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The excitability of the human motor cortex during the development of implicit and declar-
ative knowledge of a motor task was examined. During a serial reaction time test, subjects
developed implicit knowledge of the test sequence, which was reflected by diminishing
response times. Motor cortical mapping with transcranial magnetic stimulation revealed
that the cortical output maps to the muscles involved in the task became progressively
larger until explicit knowledge was achieved, after which they returned to their baseline
topography. These results illustrate the rapid functional plasticity of cortical outputs as-
sociated with learning and with the transfer of knowledge from an implicit to explicit state.

Knowledge can be developed or expressed
in two distinct ways (I). Explicit knowl-
edge is expressed by the deliberate recollec-
tion of information that is bound to a
specific time and context. Implicit knowl-
edge is expressed by behavior that demon-
strates that previous exposure to a task has
resulted in improved performance on that
task without the subject consciously recall-
ing being exposed to the task before. Dif-
ferent forms of knowledge may be associat-
ed with different mechanisms of cellular
plasticity (2) and with different amounts
and patterns of activation of the neural
networks that support memory representa-
tions, operations, and features (3).

Proficiency in a motor task may require
modulation of the cortical motor outputs to
accommodate the new ability. In previous
experiments, we demonstrated the modula-
tion of cortical motor outputs when explicit
knowledge was associated with improved
motor performance (4). We have now stud-
ied the effects on cortical motor outputs of
the development of implicit knowledge and
of the transfer of implicit to explicit knowl-
edge of a task that requires sequential finger
movements.

We used a variation of the serial reac-
tion time test (SRTT) described in (5).
The subject (6) sat in front of a computer
screen at eye level behind a response pad
with four buttons numbered 1 to 4. The
subject was instructed to push each button
with a different finger of the right hand
(index finger for button 1, middle finger for
button 2, ring finger for button 3, and little
finger for button 4). The “go” signal con-
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sisted of a number (1, 2, 3, or 4) displayed
in the middle of the screen. The go signal
subtended 2.4° of visual angle. On appear-
ance of the go signal, the subject was
supposed to push the appropriate button as
fast as possible with the appropriate finger.
Response time (RT) was measured from the
go signal until the button press. When the
correct response button was pushed, the go
signal disappeared and the next go signal
appeared 500 ms later. If an incorrect but-
ton was pushed, the go signal remained on
until the subject made the correct response
7).

Ten normal volunteers were randomly
assigned to two groups of five subjects (a
test group and a control group) that were
matched for age and sex distribution. The
control group received randomly presented
go signals during the SRTT. The test group
received a sequence of 12 cues whose order
was repeated 10 times in each block of
trials. However, test subjects were not told
about this repeating sequence. At the end
of each block (120 trials), all subjects were
asked whether the order of the cues was
random or repeating. If the answer was
“repeating,” the subject was prompted to
generate as much of the sequence as possi-
ble. The number of sequence items gener-
ated correctly was recorded. The ability to
generate the entire 12-item sequence cor-
rectly was considered complete explicit
knowledge of the sequence.

At the beginning of the experiment, we
used focal transcranial magnetic stimula-
tion (TMS) to map the cortical motor
outputs to the right first dorsal interosseus
(FDI), abductor digiti minimi (ADM),
forearm finger flexors (FLEX), and abductor
pollicis brevis (APB) muscles in each sub-
ject (8). Keeping the stimulation intensity
and the scalp positions constant, we repeat-
ed the TMS mapping after every two blocks
of the SRTT. Therefore, we were able to
compare performance on the task with the
modulation of cortical outputs to muscles
involved in the task (FDI, ADM, and
FLEX) and to uninvolved, neighboring
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muscles (APB).

The baseline cortical maps of motor
outputs to any of the muscles did not differ
between the test and control groups. In
both groups, TMS evoked motor potentials
(MEPs) of 260% of the maximal amplitude
from three to five scalp positions for each
muscle. Performance during the first block
of trials was the same for both groups (mean
RT, 329.4 + 38.8 ms for the test group;
327.5 + 41.9 ms for the control group).

During the SRTT, the control group
remained stable in their performance and
their maps of cortical outputs did not
change for any of the muscles. The test
group, however, showed a significant ten-
dency toward progressively shorter RTs and
progressively larger maps of cortical outputs
to the muscles involved in the task (FDI,
ADM, and FLEX). The map of the control
muscle (APB) remained constant. After
four blocks of trials, mean RT had short-
ened to 120.6 = 21.1 ms (P < 0.001), and
the maps of cortical outputs to the muscles
involved in the task showed significant
increases (as compared with baseline val-
ues) in peak amplitude (P < 0.001) and in
number of scalp positions from which TMS
evoked MEPs of 260% of the peak ampli-
tude (P < 0.01) (Figs. 1 and 2). At this
point, all subjects knew that the go signals
were not presented randomly, although
none had complete explicit knowledge of
the sequence. Explicit knowledge of the
entire sequence was achieved after six to
nine blocks, depending on the subject. The
progressive enlargement of the maps of
cortical outputs to the muscles involved in
the task continued in each subject up to
this time (Figs. 1 and 2). Thereafter, the
maps rapidly went back to their baseline
topography despite continued shortening
of RTs. After development of explicit
knowledge of the sequence, the subjects
no longer simply reacted to the go signal
but instead anticipated it, as reflected by
the extraordinarily fast mean RT of 55.1
+ 6.3 ms at the end of 12 blocks of
trials. The maps of cortical outputs re-
turned to baseline configurations within
three blocks after development of explicit
knowledge (Fig. 2).

Thus, a progressive improvement in RT
during implicit learning is correlated with
an enlargement in the maps of cortical
motor outputs to the muscles involved in
the task and with an increase in the inten-
sity of signals within those maps. These
results are in accordance with work in other
laboratories (9). For example, Grafton and
co-workers (10) have shown that relative
regional cerebral blood flow (tCBF) in-
creases in the primary motor area, supple-
mentary motor area, and thalamus as sub-
jects learn a pursuit rotor task, a test of
implicit learning.
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The development of explicit knowledge
resulted in a continued improvement in RT
because of a change in the subject’s strategy
(anticipation instead of reaction), whereas
there was a rapid return of the cortical
motor outputs to their baseline topography.
This return of the maps suggests that as a
motor sequence is explicitly learned, the
contribution of the motor cortex is attenu-
ated and other brain structures assume more
active roles in the execution of the task
(11). Implicit learning is rarely pure and
some contamination with explicit knowl-
edge is expected. However, the fact that
the maps contracted only after complete
explicit knowledge was attained suggests
that learning of the complete sequence was
crucial to the change in map size. Support-
ing evidence comes from the finding that

Fig. 1. Response times
on the SRTT and corti-
cal motor output maps
for all muscles tested
in a single representa-
tive test subject. Com-
plete explicit knowl-
edge of the sequence
is achieved after block
9 (arrow). The baseline
motor output maps were
obtained before the be-
ginning of the SRTT; the
other maps after blocks
4, 8,9, 10, and 12 of
the SRTT (arrows),
when subjects were at
rest. The maps repre-
sent contour plots of
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learning of a complicated sequence of
voluntary finger movements is associated
with increases in cortical and cerebellar
rCBF, whereas having learned the motor
skill results in rCBF increases in the stri-
atum (12).

Alternatively, the transfer from implic-
it to explicit knowledge may lead to a
change in the pattern of cortical motor
activation because of the generation of a
motor plan that encompasses the entire
finger movement sequence rather than
individual finger movements in response
to each go signal. The cortical sensori-
motor representation of a specific body
part, as demonstrated, for example, by TMS
mapping studies, depends on the momen-
tary level of excitability of the intracortical
network that targets it. Neuronal net-
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works targeting different body parts overlap
widely and in part share common neuronal
elements (13). These neuronal elements in
multiple networks may maintain a flexible
balance that is based on demand and com-
petition by their targets (14) and on influ-
ences from higher order neuronal networks
representing more global motor plans. The
generation of explicit knowledge may shift
the influence of such higher order networks
and alter the motor excitability and the
sensorimotor representation of the body
parts involved.

In a previous study (4), we found that
increased hand use alone was sufficient to
induce changes in the cortical output maps,
but only after several days of 2-hour prac-
tice sessions. In the present study, we did
not find significant changes in the control
subjects, presumably because of the much
shorter duration of the task.

The changes in cortical motor outputs
that we identified during stimulation do not
necessarily reflect the cortical activation pat-
tern evoked during task performance, be-
cause TMS was applied in the inter-block
interval. Nevertheless, the consistent cou-
pling between changes in type of knowledge
and cortical motor outputs strongly suggests
that the latter reflect a sustained cortical
modulation associated with motor learning.
The rapid time course of this modulation is
most compatible with unmasking of previ-
ously existing connections, perhaps as a
result of decreased inhibition or increased
synaptic efficacy in existing neural circuits
(long-term potentiation) (15). Such flexible
short-term modulation seems important in
the acquisition of new skills and could lead
to structural changes in the intracortical and
subcortical networks as the skill becomes
more overlearned and automatic (16).
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Neuronal Plasticity That Underlies Improvement in
Perceptual Performance
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The electrophysiological properties of sensory neurons in the adult cortex are not
immutable but can change in response to alterations of sensory input caused by ma-
nipulation of afferent pathways in the nervous system or by manipulation of the sensory
environment. Such plasticity creates great potential for flexible processing of sensory
information, but the actual effects of neuronal plasticity on perceptual performance are
poorly understood. The link between neuronal plasticity and performance was explored
here by recording the responses of directionally selective neurons in the visual cortex
while rhesus monkeys practiced a familiar task involving discrimination of motion di-
rection. Each animal experienced a short-term improvement in perceptual sensitivity
during daily experiments; sensitivity increased by an average of 19 percent over a few
hundred trials. The increase in perceptual sensitivity was accompanied by a short-term
improvement in neuronal sensitivity that mirrored the perceptual effect both in magnitude
and in time course, which suggests that improved psychophysical performance can
result directly from increased neuronal sensitivity within a sensory pathway.

Neural circuitry in sensory areas of the
cerebral cortex is intricately organized,
evoking the impression of an elegantly
wired machine that performs_stereotyped
computations on sensory input. Recent ex-
periments, however, have shown that this
circuitry is subject to dramatic plastic
changes. Topographic organization can be
altered by damage to peripheral afferents or
by chronic performance of a sensory task (I,
2). The stimulus-response properties of in-
dividual neurons can be modified by phar-
macological intervention (3), by changes in
the behavioral context in which a stimulus
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is presented (4), and by direct manipulation
of the sensory environment (5). Plasticity
thus appears to be a common feature of the
adult cortex and may be closely linked to
the behavioral ability to respond flexibly to
the environment.

We compared neuronal to behavioral plas-
ticity in the context of visual discrimination
of motion direction. The monkeys were famil-
iar with this task, having developed asymp-
totically stable performance over months of
training. Within daily sessions, however, the
animals often exhibited a steady gain in dis-
criminative ability over the first 300 to 500
trials of a particular task configuration. To
search for neural correlates of this phenome-
non, we examined the activity of single neu-
rons in two extrastriate visual areas that play a
prominent role in motion vision: the middle
temporal (MT) and medial superior temporal
(MST) visual areas. Neurons in these two
areas are typically directionally selective; they
respond optimally to motion in a particular
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