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interpolated training days using the original
flavor-place pairs) was given to examinememory
for the original schema and the two new PAs.
These consisted of separate tests of the original
PAs 2 to 5 and new PAs 7 and 8, each repeated
once across a series of four sessions to enable
both PA7 and PA8 to be tested in all animals. The
hippocampal-lesioned group not only could
successfully recall the original PAs learned over
the previous month (Fig. 2D) but also, remark-
ably, could remember the newly acquired pairs
PA7 and PA8. Because the lesions were near-
complete (~90%; see Fig. 1D and fig. S2B), these
two findings imply that (i) the memory traces for
these PAs must be stored outside the hippocam-
pus, probably in the neocortex; and (ii) con-
solidation of new associates whose acquisition is
mediated by the hippocampus takes place within
48 hours.

To be more confident of these claims, it was
essential to establish that the learning of further
new PAs still required the integrity of the hip-
pocampus in these same animals. Accordingly,
immediately after this series of postoperative
probe tests, we conducted a single six-trial train-
ing sessionwith PAs 2 to 5 of the original schema,
but with PAs 7 and 8 now replaced by sand wells
containing two new flavors in nearby locations in
the arena (PAs 9 and 10; Fig. 2E). The probe test
conducted 24 hours later showed that sham-
lesioned animals could readily learn and recall
these new pairs, whereas the hippocampal-
lesioned group could not. Thus, the one-trial
acquisition of new PAs in this paradigm in
experienced animals was still blocked by hippo-
campal lesions. Hence, it is unlikely that any
relearning took place after the hippocampal
lesions during the earlier series of four probe
tests that had examined remote memory (the
interpolated training was restricted to the well-
trained PAs 2 to 5). The effective cued recall of
the new PAs 7 and 8 introduced before the lesion
must therefore reflect rapid, successful systems
consolidation.

Although the animals appear to have acquired
an associative schema reflecting the mapping of
flavors to places in the arena, an alternative might
be a response-based “win-stay, lose-shift” infer-
ence strategy in the manner of a learning set (29).
It is not entirely clear how such a procedural
strategy could be applied in this context, with six
choice locations and only one trial per day to
each cued location. However, as procedural strat-
egies are generally context-independent, this
account would predict that the learning of an
entirely new set of six PAs in a new context
would occur very quickly. In contrast, the schema
hypothesis requires that a new schema be
gradually learned. The same animals of experi-
ment 2 were first trained on a new set of PAs in
the same event arena (fig. S7) and then in a novel
event arena in a different room with new intra-
and extramaze landmarks, new flavors, and a
distinct spatial geometry to the new set of sand
wells (Fig. 3, A and B). Acquisition again took

Fig. 2. Acquisition of an associative schema and its role in new learning and consolidation. (A)
Acquisition of PAs. The animals (n = 18) made fewer choice errors over training (F = 18.24, df =
5.7/97.5, P < 0.001; Greenhouse-Geisser correction, including degrees of freedom) such that the
performance index, computed as 100 – [100 × (errors/5)], was significantly above chance from
session 10 onward (ts > 5.08, df = 1/17, Ps < 0.001). Removing cue flavors from the start box on
session 18 resulted in performance dropping to chance and then returning to 70% correct on a
succeeding normal session (session 19). (B) Cued-recall probe trials. Nonrewarded probe tests
revealed a graded learning of the original PAs (cued flavor = solid bars) across sessions 2, 9, and
16 (F = 16.24, df = 1.54/26.22, P < 0.001; above chance in PTs 2 and 3; ts = 3.94 and 6.17, df =
17, P < 0.005 and P < 0.001, respectively). (C) Effective recall in PT4 of the location of the cued
new PA (solid bar), coupled with avoidance of the noncued new PA (gray bar) and the remaining
original associates (open bar) 24 hours after a single session of training with only one trial of each
new PA (repeated-measures F = 65.28, df = 1.7/29.1, P < 0.001; cued location above chance, t =
10.29, df = 17, P < 0.001; noncued versus original, n.s.). (D) Postoperative retention. Both sham-
lesioned (n = 8) and HPC-lesioned (n = 10) animals could effectively remember both original PAs
(PTs 5 and 7) and new PAs introduced for a single trial 2 days before surgery (PTs 6 and 8). Both
groups dug at the sand wells of the original associates (flavors 2 to 5) significantly more than
chance (HPC t =3.60, df = 9, P < 0.01; sham t = 12.89, df = 7, P < 0.001; sham versus HPC group,
t = 2.86, df = 16, P < 0.05). Both groups also dug equally at the cued locations of the new
associates relative to the noncued locations (Group × Location F < 1, n.s.), and at these cued
locations better than chance (ts > 8.07, df = 9 and 7, P < 0.001). (E) Postoperative new training.
Hippocampal lesions prevented the learning of new PAs (PAs 9 and 10; Group × Location F =
60.23, df = 1.64/26.17, P < 0.001). Digging at the cued new location in PT9 was significantly
above chance only in the sham group (t = 17.07, df = 7, P < 0.001) and significantly lower in the
HPC group than in the sham group (t = 13.78, df = 16, P < 0.001).
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interpolated training days using the original
flavor-place pairs) was given to examinememory
for the original schema and the two new PAs.
These consisted of separate tests of the original
PAs 2 to 5 and new PAs 7 and 8, each repeated
once across a series of four sessions to enable
both PA7 and PA8 to be tested in all animals. The
hippocampal-lesioned group not only could
successfully recall the original PAs learned over
the previous month (Fig. 2D) but also, remark-
ably, could remember the newly acquired pairs
PA7 and PA8. Because the lesions were near-
complete (~90%; see Fig. 1D and fig. S2B), these
two findings imply that (i) the memory traces for
these PAs must be stored outside the hippocam-
pus, probably in the neocortex; and (ii) con-
solidation of new associates whose acquisition is
mediated by the hippocampus takes place within
48 hours.

To be more confident of these claims, it was
essential to establish that the learning of further
new PAs still required the integrity of the hip-
pocampus in these same animals. Accordingly,
immediately after this series of postoperative
probe tests, we conducted a single six-trial train-
ing sessionwith PAs 2 to 5 of the original schema,
but with PAs 7 and 8 now replaced by sand wells
containing two new flavors in nearby locations in
the arena (PAs 9 and 10; Fig. 2E). The probe test
conducted 24 hours later showed that sham-
lesioned animals could readily learn and recall
these new pairs, whereas the hippocampal-
lesioned group could not. Thus, the one-trial
acquisition of new PAs in this paradigm in
experienced animals was still blocked by hippo-
campal lesions. Hence, it is unlikely that any
relearning took place after the hippocampal
lesions during the earlier series of four probe
tests that had examined remote memory (the
interpolated training was restricted to the well-
trained PAs 2 to 5). The effective cued recall of
the new PAs 7 and 8 introduced before the lesion
must therefore reflect rapid, successful systems
consolidation.

Although the animals appear to have acquired
an associative schema reflecting the mapping of
flavors to places in the arena, an alternative might
be a response-based “win-stay, lose-shift” infer-
ence strategy in the manner of a learning set (29).
It is not entirely clear how such a procedural
strategy could be applied in this context, with six
choice locations and only one trial per day to
each cued location. However, as procedural strat-
egies are generally context-independent, this
account would predict that the learning of an
entirely new set of six PAs in a new context
would occur very quickly. In contrast, the schema
hypothesis requires that a new schema be
gradually learned. The same animals of experi-
ment 2 were first trained on a new set of PAs in
the same event arena (fig. S7) and then in a novel
event arena in a different room with new intra-
and extramaze landmarks, new flavors, and a
distinct spatial geometry to the new set of sand
wells (Fig. 3, A and B). Acquisition again took

Fig. 2. Acquisition of an associative schema and its role in new learning and consolidation. (A)
Acquisition of PAs. The animals (n = 18) made fewer choice errors over training (F = 18.24, df =
5.7/97.5, P < 0.001; Greenhouse-Geisser correction, including degrees of freedom) such that the
performance index, computed as 100 – [100 × (errors/5)], was significantly above chance from
session 10 onward (ts > 5.08, df = 1/17, Ps < 0.001). Removing cue flavors from the start box on
session 18 resulted in performance dropping to chance and then returning to 70% correct on a
succeeding normal session (session 19). (B) Cued-recall probe trials. Nonrewarded probe tests
revealed a graded learning of the original PAs (cued flavor = solid bars) across sessions 2, 9, and
16 (F = 16.24, df = 1.54/26.22, P < 0.001; above chance in PTs 2 and 3; ts = 3.94 and 6.17, df =
17, P < 0.005 and P < 0.001, respectively). (C) Effective recall in PT4 of the location of the cued
new PA (solid bar), coupled with avoidance of the noncued new PA (gray bar) and the remaining
original associates (open bar) 24 hours after a single session of training with only one trial of each
new PA (repeated-measures F = 65.28, df = 1.7/29.1, P < 0.001; cued location above chance, t =
10.29, df = 17, P < 0.001; noncued versus original, n.s.). (D) Postoperative retention. Both sham-
lesioned (n = 8) and HPC-lesioned (n = 10) animals could effectively remember both original PAs
(PTs 5 and 7) and new PAs introduced for a single trial 2 days before surgery (PTs 6 and 8). Both
groups dug at the sand wells of the original associates (flavors 2 to 5) significantly more than
chance (HPC t =3.60, df = 9, P < 0.01; sham t = 12.89, df = 7, P < 0.001; sham versus HPC group,
t = 2.86, df = 16, P < 0.05). Both groups also dug equally at the cued locations of the new
associates relative to the noncued locations (Group × Location F < 1, n.s.), and at these cued
locations better than chance (ts > 8.07, df = 9 and 7, P < 0.001). (E) Postoperative new training.
Hippocampal lesions prevented the learning of new PAs (PAs 9 and 10; Group × Location F =
60.23, df = 1.64/26.17, P < 0.001). Digging at the cued new location in PT9 was significantly
above chance only in the sham group (t = 17.07, df = 7, P < 0.001) and significantly lower in the
HPC group than in the sham group (t = 13.78, df = 16, P < 0.001).
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interpolated training days using the original
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for the original schema and the two new PAs.
These consisted of separate tests of the original
PAs 2 to 5 and new PAs 7 and 8, each repeated
once across a series of four sessions to enable
both PA7 and PA8 to be tested in all animals. The
hippocampal-lesioned group not only could
successfully recall the original PAs learned over
the previous month (Fig. 2D) but also, remark-
ably, could remember the newly acquired pairs
PA7 and PA8. Because the lesions were near-
complete (~90%; see Fig. 1D and fig. S2B), these
two findings imply that (i) the memory traces for
these PAs must be stored outside the hippocam-
pus, probably in the neocortex; and (ii) con-
solidation of new associates whose acquisition is
mediated by the hippocampus takes place within
48 hours.

To be more confident of these claims, it was
essential to establish that the learning of further
new PAs still required the integrity of the hip-
pocampus in these same animals. Accordingly,
immediately after this series of postoperative
probe tests, we conducted a single six-trial train-
ing sessionwith PAs 2 to 5 of the original schema,
but with PAs 7 and 8 now replaced by sand wells
containing two new flavors in nearby locations in
the arena (PAs 9 and 10; Fig. 2E). The probe test
conducted 24 hours later showed that sham-
lesioned animals could readily learn and recall
these new pairs, whereas the hippocampal-
lesioned group could not. Thus, the one-trial
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experienced animals was still blocked by hippo-
campal lesions. Hence, it is unlikely that any
relearning took place after the hippocampal
lesions during the earlier series of four probe
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interpolated training was restricted to the well-
trained PAs 2 to 5). The effective cued recall of
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ence strategy in the manner of a learning set (29).
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choice locations and only one trial per day to
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entirely new set of six PAs in a new context
would occur very quickly. In contrast, the schema
hypothesis requires that a new schema be
gradually learned. The same animals of experi-
ment 2 were first trained on a new set of PAs in
the same event arena (fig. S7) and then in a novel
event arena in a different room with new intra-
and extramaze landmarks, new flavors, and a
distinct spatial geometry to the new set of sand
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(Pascual-Leone in dr., 1995) 

CORTICAL MOTOR OUTPUTS IN ACQUISITION OF MOTOR SKILLS 1039 
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FIG. 2. Experiment I : interval between key presses and number of se- 
quence errors for all subjects (mean 2 SD) in the 20-sequence test (5 
finger piano exercise) over the course of 5 days’ learning. Dashed line 
indicates the anticipated interval of 0.25 s between key presses (see text 
for details). 

the same in all three groups, which differed only in the learning 
conditions. 

Transcranial magnetic stimulation and mapping technique 

We used a Cadwell MES-10 magnetic stimulator equipped with 

an &shaped coil, which was held flat on the scalp with the intersec- 

tion of its two “wings” centered over a defined scalp position; the 
handle of the coil was held horizontally, tangentially to the sub- 

ject’s head, pointing occipitally. This technique allows relatively 

focal stimulation (Cohen et al. 1990; Maccabee et al. 1990). The 
brain structures stimulated might be inferred from models of the 

induced electric fields (Roth et al. 199la,b; Tofts 1990). However, 

this approximation might be affected by the existence of bends in 
the course of fibers that lower their threshold (Maccabee et al. 

1993). In any case, overlay of TMS maps onto the magnetic reso- 
nance image of the subject’s brain suggests that the motor re- 

sponses are evoked from activation of the primary motor cortex 
(Levy et al. 1991; Wassermann et al. 1992). 

For cortical mapping, scalp positions 1 cm apart were stimulated 
successively, following the technique described by Wassermann et 

al. ( 1991), and we calculated contour maps of the probability of 

evoking a motor potential with a peak-to-peak amplitude of at least 

50 PV in the contralateral muscles according to the stimulated scalp 
position. Eight single stimuli were given at each scalp position. On 

average, a stimulus was delivered every 3-5 s. Each contour map 
represents 25 scalp positions (1 cm apart) arranged in a 5 X 5 

grid around the “optimal” scalp position, which was marked on 
the subject’s scalp with indelible ink. The mark, which remained 

throughout the 5-day experiment, was used as a reference point 
for the daily mapping. The optimal scalp position was the one from 

which TMS elicited motor evoked potentials (MEPs) of maximal 

amplitude in the contralateral finger flexor or extensor muscles. 
We have previously shown that optimal scalp positions determined 

in this manner project onto the posterior bank of the precentral 

sulcus and seem to represent activation of the primary motor cortex 
(Wassermann et al. 1992). The stimulus intensity was 110% of 

the subject’s threshold on each particular day. Motor threshold was 
defined by the method of limits. In each subject we determined 

threshold as the average result from six series of stimuli, three 
with ascending stimulation intensities and three with descending 

stimulation intensities. The order of these six series of stimuli was 

randomly varied across subjects. For the ascending series we began 
stimulation at an intensity at which TMS did not evoke any identi- 

fiable MEPs in 10 trials. Thereafter, we increased the stimulation 

intensity in steps of 1% of the stimulator output. At each new 
intensity we applied 10 stimuli. Threshold intensity was defined 

as the lowest stimulation intensity at which TMS evoked 25 MEPs 

of z5O-pV peak-to-peak amplitude. For the descending series we 
first stimulated at an intensity at which TMS evoked MEPs of 
250 PV peak-to-peak amplitude in 10 of 10 trials. Thereafter, we 

decreased the stimulation intensity in steps of 1% of the stimulator 

output. At each new intensity we applied 10 stimuli. Threshold 
intensity was defined as the lowest stimulation intensity at which 
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FIG. 3. Experiment I: representative examples of the cortical motor 
output maps for the long finger flexor and extensor musles on days I-5 in 
a test subject (trained and untrained hand) and a subject from control group 
2. Each map is based on 25 measured points. 
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Figure 1
Changes in cortical output maps associated with learning a five-finger exercise on the piano (modified
from Pascual-Leone 1996, Pascual-Leone et al. 1995). A: Cortical output maps for the finger flexors of
the trained and the untrained hands of a representative subject (see text and Pascual-Leone et al. 1995 for
details on mapping method). Note the marked changes of the output maps for the trained hand following
practice and the lack of changes for the untrained hand. Note further the significant difference in cortical
output maps for the trained hand after the practice sessions on days 3–5. B: Serial cortical output maps to
finger flexors in a representative subject during five weeks of daily (Monday to Friday) practice of the
five-finger exercise on the piano. Note that there are two distinct processes in action, one accounting for
the rapid modulation of the maps from Mondays to Fridays and the other responsible for the slow and
more discrete changes in Monday maps over time. C: Average cortical output maps for the finger flexors
of the trained hand in subjects undergoing daily physical versus mental practice. Note the similarity in
output maps with either form of practice.

www.annualreviews.org • The Plastic Human Brain Cortex 381

A
n
n
u
. 
R

ev
. 
N

eu
ro

sc
i.

 2
0
0
5
.2

8
:3

7
7
-4

0
1
. 
D

o
w

n
lo

ad
ed

 f
ro

m
 a

rj
o
u
rn

al
s.

an
n
u
al

re
v
ie

w
s.

o
rg

b
y
 W

as
h
in

g
to

n
 U

n
iv

er
si

ty
 L

ib
ra

ry
, 
D

an
fo

rt
h
 C

am
p
u
s 

o
n
 0

3
/0

8
/0

8
. 
F

o
r 

p
er

so
n
al

 u
se

 o
n
ly

.

izhodišče DAN 3 DAN 5

pred 
vajo

20’ po 
vaji

trenirana 
roka

netrenirana 
roka

trenirana 
roka

netrenirana 
roka

trenirana 
roka

netrenirana 
roka

ponedeljek
(pred vajo)

petek
(po vaji)

TEDEN 1 TEDEN 2 TEDEN 3 TEDEN 4 TEDEN 5



CORTICAL MOTOR OUTPUTS IN ACQUISITION OF MOTOR SKILLS 1041 

between key presses (Fig. 5). Accuracy increased in all 
practice subjects, as illustrated by a decrease in the mean 
interval between key presses to 0.25 s. However, the physical 
practice group showed a significantly greater reduction (P < 
0.001, ANOVA) in the number of sequence errors and a 
trend toward greater accuracy than did the mental practice 
group. The control group’s performance did not improve. 

Concurrently with the improvement in performance, the 
threshold for activation of the finger flexor and extensor 
muscles by TMS to the contralateral scalp decreased steadily 
over the course of the 5 days in the physical and mental 
practice groups. In addition, even though the threshold de- 
crease was taken into account, the size of the cortical repre- 
sentation for both muscle groups increased equally for both 
practice groups but did not increase for the control group 
(Figs. 6 and 7). 

Therefore mental practice alone led to significant fine mo- 
tor skill learning but did not result in as much performance 
improvement as physical practice alone. However, mental 
practice alone led to the same plastic changes in the motor 
system as those occurring with the acquisition of a skill by 
repeated physical practice. By the end of day 5, the changes 
in the cortical motor outputs to the muscles involved in the 
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FIG. 5. Experiment 2: interval between key presses and number of se- 
quence errors for all subjects (mean t SD) in the 20-sequence test (5- 
finger piano exercise) over the course of 5 days’ learning. Dashed line 
indicates the anticipated interval between key presses (0.25 s). Arrows 
indicate the level of performance between the physical and mental practice 
groups at the end of day 5 or day 5’ (see text for details). Filled circles, 
physical practice group; open circles, mental practice group; stippled 
squares, control group; stippled circle, mental practice group on day 5’. 
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FIG. 6. Experiment 2: representative examples of the cortical motor 
output maps for the long finger flexor and extensor muscles on days I-5 
in a subject from each group. Each map is based on 25 measured points. 

task did not differ between the physical and the mental prac- 
tice groups (Fig. 5). However, the mental practice group’s 
performance was at the level of that occurring with only 3 
days’ physical practice. After a single 2-h physical practice 
session, the mental practice group’s performance improved 
to the level of 5 days’ physical practice (Fig. 5). 

DISCUSSION 

Neurophysiological correlates of motor skill acquisition 

Recently, studies using noninvasive neurophysiological 
and imaging techniques have suggested that even the adult 
human nervous system is capable of reorganizing after in- 
jury, with the probable purpose of minimizing deficits and 
producing recovery of function (Cohen et al. 1991b, 1993; 
Pascual-Leone et al. 1992). These findings confirm in hu- 
mans the growing body of evidence suggesting the flexible 
nature of connections in the nervous system of adult animals 
(Kaas 1991). 

The nervous system of animals may also undergo changes 
according to the patterns of use, thereby providing a substrate 
for the acquisition of new skills (Jenkins et al. 1990; Merzen- 
ich et al. 1990). The sensorimotor representation of the pre- 
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