explaining learning
and memory and greatly increases the relevance of the spinal cord. The challenge is now to explain how continual and
ubiquitous plasticity accounts for the initial acquisition and subsequent stability of many different learned behaviors.
The spinal cord has a key role because it is the final common pathway for all behavior and is a site of substantial
plasticity. Furthermore, because it is simple, accessible, distant from the rest of the CNS, and directly connected to
behavior, the spinal cord is uniquely suited for identifying sites and mechanisms of plasticity and for determining how
they account for behavioral change. Experimental models based on spinal cord reflexes facilitate study of the gradual
plasticity that makes possible most rapid learning phenomena. These models reveal principles and generate concepts
that are likely to apply to learning and memory throughout the CNS. In addition, they offer new approaches to guiding

activity-dependent plasticity so as to restore functions lost to injury or disease.
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The title of this review asks a question. Until recently,
“Not much!” was a plausible response. That is no lon-
ger true. The discoveries of the past 30 years have dis-
solved the traditional image of a hardwired nervous
system that changes rarely and only in a few locations.
It is now clear that activity-dependent plasticity occurs
continually throughout the central nervous system
(CNS) and throughout life and has many different
mechanisms. This realization has profoundly changed
the scientific challenge presented by the phenomena of
learning and memory. In addition, it has moved the spi-
nal cord into the center of the challenge, both as a key
part of the problem and as an invaluable opportunity
for addressing it.

To answer the question that the title asks, this paper
first describes the new challenge, the research strategy
that has arisen in response, and the central position that
the spinal cord now occupies. It then goes on to review
the insights provided by a spinal cord model and con-
siders their implications for understanding learning and
memory as well as for restoring CNS functions lost to
injury or disease.

The Challenge

While learning and memory have a long and complex
history in philosophy, their place in contemporary neurosci-
ence is straightforward (Wolpaw 2002, for review). As pres-
ently understood, the function of the CNS is to produce
appropriate behavior. Behavior is determined in large part
by experience, both current experience and experience that
occurred in the past, even in the remote past. Learning and
memory encompass the still largely obscure phenomena
responsible for the effects of past experiences on behavior.
When the CNS was thought to be hardwired and
inflexible, the challenge of explaining learning and
memory, although technically daunting, was theoretically
straightforward: the challenge was to find the few special
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sites where plasticity occurs in response to experience
and to describe what changes. This challenge gave rise
to the traditional localization research strategy, which
sought to find the change in the nervous system responsible
for learning. The assumption, supported by the concept of
the hardwired CNS, was that the change would be very
localized and would entirely account for the learning.

However, it is now apparent that the neural activity
produced by experience can have many different lasting
effects. These effects include synaptic plasticity such as
sprouting, long-term potentiation (LTP), and long-term
depression (LTD), neuronal plasticity such as neurogen-
esis, gene activation, dendritic modifications, and changes
in physiological properties, and glial, vascular, and
humoral plasticity as well (Isaacs and others 1992; Lind-
holm and others 1994; Marder and others 1996; Palmer
and others 2000; Waxman 2000; Wolpaw and Tennissen
2001; Cantrell and Catterall 2001; Carr and others 2003;
Zhang and Linden 2003; Destexhe and Marder 2004;
Chen and Ghosh 2005; Lledo and Saghatelyan 2005; Xu
and Kang 2005; Bellamy and Ogden 2006; Tropea and
others 2006; Bruel-Jungerman and others 2007a, 2007b;
Guo and others 2007; Koh and Weiss 2007; Tashiro and
others 2007; Whitaker and others 2007; Bakkum and oth-
ers 2008; Bramham 2008; Cohen and Fields 2008; Falvell
and Greenberg 2008; Ge and others 2008; Knott and
Holtmaat 2008; Kuczewski and others 2008, 2009;
Lange-Asschenfeldt and Kojda 2008; Tan and others
2008; Theodosis and others 2008; Balakrishnan and Bel-
lamy 2009; Butz and others 2009; Chen and others 2010;
Holtmaat and Svoboda 2009; Johnson 2009; Lushnikova
and others 2009; Ma and others 2009). Furthermore, these
changes can occur throughout the CNS from the cortex to
the spinal cord. Particularly striking examples of plastic-
ity at subcortical and spinal levels include the changes in
the basal ganglia associated with motor learning (Graybiel
2005; Kreitzer and Makenka 2008; Wickens 2009), the
extensive brain stem modifications induced by auditory
stimulation regimes (Illing 2001), and the physiological
and histochemical effects of treadmill training on the iso-
lated spinal cord (Rossignol and others 2002; Courtine
and others 2009).

This new reality, the ubiquity and variety of CNS plas-
ticity, greatly complicates the challenge of explaining how
past experience affects present behavior. First, the sites
where plasticity is now most commonly studied, such as
the hippocampus and the neocortex, connect to behavior
only through other CNS regions that are also capable of
plasticity. Thus, even if a particular hippocampal or neo-
cortical change correlates with learning, the role of that
change in a learned behavior is likely to depend on inter-
actions with changes elsewhere. Second, because learning
continues throughout life and because activity-dependent

plasticity is ubiquitous in the CNS, the plasticity that
underlies a newly learned behavior is likely to affect pre-
viously learned behaviors and will thereby lead to additional
plasticity that serves to preserve these older behaviors.
Third, because the changes responsible for a new behav-
ior or for preserving older behaviors are likely to affect
ongoing CNS activity, they will probably induce still more
plasticity.

In sum, even the simplest learning experience is likely
to produce a complex pattern of plasticity involving changes
of many kinds in many places. Some of these changes
will contribute to the learned behavior, while others will
be unrelated to it or may even appear to detract from it.
The central challenge is to explain the learned behavior,
to explain how the various changes combine to produce the
behavior. The challenge, in short, is to link the plasticity
to the learning. This challenge is driving a transition from the
traditional localization strategy to a newer mechanistic
strategy.

The Mechanistic Strategy

In contrast to the localization strategy, which simply seeks
plasticity associated with learning, the newer mechanistic
strategy tries to explain the learned behavior, that is, to
explain how the plasticity produced by the experience
actually accounts for the behavior. This strategy is practi-
cal mainly for very simple learned behaviors produced by
defined and accessible neural circuitry. In such models, it
should be possible to localize and describe the changes
in neural function that directly underlie the behavioral
impact of the learning, to determine where and how the
learning changes the behavior. The typical experimental
protocol administers a stimulus that elicits the behavior
and observes where and how the activity in the circuitry
leading from the stimulus to the behavior differs before
and after the learning experience.

The mechanistic strategy has been pursued energeti-
cally in invertebrate models, such as the gill and siphon
withdrawal responses to tactile stimulation in Aplysia,
and in vertebrate models, such as the vestibulo-ocular
reflex (VOR) and the conditioned eye-blink response. This
work has yielded both new knowledge of the plasticity
associated with learning and new appreciation of the dif-
ficulty of explaining exactly how the plasticity accounts for
the learning (Green and Woodruff-Pak 2000; Steinmetz
2000; Croll 2003; Blazquez and others 2004; Broussard
and Kassardjian 2004; Leonard and Edstrom 2004; De
Zeeuw and Yeo 2005; Delgado-Garcia and Gruart 2006).

However, little attention has been given to the spinal
cord as a particularly promising venue for the mechanis-
tic strategy. This blind spot reflects the persistent influ-
ence of the archaic belief that the spinal cord is capable
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only of fixed reflex patterns (Wolpaw and Tennissen 2001).
In reality, mechanistic models based on behaviors medi-
ated by spinal cord pathways have distinct advantages for
studying learning and memory.

The Advantages of the Spinal Cord

Activity-dependent plasticity is abundant in the vertebrate
spinal cord (Mendell 1984; Parker 2000; Wolpaw and
Tennissen 2001; Rossignol and others 2002; Willis 2002;
Dobkin and Havton 2004; Rygh and others 2005, 2006;
Adkins and others 2006; Zhang and others 2006; Martin
and others 2007; Dunlop 2008; Fouad and Tse 2008; Lyn-
skey and others 2008; Courtine and others 2009; Sad-
owski and McDonald 2009). Inputs from the brain and the
periphery change the spinal cord during development,
throughout later life, and in response to trauma and dis-
ease. This spinal cord plasticity combines with brain plas-
ticity to produce normal learned behaviors (or “skills”)
and to shape the complex disabilities caused by disorders
like spinal cord injury.

The relative simplicity and accessibility of the spinal
cord and its distance from the brain facilitate study of the
individual elements of the multisite plasticity that under-
lies even the simplest learning. The major neuronal popu-
lations and pathways of the spinal cord are well known.
Its connections, both those with the periphery and those
with the brain, are accessible to monitoring and to direct
excitation, as well as to short-term or long-term interrup-
tion. Furthermore, because the spinal cord is directly con-
nected to behavior, the task of linking its plasticity to
behavior is easier than it is for other CNS regions. These
are major experimental advantages, the same advantages
that explain why much of what is currently known of
CNS physiology and anatomy came originally from spinal
cord studies.

Also important is the simple fact that spinal cord path-
ways participate in essentially all behaviors, for the spi-
nal cord and its motoneurons (and the analogous brain
stem nuclei) are, in Sherrington’s term, the “final com-
mon pathway” (Clarke and O’Malley 1996). It is in the
spinal cord that multiple central and peripheral influences
coalesce into the motoneuron activations that produce
behavior. Thus, spinal cord plasticity is likely to contrib-
ute to many learned behaviors, and its exploration is an
essential part of understanding them.

Finally, activity-dependent spinal cord plasticity con-
tributes, for good or ill, to the functional impact of many
chronic neuromuscular disorders such as spinal cord
injury, cerebral palsy, and stroke (O’Sullivan and others
1998; Wolpaw and Tennissen 2001; Martin and others
2007; Raineteau 2008; Lapash Daniels and others 2009).
Thus, exploring this plasticity may lead to effective new

methods for improving neuromuscular function after
trauma or disease.

Using a Spinal Cord Reflex to
Study Learning and Memory

Spinal cord reflexes are simple behaviors produced by
pathways that are entirely within the spinal cord. The
sensory afferents that elicit these reflexes activate spinal
motoneurons directly or through spinal interneurons. While
the pathways are wholly spinal, they are influenced by
descending inputs from the brain directly or through spi-
nal interneurons. In the short term, the brain adjusts these
reflexes to the needs of different actions (e.g., standing or
walking or running [Stein 1995]). In the long term, the
brain gradually shapes reflexes during development, dur-
ing skill acquisition later on, and in response to trauma and
disease (Wolpaw and Tennissen 2001; Wolpaw 2000).
These long-term changes include activity-dependent
plasticity in the spinal cord itself. Spinal cord reflexes,
the brain’s long-term influence over them, and the spinal
cord plasticity this influence produces can be the basis for
powerful experimental models of learning and memory.

One such model has focused on operant conditioning
of the simplest spinal cord reflex, the spinal stretch reflex
(SSR) (i.e., the “knee-jerk” reflex), or its electrical analog,
the H-reflex (Wolpaw and others 1983; Wolpaw 1987;
Evatt and others 1989; Chen and Wolpaw 1995; Carp and
others 2006; Wolpaw and Chen 2009; Thompson and
others 2009). These reflexes are produced mainly by the
two-neuron monosynaptic pathway comprised of the pri-
mary afferent fiber from the muscle spindle, its synapse on
the spinal motoneuron, and the motoneuron (Magladery
and others 1951; Matthews 1972; Baldissera and others
1981; Henneman and Mendell 1981; Brown 1984; Zehr
2002; Knikou 2008). This pathway is illustrated in Figure
1. In the SSR, the afferent is excited by sudden muscle
stretch; in the H-reflex, it is excited by electrical stimula-
tion of the nerve. The standard experimental protocol
rewards the subject (whether monkey, rat, mouse, or
human) for a larger or smaller reflex and thereby oper-
antly conditions the subject to produce descending influ-
ence that is appropriate to the reward contingency (i.e.,
influence that increases or decreases reflex size). In this
laboratory version of the brain’s long-term shaping of
spinal reflexes in normal life, the continued maintenance
of this appropriate descending influence causes plasticity
in the spinal pathway of the reflex and thus changes the
size of the reflex appropriately.

Figure 2A shows the H-reflex operant conditioning
protocol as it is implemented in rats and humans (Chen
and Wolpaw 1995; Thompson and others 2009). The
monkey and mouse protocols are similar (Wolpaw and
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Figure |. The principal pathway of the spinal stretch reflex
(SSR) and its electrical analog, the H-reflex. The pathway
consists of the primary afferent neuron from the muscle
spindle, its synapse on the alpha motoneuron, and the
motoneuron itself. When the afferent is excited, it excites the
motoneurons innervating the same muscle and its synergists.
If the afferent is excited in the normal way, that is, by muscle
stretch, the muscle’s response is the SSR. If it is excited by an
electrical stimulus, the response is the H-reflex. The SSR and
the H-reflex are measured by electromyography (EMG) or by
their kinematic effects. While their pathway is entirely spinal,
both reflexes are affected by descending influences on the
primary afferent synapse (exerted presynaptically) and on the
motoneuron, and the SSR is also affected by descending control
of spindle sensitivity. As a result of this descending influence
and the plasticity it induces in the spinal cord, the brain can
gradually modify these spinal reflexes so as to increase the
number of rewards. From Wolpaw 1997.

Herchenroder 1990; Carp and others 2006). The seq-
uence of events in a trial is the same in each species.
First, background muscle activity (EMG) remains in a
specific range for several seconds. Second, nerve stimu-
lation just above the threshold of the M-wave elicits the
M-wave (i.e., the muscle response elicited by direct
excitation of motor axons) and the H-reflex. Third, if
the protocol is in the up-conditioning (HRup) or down-
conditioning (HRdown) mode, a reward occurs when-
ever H-reflex size is above (HRup) or below (HRdown)
a criterion value. Because the H-reflex is the earliest
possible CNS response to the nerve stimulus, the sub-
ject can modify H-reflex size only by being prepared
ahead of time, that is, by maintaining mode-appropriate
descending influence over the spinal pathway of the
reflex. It is this descending influence that gradually causes

the activity-dependent spinal cord plasticity that underlies
H-reflex change.

The central finding is that the HRup or HRdown mode
changes the size of the reflex appropriately over days and
weeks. According to a standard definition of a skill as an
adaptive behavior acquired through practice (Compact
OED 1993), the larger (HRup mode) or smaller (HRdown
mode) H-reflex created by this operant conditioning pro-
tocol is a simple motor skill. Figure 2B shows the gradual
H-reflex increases and decreases as they occur in rats and
humans, and Figure 2C shows examples of the reflex
changes that are eventually produced. (Results in mon-
keys and mice are comparable [Wolpaw and others 1993;
Carp and others 2006].) Detailed analyses (Wolpaw and
O’Keefe 1984; Chen and others 2001; Thompson and
others 2009) show that the reflex change occurs in 2
phases, a small rapid phase 1 change that occurs in the
first few days (in animals) or sessions (in humans) and a
much slower phase 2 change that progresses over weeks.
Phase 1 probably results from a relatively rapid mode-
appropriate change in descending influence that is oper-
antly conditioned by the reward contingency. In contrast,
phase 2 appears to reflect gradual spinal cord plasticity
caused by the chronic continuation of the appropriate
descending influence. Animal studies show that this spinal
cord plasticity persists for some days after all descending
influence is removed (Wolpaw and Lee 1989), and they
thereby confirm that conditioning changes the spinal cord.

The Complex Plasticity
Associated with Reflex
Conditioning

H-reflex conditioning is accompanied by many changes
in the spinal cord. Down-conditioning causes a positive
shift in motoneuron firing threshold and a fall in axonal
conduction velocity (Carp and Wolpaw 1994; Carp and
others 2001) (Fig. 3A and 3B). Taken together, these 2
changes suggest that a positive shift in sodium-channel
activation voltage occurs throughout the motoneuron
soma and axon (Halter and others 1995). The change in
threshold can explain both the smaller H-reflex and the
drop in conduction velocity. While synaptic plasticity is
commonly assumed to be the primary mechanism of
learning, the shift in motoneuron threshold caused by
down-conditioning seems to be an example of a neuronal
mechanism (Zhang and Linden 2003).

In addition to this neuronal plasticity, H-reflex con-
ditioning also modifies several different populations of
synaptic terminals on the motoneuron, and it affects spi-
nal interneurons (Wolpaw and Tennissen 2001; Wolpaw
2006, for review). The effects on GABAergic terminals
and GABAergic interneurons are particularly striking
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Figure 2. The reflex operant conditioning protocol and its results in rats and humans. (A) The conditioning protocol. Left: Soleus muscle activity is
monitored 24 h/d in a rat with chronically implanted electromyography (EMG) electrodes and a tibial nerve cuff. The implant wires travel subcutaneously to a
head-mounted connector and then through a flexible cable and a commutator to amplifiers and stimulator. The rat can move freely about the cage. Whenever
the absolute (i.e., rectified) value of soleus EMG stays in a specified range for a randomly varying 2.3- to 2.7-second period, a nerve cuff stimulus elicits a
threshold M-wave (i.e., a direct muscle response) and an H-reflex. The trace shows a single trial (with EMG displayed as absolute value). A rat averages
2000 to 6000 trials per day. From Wolpaw 1997. Right: Soleus activity is monitored in a person with EMG recording electrodes over the muscle and with
nerve-stimulating electrodes in the popliteal fossa over the tibial nerve. The person maintains a standard erect posture facing a video screen that displays
the current level (absolute value) of soleus EMG in relation to a specified range. Whenever the absolute value of soleus EMG stays in this range for several
seconds, tibial nerve stimulation elicits a threshold M-wave and an H-reflex. The trace shows a single trial (with EMG displayed in traditional fashion as actual
[i.e., unrectified] value). A person completes three 225-trial sessions per week. Modified from Thompson and others 2009. (B) The course of H-reflex change.
Left: For the first 10 days (from day —10 to day 0), the rat is exposed to the control mode, in which no reward occurs and the H-reflex is simply measured
to determine its initial size. For the next 50 days, it is exposed to the up-conditioning or down-conditioning mode, in which a food-pellet reward occurs
whenever the H-reflex is above (HRup mode) or below (HRdown mode) a criterion value. The background EMG and the M-wave stay constant throughout.
Successful conditioning (defined as a change of at least 20% in the correct direction) occurs in 75% to 80% of the rats (the others remain within 20% of their
control value). The graphs show average (+SEM) daily H-reflex sizes for 55 successful HRup rats (red 4) and 72 successful HRdown rats (blue ¥). In both
groups, mode-appropriate change in H-reflex size develops steadily over the 50 days. If a rat is switched from the up mode to the down mode (or vice versa),
the H-reflex change reverses in the same gradual fashion. Updated from Wolpaw 1997. Right: Each person completes 3 sessions per week. For the first 6
sessions (from day —14 to day 0), the person is exposed to the control mode, in which the H-reflex is simply measured to determine its initial size. For the
next 24 sessions (days 0-56), the person is exposed to the HRup or HRdown conditioning mode, in which for each trial the video screen provides immediate
feedback indicating whether the H-reflex is above (HRup mode) or below (HRdown mode) a criterion value. After completing these 24 conditioning sessions,
people return for 4 follow-up sessions over the next 3 months. The background EMG and the M-wave stay constant throughout. Successful conditioning
occurs in about 80% of the people. The graphs show average (+SEM) daily H-reflex sizes for 6 successful HRup people (red 4) and 8 successful HRdown
people (blue ¥). In both groups, mode-appropriate change in H-reflex size develops steadily over the 24 conditioning sessions. In the follow-up sessions,
the H-reflex increase in the HRup group is smaller but still evident, and the H-reflex decrease in the HRdown group persists unchanged. From Thompson
and others 2009. (C) Examples of H-reflex change. Left: Average poststimulus EMG (absolute value) for representative days from an HRup rat (left) and an
HRdown rat (right) under the control mode (solid) and near the end of HRup or HRdown conditioning (dashed). The H-reflex is larger after up-conditioning
and smaller after down-conditioning, while background EMG (shown here by EMG at time zero) and M-waves are not changed. From Wolpaw 1997. Right:
Average poststimulus EMG (absolute value) for representative sessions from an HRup person (left) and an HRdown person (right) under the control mode
(solid) and near the end of HRup or HRdown conditioning (dashed). The H-reflex is larger after up-conditioning and smaller after down-conditioning, while
background EMG and M-waves are not changed. Stimulus artifacts are present at 0 milliseconds. From Thompson and others 2009.

Downloaded from nro.sagepub.com at Universitats-Landesbibliothek on December 15, 2013


http://nro.sagepub.com/
http://nro.sagepub.com/

Wolpaw 537

A HR| Threshold B
-/ 40
Naive Threshold g [
/ s 30F
&}
w
Naive EPSP x W
x I
|
Z 10F
O
=
5 B
2 0 g — 1 \ 1 ]
40 50 60 70 80 90
— /R, epsp CONDUCTION VELOCITY (m/s)
NC Rat
DSRat O

Figure 3. Examples of the multisite spinal cord plasticity that accompanies H-reflex conditioning. (A) Motoneurons in down-
conditioned (HR{) monkeys have more positive firing thresholds and slightly smaller primary afferent excitatory postsynaptic
potentials (EPSPs). Together, these 2 findings can explain why the H-reflex is smaller. From Wolpaw 1997. (B) Distributions of
soleus motoneuron axonal conduction velocities in unconditioned (solid) and down-conditioned (dashed) rats. Down-conditioning
reduces conduction velocity in monkeys as well as in rats. The more positive motoneuron firing threshold (i.e., Fig. 3A) can account
for the slower conduction velocity. From Wolpaw and Chen 2009. (C) Soleus motoneurons (dashed lines) from an unconditioned
rat (top) and a down-conditioned rat (bottom). Arrows point to GABAergic terminals on the somatic membrane. The terminals
are identified by glutamic acid decarboxylase (GAD,;) immunoreactivity. After down-conditioning, soleus motoneurons have more
GABAergic terminals, and these terminals are more densely labeled and cover more of the somatic membrane. From Wang and
others 2006. (D) Camera lucida drawings of ventral horn from lumbar 4 and 5 spinal cord sections from a control rat (NC) (top)
and a successfully down-conditioned rat (DS) (bottom) showing GAD,,-positive interneurons (GAD-INs). Each drawing includes
the GAD-INs from 2 adjacent 25-um sections. The number of GAD-INs is clearly greater in the down-conditioned rat than in the
control rat. Scale bar: 500 pm. From Wang and others 2009.

(Wang and others 2006, 2009). They are illustrated in  velocity) occur only in the 75% to 80% of animals in
Figure 3C and 3D. These GABAergic changes (as well as  which conditioning is successful (i.e., the animals in which
the changes in motoneuron threshold and conduction  the H-reflex changes at least 20% in the correct direction).

Downloaded from nro.sagepub.com at Universitats-Landesbibliothek on December 15, 2013


http://nro.sagepub.com/
http://nro.sagepub.com/

538

The Neuroscientist [6(5)

They do not occur in the 20% to 25% of animals in which
conditioning fails (i.e., the H-reflex remains within 20%
of its initial value). This specificity suggests that these
GABAergic changes contribute to the conditioned reflex
change.

Down-conditioning and up-conditioning are not mir-
ror images of each other but rather have different mecha-
nisms. In contrast to the motoneuron plasticity that appears
to be responsible for down-conditioning, up-conditioning
probably results from a change in oligosynaptic primary
afferent input to the motoneuron (Carp and Wolpaw
1995; Wolpaw and Chen 2001). The lower part of Figure 4
indicates the numerous sites of plasticity in the spinal
cord ipsilateral to the conditioned soleus H-reflex. H-reflex
conditioning also changes the other side of the spinal
cord (Wolpaw and Lee 1989). This contralateral plastic-
ity has yet to be explored.

Comparable Plasticity
in Real Life

The spinal cord plasticity accompanying H-reflex con-
ditioning is not simply a laboratory curiosity. Similar plas-
ticity, driven by descending and peripheral inputs, shapes
spinal cord function in development and continues to
modify it throughout life. As an organism’s behavioral
repertoire changes and expands throughout life, this con-
tinual plasticity ensures that the spinal cord is always in a
state able to accommodate all the behaviors in the current
repertoire.

In early life, input from the brain guides the plasticity
that eventually produces an adult spinal cord that sup-
ports standard motor skills like manipulation, exploration,
and locomotion and can also support specialized skills like
dancing or playing the piano. In this development pro-
cess, descending inputs and concurrent peripheral inputs
gradually establish normal patterns of spinal propriocep-
tive, flexion withdrawal, and autonomic reflexes (Wolpaw
and Tennissen 2001; de Groat 2002; Wolpaw 2006). When
perinatal trauma or disease (e.g., cerebral palsy) disrupts
descending input, infantile reflex patterns may last into
adulthood and contribute to disabilities. Figure SA and
5B illustrate the impact of perinatal disruption of descend-
ing input on proprioceptive reflexes in humans and on
flexion withdrawal reflexes in rats.

The learning of new skills later in life is accompanied
by changes in spinal cord reflexes similar to those produced
in the laboratory (Wolpaw and Tennissen 2001; Wolpaw
2006, for review). Reflexes are affected by the nature,
intensity, and duration of physical activity and by partic-
ular training programs. Stretch reflexes and H-reflexes
are different in athletes versus nonathletes and across dif-
ferent types of athletes. These differences are thought to

Sensorimetor Cortex

Cerebellum

GABA -

Figure 4. A hierarchy of brain and spinal cord plasticity
underlies H-reflex conditioning. The shaded ovals indicate
the spinal and supraspinal sites of the plasticity associated
with operant conditioning of the spinal stretch reflex
(SSR) or its electrical analog, the H-reflex. “MN” is the
motoneuron, “CST” is the main corticospinal tract, “IN” is
a spinal interneuron, and “GABA IN” is a GABAergic spinal
interneuron. 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.
The monosynaptic and probably oligosynaptic SSR/H-reflex
pathway from la and Ib afferents to the motoneuron is
shown. Definite (purple shading) or probable (pink shading)
sites of plasticity include the motoneuron membrane (i.e.,
firing threshold and axonal conduction velocity), motor unit
properties, GABAergic interneurons, GABAergic inhibitory
terminals and C terminals on the motoneuron, the la afferent
synaptic connection, terminals conveying disynaptic group |
inhibition or excitation to the motoneuron, and sensorimotor
cortex. The essential roles of the corticospinal tract (which
originates largely in sensorimotor cortex) and of cerebellar
output to cortex are indicated. The spinal plasticity that is
directly responsible for H-reflex conditioning appears to
be induced and maintained by cortical plasticity that itself
depends for its long-term survival on the cerebellum (see
text). Modified and updated from Wolpaw and Tennissen
2001. See Wolpaw 2006 for review.
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Figure 5. Spinal cord reflexes change throughout life. (A) Short-latency electromyographic (EMG) responses from soleus (black)
and tibialis anterior (orange) 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 the normal adult, a reflex occurs only in the muscle that is stretched, that is, the soleus, while little or no response occurs in the
tibialis anterior. However, in the adult with cerebral palsy, in whom perinatal supraspinal injury has impaired descending influence,
the infantile pattern has not disappeared, and reflexes occur in both muscles. From B. Myklebust, unpublished data; see Myklebust
and others 1982, 1986 for comparable data. (B) The direction of flexion withdrawal responses to painful stimuli in normal adult rats
and in adult rats in which the spinal cord was transected just after birth. In normal adults, the direction of the response is almost
always appropriate (i.e., the limb moves away from the painful stimulus), while in transected adults, it is often inappropriate (i.e.,
the limb moves toward the stimulus). Neonatal spinal cord transection abolishes the descending input that gradually shapes normal
(i.e., appropriate) flexion withdrawal responses. Modified from Levinsson and others 1999. (C) Modulation of soleus H-reflex size
as a function of time in the step cycle as a person masters backward walking over 10 days. Top: Soleus EMG activity on day | (solid
line) and day 10 (dashed line) just before and after onset of the soleus burst that occurs in the stance phase of the cycle. Soleus
EMG is the same on days | and 10. The dotted line indicates soleus EMG during quiet standing. Bottom: H-reflex size (as percentage
of size during quiet standing) versus time in the backward-walking step cycle for days I, 4, 7, and 10 of training. Soleus EMG does
not change with training. In contrast, the marked increase in H-reflex size before the soleus burst that is seen on day | disappears
by day 10. Modified from Schneider and Capaday 2003. (D) Soleus H-reflexes of a younger person and an older person in prone
(gray) and standing (green) positions. In older subjects, the H-reflex is usually smaller and less affected by body position. Modified
from Koceja and others 1995.
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contribute to the distinctive skills of these different groups.
For example, H-reflexes and disynaptic reciprocal inhibi-
tion are very small in the leg muscles of professional bal-
let dancers (Nielsen and others 1993). The diminished
peripheral influence on motoneurons represented by
these smaller reflexes is likely to increase cortical control
and enable muscle coactivation and may thereby facili-
tate the high precision and specialized actions essential in
this form of dance. More limited, sharply focused training
programs provide further evidence for activity-dependent
plasticity in spinal cord reflexes (e.g., Schneider and
Capaday 2003; Meunier and others 2007), as do the reflex
changes associated with aging (e.g., Koceja and others
1995) (Fig. 5C and 5D).

The Role of the Brain in Reflex
Conditioning
In the laboratory protocol (Fig. 2A), the imposition of the
reward contingency (i.e., reward for a larger or smaller
H-reflex) operantly conditions the brain to produce des-
cending activity that changes the H-reflex appropriately.
As descending activity varies over its normal spontane-
ous range, the reward contingency ensures that activity
that increases reward probability is rewarded, while
activity that decreases it is not. The result is that descend-
ing activity shifts so as to increase reward probability.
Current understanding is that the initial development of
this shift produces the rapid phase 1 change in H-reflex
size and that its long-term persistence induces the pro-
gressive spinal cord plasticity responsible for gradual
phase 2 H-reflex change (Wolpaw and O’Keefe 1984;
Thompson and others 2009). The first question raised by
this descending activity is the identity of the pathway(s)
that convey it. The task of answering this question was
greatly facilitated by one of the principal advantages of a
spinal cord model—that the spinal cord is connected to the
brain by well-defined pathways accessible to interruption.
A series of pathway transection studies clearly ans-
wered the question of which pathway(s) convey the des-
cending activity that changes the H-reflex. Of the major
descending and ascending tracts, only the corticospinal
tract (CST) is essential (Chen and Wolpaw 2002; Chen
XY and others 2002, 2006). CST transection or ablation
of its site of origin, the contralateral sensorimotor cortex,
prevents H-reflex conditioning, while transection of other
major descending tracts or of the dorsal column ascend-
ing tract does not do so. Furthermore, if the CST is cut in
rats in which the H-reflex has already been reduced by
down-conditioning, the reflex decrease disappears over 5
to 10 days, and the H-reflex actually becomes significantly
larger than it was prior to down-conditioning. Figure 6
illustrates this finding. The spinal cord plasticity that is
responsible for the smaller H-reflex can survive for only

a few days on its own. Because the CST is not thought to
contact motoneurons in rat lumbar spinal cord (Wang and
others 2009, for review), the critical CST influence is
probably conveyed to the motoneurons by spinal inter-
neurons. At present, GABAergic interneurons in spinal
laminae 6 and 7 are the best candidates (Wang and others
2006, 2009) (Fig. 3D).

Down-conditioning also depends on the cerebellum: it
does not occur in rats in which the cerebellar output nuclei
dentate and interpositus have been ablated (Chen and
Wolpaw 2005). This cerebellar contribution consists of
cerebellar output to cortex rather than to spinal cord
because transection of the lateral column (which contains
the rubrospinal tract, the principal cerebellar-spinal con-
nection) does not prevent conditioning. The cerebellum is
also essential for long-term maintenance of this learning:
if the cerebellar output nuclei are ablated after the H-reflex
has already been reduced by down-conditioning, the reflex
decrease lasts for 40 days and then disappears over the
next 10 days (Wolpaw and Chen 2006). This surprising
finding implies that the CST activity that maintains the
spinal cord plasticity responsible for the H-reflex decrease
depends on supraspinal plasticity that can survive for
40 days without cerebellar influence. Forty days after
cerebellar influence is removed, this supraspinal plastic-
ity apparently disintegrates, and the H-reflex becomes
even larger than it was prior to down-conditioning.

A Hierarchy of Plasticity

Figure 4 summarizes the present understanding of the
complex multisite plasticity that is associated with
H-reflex conditioning. The transection and ablation stud-
ies summarized in the previous section suggest that the
changes in the spinal cord and in the brain comprise a
hierarchy of plasticity: they imply that the reward contin-
gency induces and maintains plasticity in the brain that
produces the CST activity that induces and maintains the
spinal cord plasticity that directly underlies the learned
behavior (e.g., a smaller H-reflex). The existence of this
hierarchy is revealed by the effects of the different
lesions. The brain plasticity responsible for the CST
activity that changes the spinal cord survives 40 days
after loss of cerebellar influence, and the spinal cord plas-
ticity directly responsible for the smaller H-reflex sur-
vives only 5 to 10 days after CST transection. This simple
learning is acquired and maintained through a hierarchy
of plasticity in the brain and the spinal cord.

Multisite Plasticity Is
Necessary and Inevitable

As Figure 4 summarizes, H-reflex conditioning produces
many changes in the spinal cord. The number of these
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Figure 6. The corticospinal tract (CST) is essential for maintenance of H-reflex down-conditioning. Average poststimulus
electromyography (EMG) from 3 rats for representative days: (left) before down-conditioning; (center) at the end of down-
conditioning and before midthoracic transection of the right lateral column (LC rat), the corticospinal tract (CST rat), or the dorsal
ascending tract (DA rat); and (right) after transection and continued down-conditioning. All 3 rats decreased the H-reflex (H) in
response to down-conditioning. LC or DA transection did not affect the decrease. In contrast, CST transection abolished the
decrease in 5 to 10 days and led to an H-reflex larger than the original, control-mode H-reflex. Background EMG (indicated by the
EMG at time zero) and M-wave (M) did not change over the course of study. From Chen and Wolpaw 2002.

changes is almost certain to grow further as exploration
expands beyond the relatively limited studies to date. Some
elements of this complex plasticity appear to underlie the
learned change in the H-reflex. Thus, the positive shift in
motoneuron threshold explains why down-conditioning
makes the H-reflex smaller. However, other elements, like
the contralateral plasticity, seem to be unrelated to the
modified H-reflex that is the goal of the conditioning pro-
tocol. Nevertheless, these seemingly inexplicable changes
may be both necessary and inevitable.

The spinal cord neurons and synapses changed by
H-reflex conditioning serve many other behaviors, such
as locomotion. Thus, the plasticity responsible for H-reflex
change (e.g., a positive shift in motoneuron firing thresh-
old), which might be labeled primary plasticity, is likely
to affect other behaviors as well. As a result, compensa-
tory plasticity may be necessary to protect these other
behaviors from the disruptive impact of the plasticity res-
ponsible for the H-reflex change. For example, the affer-
ent input that excites the soleus H-reflex also contributes
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Figure 7. Spinal reflex conditioning affects muscle activity during locomotion. Average right soleus locomotor bursts before (solid)
and after (dotted) H-reflex conditioning from a down-conditioned (HRdown) and an up-conditioned (HRup) rat. The insets show
the average right soleus H-reflexes measured in the stance phase of locomotion before (solid) and after (dotted) conditioning.
After conditioning, both the stance H-reflex and the soleus burst are smaller in the down-conditioned rat and larger in the up-
conditioned rat. Primary afferent excitation contributes to the locomotor burst. Thus, the changes in the strength of this excitation
that are caused by H-reflex conditioning affect the size of the burst. Modified from Chen and others 2005.

to the burst of soleus activity that supports the stance
phase of locomotion (Yang and others 1991; Bennett and
others 1996; Stein and others 2000). As a result, when
H-reflex up-conditioning or down-conditioning changes
H-reflex size, it also changes the soleus locomotor bursts:
the burst tends to be larger after up-conditioning and
smaller after down-conditioning (Chen and others 2005).
Figure 7 illustrates this effect. Recent studies suggest that
compensatory changes in the reflex pathways serving
other leg muscles may prevent this change in the soleus
burst from causing the animal to limp (i.e., to have an
asymmetrical gait) (Chen L and others 2009; Chen Y and
others 2009).

Furthermore, because activity-dependent plasticity is
ubiquitous in the CNS, primary and compensatory plas-
ticity, simply by changing ongoing activity, are likely to
induce additional, reactive (or downstream) plasticity.
Reactive plasticity is distinguished by the fact that its ori-
gin is entirely within the CNS and generally very local.
Whereas primary and compensatory plasticity are driven
by the consequences of behavior, reactive plasticity reflects
the impact of local changes in activity on individual neu-
rons or synapses. That is, primary and compensatory
plasticity depend on what happens in the outside world,
while reactive plasticity does not; its origin is entirely
internal. For example, an increase in the number of action

potentials reaching a synapse may reduce the size of the
excitatory postsynaptic potential (EPSP) that each one
produces in the postsynaptic neuron (e.g., Arai and Lynch
1998). Such desensitization is an instance of reactive plas-
ticity: its mechanism is entirely local, and it occurs regard-
less of any effect it has or does not have on behavior.

In sum, even learning as ostensibly simple as a larger
or smaller H-reflex is necessarily and inevitably associ-
ated with a complex pattern of plasticity that extends well
beyond the changes responsible for the modified H-reflex
(Wolpaw and Lee 1989; Wolpaw and Tennissen 2001).
This unavoidable complexity is probably the single most
important reason learning and memory need to be studied
in the simplest and most accessible models.

A Negotiated Equilibrium

As noted previously, the spinal cord generally and its
motoneurons specifically are the final common pathway
for essentially all learned behaviors. These behaviors share
the same common substrate of spinal neurons and syn-
apses. In a normal CNS, the brain maintains these spinal
cord elements in a state that satisfactorily serves the dis-
parate needs of the many different behaviors in the organ-
ism’srepertoire. Forexample, the strengths of proprioceptive
reflex pathways are kept in ranges that accommodate the
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requirements of walking as well as running, and flexion
withdrawal reflex pathways are maintained so as to ensure
sharply focused responses to painful inputs. The impor-
tance of this long-term maintenance is indicated most
graphically by the profound abnormalities that follow
disruption of the brain’s influence by injury or disease.

New learning experiences add new behaviors to the
repertoire. For many experiences (e.g., learning to walk,
ballet training, backward walking, H-reflex conditioning),
this process includes modifications in the brain’s ongoing
influence over spinal pathways. This altered influence
adjusts spinal cord pathways to accommodate the new
behavior and maintains them in this new state. Thus, as
noted above for H-reflex conditioning, such behaviors
depend on hierarchies in which supraspinal plasticity induces
and maintains spinal cord plasticity appropriate to the
behaviors. The picture that emerges is of a spinal cord in
a state of equilibrium that reflects and accommodates the
competing demands of many different learned behaviors.
As each newly learned behavior adds the primary plastic-
ity that produces it, this plasticity combines with concur-
rent compensatory and reactive plasticity in both brain
and spinal cord to establish a new spinal cord equilibrium
that accommodates the needs of the expanded repertoire.
The state of the spinal cord reflects continual negotiation
among the hierarchies responsible for many different behav-
iors; it is essentially a negotiated equilibrium.

The Importance of
Spinal Cord Plasticity

It seems clear that activity-dependent spinal cord plastic-
ity has a key role in learned behaviors that require finely
tuned muscle contractions combined with precise responses
to concurrent sensory inputs. These range from standard
behaviors such as walking and talking to more special-
ized athletic and artistic skills. Such behaviors depend on
plasticity distributed throughout the CNS, from cortex to
spinal cord. Defining the spinal cord’s role is an essential
part of explaining such behaviors. Furthermore, the spi-
nal cord, given its immediate proximity to behavior as
well as its relative simplicity, experimental accessibility,
and distance from the brain, is a logical and convenient
place to start defining exactly how learning changes behav-
ior. Spinal cord plasticity connects directly to behavior,
while plasticity elsewhere can affect behavior only through
other areas, which themselves may change.

Spinal cord plasticity also has substantial clinical sig-
nificance. Disorders such as stroke and spinal cord injury
distort spinal circuitry and impair behaviors, such as loco-
motion and micturition, that depend heavily on this cir-
cuitry. Thus, methods for inducing and guiding spinal cord
plasticity could help to restore useful motor function.

Recent studies indicate the clinical promise of reflex con-
ditioning for restoring function after spinal cord injury
(Chen Y and others 2006). In rats, midthoracic transection
of the right lateral column produces asymmetrical walk-
ing due to weak right stance. As Figure 8 illustrates, up-
conditioning the right soleus H-reflex strengthens the
right soleus burst and eliminates this asymmetry. Efforts
have begun to determine whether reflex conditioning pro-
tocols can also improve function in people with partial
spinal cord injuries (Pomerantz and others 2009). Such
protocols could be particularly valuable when spinal cord
regeneration becomes possible and techniques for re-
educating the newly regenerated spinal cord become ess-
ential in order to restore useful function (Wolpaw 2006).

The Wider Value of
Spinal Cord Models

Spinal cord plasticity is important in developing and main-
taining motor skills such as those mentioned in the last
section, and spinal cord models are certainly important
for exploring this plasticity. But do spinal cord plasticity
and spinal cord models have wider importance? The
learning and memory phenomena that usually draw the
most interest are those that occur quickly, such as memo-
rizing a list of words in a few minutes or the route to a
new location after one repetition. This interest is exem-
plified by the focus on rapid synaptic phenomena such as
the various forms of LTP. Plasticity that develops gradu-
ally, plasticity like that prominent in the spinal cord, has
traditionally drawn less interest. Furthermore, many (per-
haps most) learning and memory phenomena are not
likely to involve spinal cord plasticity. Learning the mul-
tiplication tables, the names of new acquaintances, or the
distinctive styles of different Renaissance painters prob-
ably does not depend on changes in spinal cord pathways.
Nevertheless, gradual plasticity like that found in the spi-
nal cord is likely to be a prerequisite for most learning, and
spinal cord models can identify principles and elucidate
problems that apply to learning and memory in general.
The many kinds of rapid learning that are prominent in
normal life and that dominate laboratory studies are not
self-contained or de novo phenomena that occur in isola-
tion; rather, they are critically dependent on skills that are
acquired gradually through practice. Just as locomotion
and effective flexion withdrawal are skills acquired grad-
ually during early life, the ability to quickly learn a new
word, a new set of directions, a new face, or a new equa-
tion rests on language, orientation, facial recognition, or
mathematical skill that is also acquired gradually through
practice. In the absence of such practice, without the frame-
work of activity-dependent plasticity that prolonged prac-
tice gradually produces, these examples of rapid learning
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Figure 8. H-reflex conditioning can improve walking after spinal cord injury. The traces show the bursts of rectified
electromyographic (EMG) activity from right and left soleus muscles during treadmill locomotion before (top) and after (bottom)
up-conditioning has increased the right soleus H-reflex in a rat with a right lateral-column (LC) transection. The onsets of the right
and left stance phases of the step cycle are marked by the violet and green circles, respectively. The short vertical dashed lines
indicate the midpoints between right burst onsets, which is where the left burst onsets should occur. Before up-conditioning, the
left burst onset occurs too early, and the gait is asymmetrical. After up-conditioning has strengthened the right soleus burst, the
left burst onset occurs at the correct time, and the asymmetry is gone. Horizontal scale bar: 0.5 seconds; vertical scale bar: 100
and 150 pV for the right and left bursts, respectively. From Chen Y and others 2006.

would not be possible. People can learn lists of words in
their own languages quickly (while they learn nonsense
syllables much more slowly [Davis 1930; Jenkins 1985]),
but these languages took many months or years of train-
ing to master. A person can readily distinguish different
faces and can easily learn to recognize a new acquain-
tance, but the gradual acquisition of that ability occupies
much of the first year of life (Nelson 2001).

In a broader context, it seems that rapid learning phe-
nomena generally represent relatively minor adjustments
or additions to complex frameworks of plasticity that dev-
eloped gradually over prolonged periods. Certainly, the
mechanisms responsible for these rapid events are impor-
tant in themselves and may exert long-term effects on the
framework itself. Nevertheless, effective exploration of
learning and memory requires, and logically begins with,
study of the gradual long-term plasticity that is a prerequi-
site for most learning and memory. Only when the complex

patterns of plasticity produced by practice are understood
will it be possible to fully explain how most rapid learning
phenomena are actually produced. And, as the previous
sections illustrate, the spinal cord can provide models that
are uniquely advantageous for exploring the gradual activity-
dependent plasticity responsible for skill acquisition and
maintenance. The spinal cord’s distinctive features—
simplicity, accessibility, anatomical separation, and direct
connection to behavior—compel the recognition and
facilitate the study of primary, compensatory, and reac-
tive plasticity. For example, the impact of H-reflex con-
ditioning on locomotion can be directly connected to
changes in specific spinal pathways (Chen Y and others
2005, 2006) (Figs. 7 and 8). Thus, it should be possible
through straightforward studies to determine exactly how
normal gait is preserved in spite of the primary plasticity
responsible for H-reflex conditioning. Furthermore, the
distinctive features of the spinal cord make it possible to
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recognize the existence of hierarchies of plasticity and to
formulate the associated concept of the state of the spinal
cord as a negotiated equilibrium.

Perhaps most important, the principles that emerge
from spinal cord models are likely to apply also to learn-
ing that involves less accessible areas. Numerous studies
have documented the changes that experience produces
in sensory and motor cortical areas and have shown that
this plasticity is accompanied by subcortical changes as
well (Jones 2000; Matsuura and others 2002; Froemke
and others 2007; Kaas and others 2008; Chakrabarty and
others 2009). While the spinal cord, as the final common
pathway for all behavior, is the foremost example of a
multitask CNS structure, these cortical areas also support
a continually changing repertoire of many different behav-
iors. Therefore, they too may be expected to display pri-
mary, compensatory, and reactive plasticity, to participate
in hierarchies in which plasticity in one area induces and
maintains plasticity in another, and to exist in states of
negotiated equilibria that accommodate the disparate needs
of many different learned behaviors.

Thus, the fact that spinal cord plasticity is a component
of many motor skills is only one aspect, and probably not
the most important aspect, of its significance for under-
standing learning and memory. Spinal cord models facili-
tate the recognition and exploration of principles that are
likely to apply to learning throughout the CNS.

Conclusion

The recognition that many kinds of activity-dependent
plasticity occur continually throughout the CNS and
throughout life has transformed the challenge of exp-
laining learning and memory into the problem of con-
necting this complex plasticity to behavior. The spinal
cord and spinal cord plasticity are central to this
endeavor for 2 reasons. First, the spinal cord is the final
common pathway for all behavior, and spinal cord plas-
ticity has a part in the acquisition and maintenance of
many motor skills. Second, by virtue of its simplicity,
accessibility, separation from the brain, and closeness
to behavior, the spinal cord is uniquely suited for study-
ing how activity-dependent plasticity (particularly grad-
ual plasticity) explains behavior and for identifying
principles and concepts that apply to learning through-
out the CNS. Thus, the short answer to the question
posed in the title “What can the spinal cord teach us
about learning and memory?” is “A lot!”
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