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ABSTRACT Cerebral cortical plasticity has been demonstrated
in a variety of different mammals, following a number of dif-
ferent peripheral and central nervous system manipulations.
The reorganization of cortical representations has been impli-
cated in the ability to acquire perceptual and motor skills
throughout normal life. This chapter presents evidence from a
variety of studies which indicates that cortical plasticity occurs
in normal, intact animals and humans, and that these changes
in representations are correlated with changes in both motor
skills and sensory perceptions. ‘

One of the central goals in neuroscience, particularly in
cogmitive neuroscience, is to determine the neuronal
mechanisms that generate perceptions. Very little is
known about how action potentials transmitted through-
out the nervous system allow individuals to perceive the
complex world around them, to compare this represen-
tation of the world to past experience, and to initiate be-
haviors to achieve goals {e.g., eating, drinking, rest,
lively conversation). Although both animal and human
studies indicate that the cerebral cortex is integral in
processing complex stimuli, very little is known of this
structure beyond the presumed relevance of particular
areas for specific functions. Although much knowledge
has been gained over the past decades on how the indi-
vidual neurons in a limited number of cortical areas re-
spond to different stimuli, it is still unclear how these
responses participate in perception.

While it may be agreed by many that the cerebral cor-
tex is necessary for some perceptions, there is less con-
sensus on how the cerebral cortex is actually functioning
to create these perceptions. Further, one of the basic te-
nets of psychological studies since the late 1800s has
been that individuals will improve at virtually any task
with continued practice. It was presumed by James
(1890) that this improvement in performance was made
possible by a change, or “plasticity,” of the “organic ma-
terials” of the central nervous system.
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The first real insights into how such changes could be
manifest in the cerebral cortex came from studies exam-
ining the effects of peripheral nerve injuries on cortical
“maps,” or representations of the sensory surface, in
adult mammals (see Kaas, 1991, and chapter 15). The
term plasticity is used to describe this capacity to change
cortical representations in adults. In such studies den-
ervation, or extensive behavioral use of a restricted
sensory surface, results in a change in the central repre-
sentation of that sensory surface. These results are con-
sistent with the earliest reports of cerebral cortical
function performed at the turn of the 20th century by Sir
Charles Sherrington and celleagues. Their studies of the
motor cortex of monkeys and great apes indicated that
movement representations in the motor cortex could be
altered over the course of several minutes, and that this
effect was reversible (Graham Brown and Sherrington,
1912).

Several other studies have shown that cortical repre-
sentations most likely reflect the stimulus history of the
sensory surface being represented. For example, the
cortical representation of the ventral body surface is
larger in nursing rat mothers than in non-nursing
female rats {Xerri, Stern, and Merzenich, 1994). The
selective stimulation of two whiskers either experimen-
tally (DeLacour, Houcine, and Talbi, 1987} or by trim-
ming all but two adjacent whiskers (Armstrong James,
Diamond, and Ebner, 1994) results in many more neu-
rons within the somatosensory cortex responding to
both of the two whiskers. In primates, surgical fusion of
two digits results in a zone of cortex in area 3b in which
neurons have receptive fields that cross the suture line
and respond to parts of both fused digits, in contrast to
the normal situation where 3b neurons rarely, if ever,
respond to stimulation of two digits (Allard et al., 1991;
see also Merzenich et al., 1987). Finally, Jenkins and
colleagues (1990) showed that training monkevs to at-
tend to stimulation on the tip of one or two fingers re-
sults in an increased representation of the stimulated
fingertips compared to the unstimulated fingers. Simi-
lar kinds of short- and long-term plasticity have been
observed in the visual cortex as well as in human sub-
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jects performing visual psychophysical tasks (see Gil-
bert et al., 1996; Gilbert, 1998).

These experiments provide evidence that cortical
plasticity is not necessarily a response to the peripheral
injury, but can also occur by changing the stimulation
pattern across the skin. This finding further suggests that
practice at a particular behavioral task, which generally
results in an improvement in performance, would simi-
larly be reflected by a change in the cortical representa-
tions of the relevant sensory or motor components of the
task. For example, it could be reasoned that the in-
creased representation of the ventral surface of the rats
(Xerri, Stern, and Merzenich, 1994) or the fingertips of
the monkeys (Jenkins et al., 1990) results in better per-
ceptual acuity over that skin surface for that animal. The
rest of this chapter will draw on selected examples from
a variety of different experimental methodologies to ad-
dress the central question: Are changes in cortical repre-
sentations a reflection of normal cortical processes that
underlie the ability to acquire new skills and behaviors?

Cortical plasticity and changes in perception
invoked by classical conditioning paradigms

Early studies on the effects of classical conditioning on
the response properties of neurons in the central auditory
system have shown that there is a clear change in the
functional tuning properties of neurons throughout the
central auditory system. Some of the earliest examples
are derived from studies in which awake adult rats were

implanted with a series of eleetrodes that recorded the

activity of spatially restricted neurons throughout the
brain stem, thalamus, and cortex (Olds et al., 1972; Dis-
terhoft and Stuart, 1976). In these experiments, neuronal
activity was recorded during a period in which one of
two different tones was presented or a food pellet was
dispensed over the course of the first day. There was no
temporal relationship between the tone and the food de-
livery, and thus no association between the two would be
expected to be formed (pseudoconditioning). On the sec-
ond day, however, one of the two tones always preceded
the pellet delivery, while the other tone never preceded a
food reward (conditioning). In these studies, after the
conditioning period, the amount of activity of cortical
neurons increased in response to the tone paired with the
food delivery. This increase could be extinguished by re-
turning to the pseudoconditioning procedure, now called
extinction, where the tones and food delivery were no
longer correlated (Disterhoft and Stuart, 1976). Similar
kinds of effects were also observed in the noncortical re-
gions as well, particularly the posterior thalamus and pre-
tectal regions. Much smaller differences were noted in
the main ascending auditory subcortical regions, the infe-
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rior colliculus and the medial geniculate body of the thal-
amus {Disterhoft and Stuart, 1976).

A similar series of studies using a mild electrical shock
to the forepaw as the unconditioned stimulus and the
pupillary dilation reflex as the unconditioned response
have extended these findings in the cat. The change in
the response properties of neurons is more rapid in the
auditory cortex than in the cochlear nucleus [Oleson,
Ashe, and Weinberger, 1975). These changes are not,
however ubiquitous throughout the central nervous svs-
tem. Comparison of the conditioning effects of multiple-
unit activity within the medial, ventral, and dorsal subdi-
visions of the auditory thalamus, the medial geniculate
body (MGB), showed that neuronal responses changed
only in the medial subdivision, and not in the ventral or
dorsal regions of the MGB (Ryugo and Weinberger,
1978). This result is interesting in that the ventral divi-
sion of the MGB has the anatomical connections and re-
sponse properties consistent with those of a thalamic
relay or lemniscal nucleus, whereas the medial division
is more consistent with a lemniscal adjunct or nonspe-
cific function.

More recent studies have expanded these observa-
tions by defining the response properties of single neu-
rous to both conditioned and a series of nonconditioned
stimuli (Diamond and Weinberger, 1986; Bakin and
Weinberger, 1990; see Weinberger, 1895, 1998). In these
paradigms, the responses of single neurons to a series of
tone pips at different frequencies are recorded, and then
one frequency is chosen to be the conditioned stimulus.
A short time after the tone elicits the conditioned re-
sponse (20~45 paired trials), the response of the neuron
to the series of tone pips is again recorded. An example
of a typical result is shown in figure 16.1 for neurons re-
corded in the secondary and ventral ectosylvian audi-
tory cortical fields {Diamond and Weinberger, 1986).
This figure is derived from the neurons that were the
most sharply tuned for frequency. In most of these cells
studied, there was an increase in the response to the
tone paired with the foot shock (labeled 0 on the x-axis),
with very little increase for other frequencies. This in-
crease was reversed by a period of extinction, when the
tone was presented in the absence of the foot shock for
20 trials (figure 16.1).

A similar result was shown in the guinea pig primary
auditory cortex (Bakin and Weinberger, 1990), in which
many neurons changed their frequency-tuning profile to
respond best to the paired frequency {figure 16.2). In this
paradigm, by choosing a paired frequency that was
slightly different from the best frequency of the neuron,
there was an increase in the response to the paired fre-
quency and a parallel decrease in the response to the
preconditioning best frequency, resulting in a shifted
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FIGURE 16.1  Changes in the activity of auditory cortical neu-

rons following a classical conditioning paradigm. The dark
area denotes the percent change in the responses of the neu-
rons as a function of the difference in frequency from the con-
ditioned stimulus {CS} between the preconditioning and
postconditioning conditions. The shaded area denotes the
change in response between the preconditioning and postex-
tinction conditions. Note that the greatest change occurred at
the CS frequency. (Adapted from Diamond and Weinberger,
1986.)

tuning profile for the neuron. This type of change in the
tuning profile of the single neuron has also been shown
to last for up to eight weeks after training (Weinberger,
Javid, and Lapin, 1993). These results indicate that there
is an expansion of the representation of the paired fre-
quency that parallels the acquisition of the conditioned
response (see Weinberger, 1998). This is expected, given
that the perception of the stimulus would surely change
from one that has no behavioral relevance to one that
signals that a foot shock is imminent.

Similar studies in the MGB have shown that the ven-
tral division (MGBv), which contains the most sharply
frequency-tuned neurons and is considered to be the
major relay nucleus, does not show the same type of
plasticity {(Ryugo and Weinberger, 1978). However, the
medial division (MGBm), which has more broadly
tuned neurons and projects to the primary auditory cor-
tex and other cortical areas, does show a type of plastic-
ity very similar to that of the auditory cortex (Ryugo and
Weinberger, 1978, Edeline and Weinberger, 1992).
These results suggest that there are two parallel path-
ways within the auditory system, one which is largely
immune to such conditioning effects, and the other
which likely mediates the cortical plasticity observed fol-
lowing classical conditioning {for a more complete de-
scription of this topic see Weinberger, 1998).

Pharmacological studies suggest that acetylcholine
(ACh) plays a key role in modulating the change in corti-
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FIGURE 16.2 Change in the response profile of a single audi-
tory cortical neuron following conditioning. {A) Rasters and
peristimulus time histograms {PSTHs} of the response to the
best frequency of the neuron {0.75 kHz. left} and the frequency
of the conditioned stimulus {2.5 kHz, right! before {lop} and af-
ter (bottom) the conditioning protocol. (B! The complete tun-
ing profile tested before (open circles] and after (closed
squares) the conditioning protocol. Note that the postcondi-
tioning best frequency of this neuron is now at 2.5 kHz. This
shift resulted from an increase in the response to the CS fre-
quency and a decrease in the response to the previous best fre-
quency. {Adapted from Weinberger. 1998.}

cal neuronal responsiveness. Application of ACh at the
recording electrode can alter the response of the neuron
to specific frequencies {McKenna, Ashe, and Wein-
berger, 1989). Iontophoresis of acetylcholine paired with
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the presentation of a tone can result in an increase in the
response of the neurons, similar to the effects seen with
tone and shock pairings {Metherate and Weinberger,
1990). Similarly, direct stimulation of the nucleus basalis,
which contains the neurons that release ACh in the cere-
bral cortex, shortly after the onset of a tone results in a
similar enhancement of the neuronal response to the
paired tone in both anesthetized animals (Bakin and
Weinberger, 1996) and awake animals (Bjordahl,
Dimyan, and Weinberger, 1998), and also results in a
greater area of primary auditory cortex that responds to
the paired tone (Kilgard and Merzenich, 1998). These
data together indicate that (1) cortical responses can be
altered over a very short time course and can be long-
lasting, (2) these modifications presumably reflect a
change in the perception of the stimulus, and (3} neuro-
modulatory elements facilitate, and may well be re-
quired, to effect such changes.

Cortical plasticity following operant conditioning

A direct test of the hypothesis that cortical representa-
tional plasticity reflects changes in perception and skill
acquisition was conducted in the somatosensory cortex
of adult owl monkeys. In the normal owl monkey, there
is a topographically well-organized map of the contralat-
eral hand in the primary somatosensory cortical area 3b.
These experiments entailed training monkeys to per-
form a tactile discrimination task using only a small skin
area of a single finger, measuring the improvement in
performance at this task over the course of several weeks
of training, and then relating this performance to the
cortical representation of the small skin area used in the
task.

Adult monkeys were trained to remove their hand
from a tactile stimulator when they detected that the fre-
quency of the stimulus increased from the standard of 20
Hz (Recanzone, Jenkins, et al., 1992). Initially, monkeys
were only able to discriminate stimuli that were at least
5 Hz greater {i.e., 25 Hz). In the early phases of training,
the thresholds decreased rapidly, followed by a longer
and slower period of improvement during the subse-
quent weeks until these monkeys were ultimately able to
discriminate differences in frequency of only 1-2 Hz. It
is likely that the initial, rapid period of improvement is
reflecting the ability of the monkeys to generalize to all
stimulus frequencies and to develop the most effective
“strategy” in performing the task {Recanzone, Jenkins, et
al., 1992). When tested on an adjacent finger on two or
three occasions throughout the period of extensive prac-
tice on a different finger, the thresholds reflected the
rapid improvement component, but did not improve
significantly during subsequent sessions (see figure 16.3).
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FIGURE 16.3 Improvement in performance measured during
the performance of a tactile frequency discrimination task. {A)
Schematic of the behavioral data where the threshold rapidly
decreased during the first few training sessions, and was then
followed by a much slower and progressive decrease in thresh-
old with training. Open symbols denote the thresholds mea-
sared for the adjacent finger taken at three different time
points over the course of the study. {B) Psychometric functions
for both the trained [closed squares} and untrained {open
squares) fingers taken the day before the electrophysiological
experiment began. (Adapted from Recanzone, Jenkins, et al.,
1992,

The representation of the trained skin, as well as the
same skin regions on nontrained fingers of the same
and opposite hands, was then defined in cortical area
3b {Recanzone, Merzenich, et al., 1992}. One striking
difference was the increased area of representation of
the trained skin when compared to similar, untrained
skin surfaces (figure 16.4A). A second major difference
was that the receptive fields on the trained skin sur-
faces were much larger than those on the uptrained
skin (figure 16.4B). A third major difference was in the
responses of the cortical neurons to the same vibratory
tactile stimulation that was used in the behavioral task
(Recanzone, Merzenich, and Schreiner, 1992). As
would be expected by the larger representation in gen-
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FIGURE 16.4 Changes in cortical representations of trained
and untrained skin regions in monkeys trained at a tactile dis-
crimination task. (A} The cortical area of representation of the
trained (black) and adjacent, untrained (shaded} skin regions.
(B} Representative receptive fields recorded for each of these
fingers. The circles show the region of skin stimulated during
the task for the trained (filled} and untrained (shaded} fingers.
{A and B adapted from Recanzone, Merzenich, et al, 1992
{C) Population cycle histograms taken from all locations that
responded to stimulation of the trained and untrained skin sur-
faces in a single monkey. These cycle histograms were ob-
tained by combining the action potentials for all stimulus
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cycles excluding the first across all cortical locations. Bin size is
1 millisecond. The heavy line shows the responses to stimula-
tion of the trained skin site; the thin line shows the responses to
stimulation of the adjacent skin site. {I)} Regression analysis
between the measured behavioral threshold for both trained
and untrained digits as a function of the predicted threshold
based on differences in the population cycle histograms be-
tween the standard and test frequencies. The solid line shows
the best-fit regression line; the dashed line shows perfect corre-
lation. (C and D adapted from Recanzone, Merzenich, and
Schreiner, 1992)
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eral, there was a greater number of neurons that re-
sponded to stimulation on the trained finger when
compared to untrained monkeys or to other fingers on
the same hand. Although the responses of the neurons
at each cortical location were very similar to stimula-
tion of the trained and untrained fingers, when the re-
sponses were pooled across the population of area 3b
neurons, there was an increase in the temporal fidelity
of the responses to these behaviorally relevant stimuli
{figure 16.4C). This increased fidelity was strongly cor-
related with the behavioral performance of both
trained and untrained digits (figure 16.4D). The large
representations of the trained skin and the correlated
activity across neurons to the same stimulus frequen-
cies indicate that the population of cortical neurons be-
came highly selective in their responses and responded
synchronously to the same behaviorally relevant tactile
input. As the monkey continued to practice the task
over weeks of daily sessions, there was presumably an
increase in this population encoding of the stimulus fre-
quency, which resulted in better information on the
stimulus frequency and therefore improved perfor-
mance at the task.

The same result was subsequently found in the pri-
mary auditory cortex in monkeys trained te perform an
acoustic frequency discrimination task (Recanzone,
Schreiner, and Merzenich, 1993}). Monkeys performing
a similar type of behavioral task showed a progressive
improvement in their ability to discriminate small differ-
ences in the frequency of sequentially presented acoustic
stimuli (figure 16.5A). When the frequency representa-
tion was defined in these mGnkeys, there was a clear in-
crease in the cortical area of representation of the
behaviorally relevant stimuli {figure 16.5B, C} compared
to controls that were either engaged in the task using a
different standard frequency or were untrained in any
task. This increased representation was similarly closely
correlated with the improved performance and in-
creased frequency discrimination acuity.

In both the somatosensory and auditory experiments,
it was found that attention to either the tactile or audi-
tory stimulus was required for the cortical changes to
occur. In monkeys that received the same tactile stimu-
lus but were performing the auditory discrimination
task, changes were observed in the auditory cortex but
not in the somatosensory cortex. Similarly, monkeys
that received the same auditory stimuli while perform-
ing the tactile task showed changes only in the soma-
tosensory cortex but not in the auditory cortex. These
results strongly suggest that attending to the stimuli (and
thereby activating neuromodulatory circuits such as
ACh) is necessary to change the cortical representa-
tions, and presumably to effect a change in the percep-
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FIGURE 16.5 Auditory frequency discrimination training. {A)
Behavioral threshold as a function of session for one monkey.
Solid symbols show the threshold measured for the trained
frequency. Open symbols show the threshold measured for a
different frequency that was only tested on two, widely inter-
spersed, sessions. (B} The region of primary auditory cortex in
an untrained monkey that contained cells with a characteristic
frequency in the range used in the behavioral task {black re-
gions), {C} Similar map of primary auditory cortex in a mon-
key trained to discriminate the same frequency shown in B.
{Adapted from Recanzone, Merzenich, and Schreiner, [993),
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FIGURE 16.6 Changes in motor cortical areas of representa-
tion with training. The number of successful pellet retrievals
(heavy lines, left yaxis} is an indicator of the ability of the
monkey to obtain the pellet. The area of representation of the
relevant movements in the task (finger flexion and wrist exten-
sion) as a percent of the hand representation in the motor cor-
tex is shown as the thin line and solid circles. This monkey
went through five different phases of training, extinction, and
reacquisition. The cortical area of representation of the rele-
vant movements parallels the monkey’s ability to perform the
task. (Adapted from Nudo et al., 1996.)

tion, although this assumption was not tested in these
animals.

Other stodies in the motor cortex show a similar
pattern of results. Motor cortical maps can be derived
by electrically stimulating the deep cortical layers with
small currents (10-30 pA) and observing the elicited
movements. Several studies on the motor cortex of
squirrel monkeys indicate that the cortical representa-
tion of motor movements is related to the ability of the
monkey to perform simple motor tasks. For example,
there are differences in the organization of the hand
representations in the primary motor cortex in indi-
vidual monkeys, with the representation of the domi-
nant hand being larger and more spatially complex
than the representation of the nondeminant hand
(Nudo et al., 1992), presumably reflecting the greater
use and dexterity of the dominant hand. Monkeys
trained to make a set of specific movements, whether
rotation about the wrist or movement of the wrist and
fingers, had a greater representation of the practiced
movements (Nudo et al., 1996). The changes in the
cortical representations of these movements closely
followed the behavioral ability of the monkey to re-
trieve the pellet, which is based primarily on the dex-
terity of the movement (figure 16.6). These data
showed that the motor cortical representations are

plastic and can change over time in the adult animal
and that these changes reflect the acquisition and deg-
radation of the monkey’s motor skills during the
course of the experiments.

Cortical plasticity demonstrated in human subjects

Functional imaging techniques applied to human sub-
jects have been valuable tools in investigating cortical
plasticity in human subjects and indicate that cortical re-
organization with training, as seen in the animal experi-
ments, occurs in the human cortex as well. For example,
humans who are practiced string players (violin, cello,
or guitar) have greater cortical activation (based on
MEG dipole strength} from stimulation on the fingertips
of their left hands than people who do not play an in-
strument {Elbert et al., 1995).

Changes in cortical representations that relate to
changes in the ability to perform a motor task have also
been demonstrated in human subjects (Karni et al,
1995; see also Karni et al, 1998). In this study, the
amount of activity in the motor cortex was defined us-
ing functional magnetic resonance imaging ({MRI)
while the subjects made ore of two matched, mirror-re-
versed sequenced finger movements (e.g., pinkie-mid-
dle-ring-index~-pinkie}. These subjects then practiced
only one of these two sequences for 10-20 minutes each
day. Over the course of several weeks the speed with
which the sequences were performed increased, and the
number of errors decreased. When the subjects were
scanned again after training, there was more activation
of primary motor cortex for the practiced sequence
compared to the unpracticed sequence in each subject
tested (figure 16.7). This result is predicted by the mon-
key experiments described earlier (Recanzone, Jenkins,
et al., 1992; Recanzone, Merzenich, et al., 1992; Recan-
zone, Merzenich, and Schreiner, 1992; Recanzone,
Schreiner, and Merzenich, 1993; Nudo et al, 1986),
where the increased cortical areas of representation
were correlated with an improvement in performance at
a perceptual or motor task.

A second area of interest has focused on cortical plas-
ticity in blind individuals who read braille. The previ-
ously discussed animal work predicts that these
individuals would have increased representations of
their braille-reading finger pads compared to either
sighted or non-braille-reading controls. Evidence to sup-
port this hypothesis has been obtained using both scalp-
evoked potentials and transcranial magnetic stimulation
of the sensorimotor cortex of blind and control human
subjects (Pascual-Leone and Torres, 1993; Pascual-
Leone et al., 1993). These experiments have shown that
there is an increase in the representation of the finger
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FIGURE 16.7 Motor cortex activation during a practiced and

nonpracticed finger-tapping task. These data show the extent
of motor cortex that was activated during the performance of
the practiced sequenced finger-movement task (solid bars)
compared to a similar but unpracticed sequence (stippled
bars). Each subject showed an increase in the number of pixels
activated within motor cortex for the practiced task. {Adapted
from Karni et al., 1895.)

muscles most used during braille reading in motor cor-
tex, and a greater activation of the sensorimotor cortex
during stimulation of the fingertips used during braille
reading. Interestingly, subjects who have been blind
since infancy or early childhood also commonly have an
activation of visual cortex during braille reading {Sadato
et al., 1996) that does not occur in sighted individuals.
This intriguing result suggests that the neurons in the ce-
rebral cortex are not only capable of altering their re-
sponses within a given modality but can also change the
modality of their responses if altered experiences occur
early enough during development (see also chapter 7).
Experiments on human amputees further suggest that
cortical plasticity can account for altered perceptions fol-
lowing the amputation. In many human amputee patients,
there is a phenomenon known as the phantom limb
(Henderson and Smyth, 1948; Cronholm, 1951; Haber,
1958) in which subjects clearly perceive their missing limb
as still being attached, although they are cognitively fully
aware that it no longer is. It had been suggested that the
phantom limb was the result of the residual representation
in the cortex of what used to respond to the arm input, fol-
lowing a “filling in” of the former hand representation by
the face and arm representation, which is seen following
amputations and deafferentation in monkeys (Merzenich
et al,, 1984; Pons et al,, 1991). The human somatosensory
cortex is functionally organized with a topography similar
to that of the monkey; namely, the hand representation is
bordered medially by the arm representation and laterally
by the chin and jaw representation. Since there is no
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longer any afferent drive from the missing limb, these cor-
tical neurons would either come to respond to adjacent,
intact body regions, or would remain silent as the deaffer-
entation was too large to overcome (see Merzenich et al.,
1984).

Functional imaging studies similarly indicate that the
region formerly responding to the hand now responds to
stimulation of the face [Yang et al., 1994; Elbert et al,,
1994; see Ramachandran, 1993). The extent of this reor-
ganization has been shown to be correlated with the
amount of pain experienced in the phantom limb (Flor
et al., 1995). In a second study (Birbaumer et al., 1997),
injection of local anesthetic into the region near the am-
putation resulted in relief of phantom limb pain in half
of the subjects tested. In those subjects that had pain re-
lief, there was a reduction in the amount of apparent
cortical reorganization following the injection of the lo-
cal anesthetic. Interestingly, in the subjects that did not
experience any pain relief or had not experienced phan-
tom pain previously, there was no change in the cortical
representations before and after the injection of the an-
esthetic. This result suggests that the amount of cortex
that was reorganized from formerly representing the
amputated arm and hand to representing the shoulder
and face in some way contributes to the phantom pain
or, conversely, that phantom pain in some way results in
the altered cortical representation. It will be interesting
to see how these two factors are related in future experi-
ments.

Implications of cortical plasticity and
changes in perception

This chapter has reviewed evidence that changes in
perceptual acuity or motor skill are the result of
changes in the cortical representations of the relevant
sensory or motor aspects of the task. In each of the
cases of cortical plasticity there is an increased repre-
sentation of the relevant stimuli. Given that the size of
the cerebral cortex is fixed in the adult, this resuit im-
plies that the cortical representations of some sensory
surfaces or movements have necessarily decreased in
order to accommodate the greater representation of
other sensory surfaces or movements. This relationship
has been noted primarily in animal studies where there
is a clear decrease in the cortical representation of adja-
cent skin surfaces in the somatosensory cortex (see Jen-
kins et al., 1990; Recanzone, Merzenich, et al., 1992},
or the adjacent frequencies in the auditory cortex {Re-
canzone, Schreiner, and Merzenich, 1993} or different
movement representations in the motor cortex (Nudo
et al., 1996). Does this result then imply that there is a
decrease in performance at some other task? The lim-



Parceptual Acuity Decreases Without Practice
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FIGURE 16.8 Changes in perceptual performance as a func-
tion of practice. Data taken from one mornkey that was trained
at a tactile frequency discrimination task {A) taken from Re-
canzone, Jenkins, et al. (1992) and one trained at an auditory
frequency discrimination task (B) taken from Recanzone,
Schreiner, and Merzenich, {1993). In both cases, 1-2 weeks of
testing on either a different skin surface or a different fre-
quency {open circles) resulted in an increase in threshold for
the previously practiced {solid circles) skin surface or auditory
frequency.

ited data available suggest that this is indeed the case;
performance at one task will change the cortical repre-
sentations in favor of that task at the expense of some
unpracticed task. For example, there was a progressive
improvement in performance with training at both a
tactile frequency discrimination task or an auditory dis-
crimination task as described previously (figure 16.8;
Recanzone, Jenkins, et al., 1992; Recanzone, Schreiner,
and Merzenich, 1993). If the task is changed to test a dif-
ferent sensory surface, after the improvement in perfor-
mance at the first, there is an improvement over time in

the performance for the new skin surface or frequency
(open symbols, figure 16.8) and a corresponding de-
crease in performance at the previously trained skin sur-
face or frequency (closed symbols, figure 16.8). A similar
improvement and degradation in performance can be
seen in motor tasks with a corresponding change in the
cortical representation of the specific movements used
in the task {figure 16.6; Nudo et al., 1996).

This is not a simple “zero sum” rule in which learning
one thing will necessarily result in forgetting something
else; rather, it is a simple reflection of the fact that per-
formance at unpracticed tasks is degraded over time.
There are clear anatomical and functional limits to the
extent of cortical reorganization and the extent at which
performance at a particular task can improve. 1 do not
suggest that continued practice at a frequency discrimi-
nation task would ultimately cause only that narrow
band of frequencies to be represented across the entire
extent of primary auditory cortex at the expense of all
other frequencies. The ability to process acoustic infor-
mation is an important and behaviorally relevant task in
most mammals, and there exists a driving force to main-
tain that ability in spite of a competing need to perform
well at a specific task. Therefore, the cerebral cortex
must be continucusly modifying its central representa-
tions in a delicate balance to ensure that all of the behav-
iorally relevant and important information processing
can take place. These dynamic processes are presum-
ably continuing throughout life (e.g., see Merzenich et
al., 1991, 1993) and likely account for the normal vari-
ability seen in cortical representations of different indi-
viduals of a species (Merzenich et al., 1987) and indeed
the normal variations in abilities seen across individuals
such as ourselves.
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